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FOREWORD

This report is submitted in accordance with the provisions of NASA
contract NAS1-16261. It presents the results of a multi-task study to
examine present and future air transport operations, and to develop a
structured methodology for the assessment and selection of research
projects in that area.
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SUMMARY

The National Aeronautics and Space Administration (NASA) 1is chartered
to support the development of aeronautical systems for the enhancement of
aviation and related industries. Under that charter, NASA performs research
and development on aircraft flight control and guidance systems under the
program name of Controls and Guidance.

That program within NASA conducts research in a wide variety of areas
relating to advanced flight controls and aircraft guidance systems aimed at
enhancing the performance of aircraft of many types. In order to maximize
the effectiveness of its research, the Controls and Guidance Program engages
in careful planning to ensure that the projects selected for execution, from
among all those available or proposed, are those that will provide the max-
imum benefit to the aviation community. This 1s a difficult planning task,
given the large number of factors that bear on such a choice. Recognizing
the need for a structured approach to the planning of the program, the NASA
Systems Application Office contracted with ARINC Research Corporation for
the development of a planning methodology that would provide a framework for
generating and analyzing controls and guidance system concepts and for
selecting concepts for execution in such a way as to maximize the benefit to
the aviation community.

1. OVERVIEW OF PROJECT APPROACH

The project performed by ARINC Research had as 1its goal the formulation
of a structured methodology for project selection based on the benefits and
costs of the various independent proposed projects, supplemented by a base of
arrcraft performance data which could be used in the analysis and generation
of specific controls and guidance concepts. The project concentrated on caivil
transport class aircraft, with some additional qualitative data provided on
high-performance military aircraft. The methodology was illustrated through
the analysis of actual controls and guidance concepts developed by ARINC
Research, The Lockheed-California Company, and others.

This project was performed in four tasks. In the first task, we com-
pi1led the base of data containing fleet growth projections and information
on aircraft performance. 1In the second task, we made projections as to the
types of problems that will be encountered by the aviation community in the



future. 1In Task 3, we developed, implemented, and documented the structured
methodology for generating and selecting controls and guidance concepts that
address the problems identified in Task 2. In Task 4, we exemplified the
methodology by analyzing actual controls and guidance concepts. Our approach
to each of these tasks i1s outlined in the following paragraphs.

Task 1: Fleet Growth Projections and Aircraft Performance Data

The methodology developed in this project i1s intended to be useful not
only in analyzing controls and guidance concepts, but also in guiding the
planner in the generation of these concepts. To that end, the base of data
created to support the methodology contains information on the expected
growth of the civil aircraft fleet through the year 2010. Also included
are "snapshot" scenarios of the civil aircraft fleet in 1990, 2000, and
2010. These data were used to formulate predictions as to the kinds of
problems and limitations that are expected to be encountered by the aviation
community in the future. The data on predicted problems serve as a guide
for pointing out where controls and guidance concepts can be applied to best
advantage. Using those data, planners can concentrate their efforts in
areas predicted to pose problems to, or set limits on, the growth of aviation.

Growth forecasts were collected to project trends in total numbers of
aircraft, revenue-passenger-miles, types of aircraft, and aircraft lifetimes.
Through the use of these growth projections, the expected introduction dates
of new aircraft were projected. Another factor considered was the availabil-
1ty of new technologies that could hasten the introduction of new types of
aircraft. Fainally, scenarios showing "snapshots" of the civil aircraft
fleet in the next three decades were prepared from these data.

In Task 1, we also compiled information on the performance of aircraft
for use in assessing the merits of proposed controls and guidance concepts.
The data are used in the methodology to assess the benefits of the proposed
concepts by determining the change in the total performance of the aircraft
as the result of a change in the performance of a single element of the air-
craft resulting from the application of a controls and guidance concept.

Task 2: Aviation Problem Areas

In the second task, we used the fleet growth and technology information
developed 1n Task 1 to predict the problems that the civil aviation commu-
nity will face in future decades. From those, we developed general goals
and desired improvements for aviation through the year 2010.

Each of the problems identified was restated as a goal for the improve-
ment of civil transport aviation. The relationship of each of those goals
to the overall goal of enhancing aircraft performance and to intermediate
goals was identified and quantified.

The statement of goals in this task, and their quantitative relation-
ships, are intended to sexrve as a guide for the planner tc help in identify-
ing where controls and guidance concepts can be most effective in alleviating
the problems of the aviation community.

X1y
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Task 3: Project Methodology

In this task, we developed, implemented, and documented a structured
methodology for the generation and analysis of controls and guidance con-
cepts. The methodology comprises both conceptual and analytical parts, with
the final step being automated.

This methodology was configured to provide a framework for the planner
to use 1n selecting and refining a statement of goals and developing and
analyzing specific concepts to achieve those goals.

The methodology relies heavily on the fleet growth projections, tech-
nology forecasts, and aviation scenarios developed in Task 1 and the goals
definitions developed in Task 2. The data are used to determine the bene-
fits of proposed concepts and their total impact on aircraft performance
fleet-wide.

The final step in the methodology is a rank-ordering of the concepts
under consideration by their ratio of benefit to cost. Since a large number
of calculations are required to perform this ranking, the methodology pro-
vides a computer program for this function. This program i1s intended to be
used in an interactive manner, allowing the planner to perform iterative
calculations very quickly and thereby permit the planner to assess the sensi-
tivity of the final results to changes in the input information.

The output of the program shows the cumulative benefit-to-cost ratio of
performing the concepts in groups of one, two, three, etc., up to the number
of concepts under consideration. This form of output was chosen because of
the strong impact of the costs of broadly applicable generic technologies
(such as high-reliability systems) on the final result. By computing the
cumulative ratio, the advantages of pursuing concepts that share a group of
generic technologies become evident. Optimal levels of research activity
can also be identified in this way. The results are presented in both tabu-
lar form for precision and graphical form for easy interpretation.

Task 4: Methodology Example

In Task 4, we exemplified the use of the methodology through the analy-
s1s of real controls and guidance concepts. In some cases, the methodology
was used to generate the concepts, while in other cases, the methodology was
used to analyze concepts from other sources. Estimates of the benefits and
costs of the concepts were obtained either through the use of the methodology
or from the source of the concept. The concepts were then rank-ordered
using the program developed in Task 3 as the final step in the methodology.

In this example of the use of the methodology, we attempted to use the
most authoritative and accurate estimates of the concept benefits and costs
available. The costs of the generic technologies assumed to be regquired were
treated as they would be 1n a sensitivity analysis to illustrate that aspect
of the methodology.

xiii



2. SAMPLE RESULTS

The remainder of this Summary highlights some of the key results gen-
erated by the various activities of this project.

As the first step in Task 1 of this project, ARINC Research identified
the growth trends for civil transport aircraft over the next three decades.
The number and type of aircraft expected to be in sexrvice or to be intro-
duced into service from now through the year 2010 were identified.

A review of industry literature and discussions with the three major
U.S. airframe manufacturers produced a diversity of opinion as to expected
growth rates, ranging from 4 to 8 percent in terms of revenue-passenger-
miles. Those figures were used to develop estimates of the growth in the
number of aircraft, taking into account the trend toward increases in air-
craft capacity and route lengths. That is, with a greater number of seats
and longer routes, fewer aircraft are needed to fly the same number of
passenger-miles. Thus, the growth rate for the number of aircraft in serv-
1ce 1s somewhat lower than that for passenger-miles. Figure S-1 shows the
forecast growth in numbers of aircraft, taking into consideration aircraft
retirements, purchases of new aircraft built with old (pre-1980) technology,
purchase of new aircraft built with new (post-1980) technology, and the
production capacity of the four major international airframe manufacturers.

From the growth forecasts and a knowledge of the projected lifetimes
of the various aircraft types, we determined the expected introduction
dates of new generations of aircraft. Considering those dates in light of
the types of technologies expected to be available in those time frames
enabled us to predict the characteristics of the aircraft to be introduced.
The data clearly indicate that changes in aircraft over the next 30 years
are expected to be evolutionary, rather than revolutionary. Table S-1 shows
the predicted introduction dates and characteristics for a variety of future
aircraft. These aircraft include short range (SR), medium range (MR) and
long range (LR) designs. The number included with the range designation
indicates the sequence of aircraft introduction. Table S-~2 shows the mix
of technology predicted for each aircraft type.

From the information on the projected growth of the civil aircraft
fleet and the technology mix, we assembled scenarios showing "snapshots" of
the fleet in the years 1990, 2000, and 2010. These scenarios are shown 1n
Table S-3.

The information on fleet growth and the aircraft scenarios serve two
purposes. First, they provide data on the numbers of aircraft to which a
given controls and guidance concept might apply. This information is needed
to compute the total benefits and costs associated with a concept. Clearly,
all other considerations being equal, 1t would be better to apply a concept
to a class of 1,000 aircraft than to a class of 100 or 10, so that the bene-
fit would apply to more aircraft (e.g., B-727 versus Concorde SST). The
second purpose of the growth forecasts and scenarios 1s to point out the
kinds of problems that the aviation community will face in the future. Such
information can guide the planner 1in selecting concepts that address problems
offering large pay=-offs.
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TAX

Table S-1.

NEW AIRCRAFT DESIGN CHARACTERISTICS

Characterastic Values by Aircraft Type
Characteristic
SR1L LRl SR2 MR1 LR2 SR3 MR2 LR3 SR4 MR3 LR4
Introduction Date 1987 1990 1995 1997 2000 2003 2005 2007 2008 2010 2010
Design Range (nautical mi) 2,200 5,000 2,000 2,500 5,500 1,700 2,500 6,500 1,700 2,500 7,500
Max L/D 20 22 20 22 30 22 20 35 22 35 12
Sfc at Cruise 0.66 0.62 0.63 0.61 0.58 0.45 0.58 0.50 0.42 0.52 1.25
Gross Takeoff 125 360 123 240 335 125 261 385 125 244 490
Weight (1,000s of 1b)
Operating Equipment 69 225 66 148 200 70 165 240 65 155 250
Weight (1,000s of 1b)
Max Fuel (1,000s of 1b) 30 120 28 40 72 15 35 92 15 22 265
Max Zero Fuel 109 305 106 213 280 115 235 330 110 225 310
Weight (1,000s of 1b)
Max Payload (1,000s of 1b) 40 80 45 65 80 45 70 90 45 70 60
Max Range (nautical mi) 3,100 7,000 3,150 3,850 7,300 3,000 4,500 9,800 3,200 4,000 10,000
Number of Passengers 150 300 150 240 300 175 275 350 175 275 275
Cruise Speed (knots) 435 465 435 450 460 450 460 450 460 460 1,460
at Altitude (1,000s of 1b) 31 35 31 35 40 29 40 45 27 45 60
Fuel Efficiency 15.5 17.5 16.9 23.1 30.4 35.0 35.4 37.3 37.3 50.0 10.4
(seat-m1les per 1b fuel)
AMirframe Efficiency 0 58 0.36 0.68 0.44 0.40 0.64 0.42 0.38 0.69 0.45 0.24
(payload per OEW)
Fuel Weight per Mile (pounds) 9.7 17.1 8.9 10.4 9.9 5.0 7.8 9.4 4.7 5.5 26.5

—



TTAX

Table S-2. TECHNOLOGY MATRIX

Level of Potential Use by Aircraft Type

Class of

Technology skl | LRt | sr2 | MRl | Lr2 | srR3 | MR2 | LR3 | sr4 | MR3 | LIRra
Composite Materials 30% 40% 40% 40% 60% 60% 60% 75% 75% 75% 50%
Active Controls 30% 50% 50% 50% 70% 70% 70% 80% 80% 80% 80%
All-Electric Systems 30% 40% 50% 50% 50% 60% 60% 60% 75% 75% 75%
Laminar-Flow Control - - - - A - A P - P -
Propfan - - - - - X - - X - -
Variable-Cycle - - - - - - - - - - X
Engine
System Monitoring 30% 30% 50% 50% 50% 75% 75% 75% 80% 80% 80%
Self-Adjusting Wing - - - - - - - X X X -
Digital/Electronic 30% 35% 55% 60% 75% 75% 80% 80% 20% 100% 100%
Flight Deck
Electronic Engine 10 13 13 16 16 18 18 20 20 20 20
Controls
New Conventional - - - X - X - - X - X
Airfoils
Fuel-Efficient Engines 12% 12% 15% 15% 18% 25% 20% 23% 30% 28% 40%

Compared with 1980

*A - Active; P - Passive;

X - Aircraft uses this technology.
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Table S-3

AVIATION SCENARIOS

Scenario Factors 1990 2000 2010
Total Number of Aircraft 7,750 9,600 11,375
Number of New Pre-1980-Technology Aircraft 2,400 1,800 75
Number of New Post-1980-Technology Aircraft 2,350 7,800 11,300
Number of Old Pre-1980-Technology Aircraft 3,000 0 0
Number of Aircraft by Range
short Range 2,350 2,900 3,400
Medium Range 3,000 3,650 4,200
Long Range 2,400 3,050 3,765
Supersonic Transport 4] 0 10

Composite Materials
Maximum Usage
Fleet Average Usage R

Active Controls
Maximum Usage
Fleet Average Usage

Auxiliary Systems Converted to Electronic/Digital
Maximum Usage
Fleet Average Usage

Level of Aircraft System Monitoring Automated

Propulsion Efficiency Improvement vs 1980 Levels
Maximum Improvement
Fleet Average Improvement

Number of Engine Control Functions Converted to
f£lectronic/Digital

Fuel Costs per Gallon in 1980 Dollars (1980 = $1 05)
Fleet Mix

Typical Flight Deck Electronics

Air Traffic Control System Capability

Noise Levels Vs FAR Part 36

30% of potential
8% of potential

308 of potential
6% of potential

30% of potential
3% of potential

30%

12%
6%

7 to 10

$1.05

SRL 2%

B767/B757/A310 28%
DC9-80/8737-300/
B747/DC10 31%
B727-100/DC-8/etc 39%

DABS, ETIS, ATARS, 4D-RNAV,
BCAS, CDWI, CDTI, HUD,
Multifunction Switches/
Panels

Able to Accommodate Above-
Listed Systems

Equal

60% of potential
35% of potential

70% of potential
38% of potential

50% of potential
25% of potential

50%

18%
11%

10 to 16

$1 10

SR1, LRl, SR2, MRl 80%
LR2 1%
DC9-80/B747, B727. 19%

DABS, CDTI, ATARS,CDWI, BCAS,
MLS, ETIS, HUD, 4D-RNAV, Multi-
function Switches/Panels

Above-Listed Electronics Required

-3 ds

75% of potential
56% of potential

80% of potential
65% of potential

75% of potential
55% of potential

80%

30%

20%

16 to 20

$1 15
SR1, LRl retired
SR4 2%
SR2 (being retired). 10%
LR4 0 1%

LR3, MR3 10%
SR3, LR2, MRl, MR2. 78%

DABS CDTI, ATARS CDTI, BCAS MLS,
ETIS, 4D-RNAV HUD, Color Flat
Panels, Civilian GPS, Speech
Recognition and Synthesis,
Category III c¢ Autoland, Multi-
function Switches/Panels

Above-Listed Electronics Required

-6 dB

——



Also as a part of Task 1, we performed a qualitative analysis of the
factors that influence the performance of high-performance military aircraft.
Those data will serve as a starting point for later studies of this class of
aircraft. High-performance aircraft were of interest because they are
almost always the first to include advanced controls and guidance concepts
in their design. Thus, they represent the leading edge of technology in
this area and are some of the most advanced aircraft in operation today.

The characteristics of those aircraft were compiled and their missions
analyzed. We concluded that the single overall goal of these aircraft is
that of ordnance delivery, either through the actual firing of ordnance or
through support functions such as EW or reconnaissance. Our analysis
revealed six principal elements that contribute to the ability of the air-
craft to accomplish its mission: aerodynamic performance, armament systems,
survivability, turnaround ability, cost, and navigation/communication/
identification capability. Each of those factors is, of course, made up of
many subfactors. More than 80 individual elements and their qualitative
relationship to each other were identified.

As a final part of Task 1, we quantified the relationships between the
various factors that make up civil transport aircraft performance and the
overall performance of the aircraft. These relationships are used to deter-
mine the benefits of the proposed concepts by assessing the effect of changes
in an individual element on overall performance. For instance, fuel consump-
tion, maintenance, and crew costs contribute a great deal to the cost per-
formance of the aircraft. Thus, a concept that changes one of those factors
will have a corresponding effect on cost. The functional relationships
between those and other performance factors were analyzed and presented in
a variety of forms. Some relationships were expressable as exact equations.
In other cases, the relationships were best shown in the form of sensitivity
graphs, showing the percent change in a factor as a function of changes in
the various factors that make it up. The format i1s shown in Figure S-2.
Still another way of displaying the analytical relationships is by means of
a tree structure. In the case of the civil transport aircraft analyzed in
this study, the performance tree was quantified, showing the percent contri-
bution of each of the individual elements. A portion of the performance
tree structure 1s shown in Figure S-3 (additional data of this type appear
1in the body of the report). An example would be a controls and guidance
concept that increases the lift-to-drag ratio of the aircraft wing by 25
percent. Figure S-3 shows that the lift-to-drag ratio makes up 23 percent
of the fuel consumption of the aircraft, which in turn makes up 42.8 percent
of operating costs. Thus, such a concept would reduce costs by 25 percent
of 23 percent of 42.8 percent, or about 2.5 percent. Since annual operating
expenses for a large aircraft are in excess of $10,000,000, that is a signif-
1cant savings. The data showing the analytical relationships are used in
this way to analyze the effect of concepts.

In Task 2 of the study, we used the information developed in Task 1 to
1dentify problems that the aviation community will face in the coming decades.
This assessment of problems 1s intended to serve as a guide for the planner
to help identify where controls and guidance concepts can best be applied to
address the problems faced by the aviation community. Examining the number
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and types of aircraft expected to be in use, forecasts of operating costs
(especially for fuel), and the expected state of the air traffic control
system, we identified specific problems and types of problems. On review-
ing all of the problems, we realized that they were all part of three funda-
mental problems that are, and will continue to be, problems for the aviation
community. They are high costs of operation, safety of flight, and the
social acceptability of the environmental impact of aircraft. Those three
general problems were then restated as general goals for aviation: aimprove
the economic performance of aircraft, enhance the safety of aircraft, and
enhance the social acceptability of aircraft.

Each of the basic goals was analyzed and broken down into 1ts component
parts; that is, all of the individual elements that contribute to perform-
ance in relation to those goals were identified and stated as subgoals.
Those were 1in turn broken down into their component parts, with each of the
components stated as a goal. A portion of the result of that process is
shown in Figure S~4. As the figure shows, the goal of reducing operating
costs has as its component parts the goals of reducing fuel usage, reducing
depreciation, reducing maintenance costs, reducing aircrew costs, and so
forth. These are then broken down as shown into component goals. For
instance, the goal of reducing fuel usage 1s composed of the component goals
of reducing aircraft weight, increasing lift-to-drag ratio, increasing
engine efficiency, etc. Attainment of any of these component goals will in
some measure achieve the goal of, in this case, reducing fuel usage, which in
turn will reduce the operating costs of the aircraft.

A planner using these data can thus see what specific changes will
affect the goal or goals he 1s interested in attaining through the use of a
controls and guidance concept.

In Task 3, we developed the methodology by which the planner can create
and analyze independent controls and guidance concepts, and rank-order them
to help structure his research program. The methodology 1s broad and open-
ended, allowing the analysis of many different kinds of concepts. The anal-
ysis relies heavily on the fleet growth statistics, aviation scenarios, and
analytical relationships discussed earlier. There are nine basic steps to
the methodology, as summarized below:

Step 1: Choose the overall goal to address from among the three
general goals of cost, safety, and social acceptability.

Step 2: Choose the area in which to apply controls and guidance
concepts.

Step 3: Estimate the maximum possible benefit that could be
attained.

Step 4: Choose a specific function to improve.
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Reduce Operating Costs
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Step 5: Devise a specific controls and guidance concept that will
effect an improvement in the selected area of performance.

Step 6: Uses the data provided in Task 1 of this study to estimate
the benefit of the concept under consideration.

Step 7: Develop estimates of the costs of the concepts under con-
sideration.

Step 8: Order the concepts by their benefit-to-cost ratio. This
ordering must include the generic technology costs and must also assure
that generic technology costs accounted for in a previous concept are
not added again.

Step 9: Compute the cumulative benefit-to-cost ratio obtained by
considering executing the concepts in their ranked order in groups of
one, two, three, etc. up to the number of concepts under consideration.

To aid the planner in the final step, we have developed a computer pro-
gram that enters the benefits and costs of controls and guidance concepts
and the costs of generic technologies, sorts the concepts into descending
benefit-to-cost ratio order, and computes the cumulative benefit-to-cost
ratio.

The program 1s called ARCEM, for ARINC Research Concept Evaluation
Methodology. The ARCEM Program 1is configured to accept up to 100 concepts
and 20 generic technologies for analysis. The program will compute the
cumulative benefit-to-cost ratio for the set of concepts in the order in
whaich they were entered, or will first sort them into descending benefit-to-
cost ratio for the set of concepts in the order in which they were entered,
or will first sort them into descending benefit-to-cost ratio order, taking
into account the costs of the generic technologies. The results are shown
in both tabular and graphic form. The ARCEM Program was used extensively
in Task 4 of this study to analyze the group of example concepts.

In the fourth task, we exemplified the methodology by analyzing a set
of actual controls and guidance concepts. The example concepts were selected
to address the goals of reducing operating costs and enhancing safety. There
were three sources for the concepts used: internal ARINC Research activities,
the industry literature, and a NASA study performed by the Lockheed-California
Company. These concepts are summarized below:

1. Airborne Wind-Shear Detector: This concept, obtained from the
industry literature, involves a laser-based system that could detect
the presence of wind shear by sensing the Doppler modulation of a
laser beam caused by the relative motion of particulate matter in
the air-mass involved in the shear. If such a system were both
highly effective and highly reliable, then shear could be avoided,
reducing shear-related accidents. Also, some portion of the
strength of the wing and airframe associated with absorbing shear
loads could be eliminated from the design of the aircraft. Thas
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would result in a lighter aircraft, which in turn would save fuel.
More fuel would be saved by eliminating go-arounds necessitated by
shear conditions. Thus, this concept addresses the two goals of
enhancing safety and reducing operating costs. However, due to
the problems associated with evaluating the cost benefit of in-
creased safety, only the operating cost reductions made possible
by this concept were used in the comparative analysis with the
following seven concepts.

Active Landing Gear: This concept was generated by the project

team as a result of inspecting the performance tree structures.

A portion of the strength of the landing gear is associated with
hard-landing loads and with side loads generated during cross-wind
landaings. An active system that would monitor the touchdown,
adjust the flare of the aircraft, and control the angle at which
the landing gear touches the runway by swiveling the gear to keep
all loads longitudinal could reduce the hard-landing loads and
reduce or eliminate the sideloads in a cross-wind landing. Thus,
the strength and weight of the landing gear could be reduced, sav-
ing fuel and costs.

Reduced Number of Flight Attendants: This concept was also gen-

erated as a result of inspecting the performance tree structure.
Flight attendants constitute a major element of the cost of air-
craft operation. Regulations presently require one attendant for
each 50 seats. The function of the attendants, aside from serving
food and drinks, is to open the doors and inflate the escape slide
in an emergency and to direct the passengers to the exit. If part
of these functions, such as slide inflation, could be automated,
it might be possible to reduce the number of attendants regquired.
This would result in salary and benefits savings and savings in
training costs.

Advanced Flight Control Systems: This and the subsequent concepts

were taken from a report by the Lockheed-California Company. This
concept replaces the conventional hydraulic-actuated flight control
system with a fly-by-wire system using electromechanical actuators
relaxed static stability, and a full authority stability augmenta-
tion system. The concept results in lighter, more reliable air-
craft, which are cheaper to build.

Advanced Secondary Power Systems: Advanced, light-weight genera-

tors are used i1n this concept to provide all secondary power
requirements of the aircraft, reducing or eliminating the need
for inefficient bleed air systems. Engine efficiency and power
system reliability are enhanced, resulting in a lower operating
cost.

Advanced Avionics Components: At present, each avionic system is
housed 1n a separate box, requiring separate power and cooling,
adding to the weight of the aircraft. This concept would configure
the avionics to have each functional element as a card or cards in a




large card box. This reduces the power and cooling regquirements
and elaminates much of the weight of the boxes. Replacement of
avionics 1s simplified also, requiring only the removal of a card
instead of an entire box.

7. Advanced Cockpit Systems: Flat panel electronic displays are used
in this concept to simplify data presentation to the pilot. Multai-
purpose controls whose function and labels are under software con-
trol are used to simplify and streamline the cockpit control panel.
This results in more efficient operation and fewer flight crew
errors.

8. Advanced Air Traffic Control Systems: This concept employs
advanced cockpit systems for communication and traffic display in
conjunction with ground-based ATC systems to achieve better traf-
fic flow and more direct routing. That will result in fuel, and
hence cost, savings. Safety is also enhanced by reducing the

chance of mid-air collisions.

The benefits and costs of the first three concepts were estimated
using Steps 5, 6, and 7 of the ARINC Research methodology. The remaining
five were taken from the Lockheed report. These data were then used to
rank-order the concepts and compute the cumulative benefit-to-cost ratio
by means of the ARCEM computer program. Tables S-4, S-5, and S-6 and
Figure S-5 show the results of the analysis. Table S-4 lists the concepts
with their benefits, costs, and technology line showing which generic tech-
nologies are required by each concept. (The generic technologies are
listed in the body of the report.) A "1" indicates that a technology is
needed, a "O" indicates that 1t is not. Table S-5 shows the estimated
costs of the generic technologies. All benefit and cost figures are in
millions of dollars and represent total benefits and costs over the life
of the concept.

Table S-4. INPUT DATA FOR COMPUTER RUN

Generic

No. Name (Ixi3 ebZi.elfllJ:ns (In bi:itlflons Te%]h&%lec;gy
of Dollars) of Dollars) 12345678
1 SHEAR 304 213 11000110
2 ACT. IG o1 96 11100010
3 RED. FA 4,355 207 11101010
4 AFC 361.9 0.001 11111010
5 ASP 542.9 0.001 11000000
6 AA 45.3 0.001 00011000
7 AC 271.5 0.001 11011001
8 ATC 542.9 0.001 11011001
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Table S-5. GENERIC TECH-
NOLOGY COSTS

Generic Cost
Concept (In Millions
Number of Dollars)

500
500
100
100
50
150
50
50

0 N O bW NN

Table S—-6. SORTED ORDER OF

CONCEPTS

Cumulatave

Rank Name Benefit/Cost
Ratio
1 RED. FA 3.09
2 ASP 3.48
3 ATC 3.49
4 AFC 3.72
5 AA 3.75
6 AC 3.93
7 SHEAR 3.34
8 ACT LG 3.23
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Using the ARCEM Program, the concepts were sorted into descending
order of benefit-to-cost ratio, and the cumulative benefit-to-cost ratio
was computed. The results are shown in Table S~6. The ratios shown with
each concept represent the cumulative ratio obtained by implementing that
concept after the previous concepts have been implemented. For instance,
the ratio of 3.848 associated with concept No. 4 is the ratio obtained by
performing the first four concepts in the order listed. The cumulative
ratios are shown graphicially as a function of number of concepts in Figure
S-5. The sensitivity of these results to the input data could readily be
determined by using the editing capability of the ARCEM Program to change
factors of interest and observing the change in the results. Such a sensi-
tivity analysis 1s carried out in Chapter Four of this study report.

The information and methodology presented in this report provide the
program planner a set of useful tools to use in configuring a program in
such a way as to obtain the maximum benefit from the research and develop-
ment program. The methodology can be used end-to-end, starting with only
basic goals, and, using the data from Task 1, 1dentifying improvement areas
and desired capabilities, leading to the generation of specific concepts.
These concepts can be combined with concepts from other sources, and their
benefits and costs can be estimated by using the performance data and ana-
lytical relationships provided. Other concepts that include outside esti-
mates of their benefits and costs can be included in the final steps of the
methodology in which the ARCEM Program i1s used to rank-order the concepts
and compute the cumulative benefit-to-cost ratios to identify minimum and
optimal levels of activity.

The entire methodology, including the ARCEM Program, 1s not specific
to controls and guidance concepts or even to aviation. We expect that this
methodology will find broad application in many areas of NASA program
planning.

XX1X



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

The National Aercnautics and Space Administration (NASA) 1is chartered
to support the development of aeronautical systems for the enhancement of
aviation and related industries. Under this charter, NASA performs research
and development in such areas as jet engine technology and the aerodynamic
design of wings and other structural aircraft components. Also under this
charter, NASA performs research and development studies related to aircraft
flight control and guidance systems, under the program name of Controls
and Guidance.

This program within NASA conducts research in a wide variety of areas
relating to advanced flight controls and aircraft guidance systems aimed
at enhancing the performance of aircraft of many types. Past efforts have
dealt with technologies such as cockpit displays, fly-by-wire control sys-
tems, stability augmentation systems, and active flight control systems.
Each of these efforts was aimed at improving the performance of aircraft in
an important area.

In order to maximize the effectiveness of its research, the NASA
Controls and Guidance Program engages in careful planning to ensure that
the projects selected for execution, from among all those available or pro-
posed, are those that will provide the maximum benefit to the aviation com-
munity. This 1s a difficult planning task, given the large number of fac-
tors that bear on such a choice. It 1s often necessary to compare projects
and concepts that have benefits in different areas and that have differaing
cost elements. Recognizing the need for a structured approach to the plan-
ning of its program, the NASA Controls and Guidance Office contracted with
ARINC Research Corporation for the development of a planning methodology
that would provide a framework for generating and analyzing controls and
guidance system concepts and selecting concepts for execution in such a
way as to maximize the benefit to the aviation community realized by the
program.

1.2 OBJECTIVES

The project performed by ARINC Research had as its goal the formulation
of a structured methodology for project selection based on the benefits and
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costs of the various proposed projects, supplemented by a data base on air-
craft performance that could be used in the analysis and generation of
specific controls and guidance concepts. The project concentrated on cavil
transport class aircraft, with some additional qualitative data provided

on high-performance military aircraft. The methodology was illustrated
through the analysis of actual controls and guidance concepts developed

by ARINC Research, the Lockheed-California Company, and others.

1.3 APPROACH

This project was performed in four tasks. In the first task, we com-
piled the base of data containing fleet growth projections and information
on arrcraft performance. In the second task, we made projections as to the
types of problems that will be encountered by the aviation community in the
future. In Task 3, we developed, implemented, and documented the structured
methodology for generating and selecting controls and guidance concepts.

In Task 4, we illustrated the methodology by analyzing actual controls and
gurdance concepts. Our approach to each of these tasks 1is outlined in the
following paragraphs.

1.3.1 Task l: Fleet Growth Projects and Aircraft Performance Data

The methodology developed in this project 1s intended to be useful not
only in analyzing controls and guidance concepts, but also in guiding the
planner in the generation of these concepts. To that end, the data base
created to support the methodology contains information on the expected
growth of the cavil aircraft fleet through the year 2010. Also included
are "snapshot" scenarios of the civil aircraft fleet in 1990, 2000, and
2010. Those data were used to formulate predictions as to the kinds of
problems and limitations that are expected to be encountered by the avia-
tion community in the future. The data on predicted problems serve as a
guide for pointing out where controls and guidance concepts can be applied
to best advantage. Using those data, plannerxs can concentrate their
efforts on problems that may limit the growth of aviation. In this way,
the controls and guidance concepts developed can provide greater benefit
to the aviation community for the research funds expended.

In this task, growth forecasts were collected to project trends in
total numbers of aircraft, revenue-passenger-miles, types ¢f aircraft, and
aircraft lifetimes. Included in the growth projections were aircraft
retirements, purchases of new aircraft produced with old technology, and
purchases of aircraft produced with new technology.

Through the use of growth projections, aircraft lifetimes, and projected

retirements, we predicted the introduction dates of new aircraft. Another
factor considered in projecting the types of aircraft to be introduced was
the availability of new technologies, such as laminar-flow controls or the
introduction of efficient prop-fans, which could hasten the introduction of
new types of aircraft. These technology forecasts were also used to pre-
dict the types of technology expected in future generations of aircraft.
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Finally, the scenarios showing "snapshots" of the civil aircraft fleet in
the next three decades were prepared from these data.

In Task 1, we also compiled information on the performance of aircraft
for use i1n assessing the merits of proposed controls and guidance concepts.
The analytical relationships between the various factors that make up air-
craft performance in the areas of interest were defined and presented in
tree form, in equations, and in graphs. The data are used in the method-
ology to assess the benefits of the proposed concepts. This 1s accomplished
by determining the change in the total performance of the aircraft as the
result of a change in the performance of a single element of the aircraft
resulting from the application of a controls and guidance concept.

1.3.2 Task 2: Aviation Problem Areas

In the second task, we used the fleet growth and technology informa-
tion developed in Task 1 to predict the problems that the civil aviation
community will face in future decades. From those, we identified general
goals and desired improvements for aviation through the year 2010.

Both general types of problems and specific problems were considered.
We also considered whether there were any problems unique to one of the
aviation scenarios developed in Task 1.

Each of the problems identified was restated as a goal for the improve-
ment of civil transport aviation. The relationship of each of these goals
to the overall goal of enhancing aircraft performance and to intermediate
goals was identified and quantified.

The goals and their gquantitative relationships recognized in this task
are intended to serve as a guide for the planner to help in i1dentifying
where controls and guidance concepts can be most effective in alleviating
the problems of the aviation community. By applying concepts to areas which
may yield large improvement in overall performance, the money and effort
expended on research and development of controls and guidance concepts
will achieve the greatest benefit.

1.3.3 Task 3: Project Methodology

In this task, we developed, implemented, and documented a structured
methodology for the generation and analysis of controls and guirdance con-
cepts. The methodology comprises both conceptual and analytical parts,
with the final step being automated.

This methodoclogy was configured to provide a framework for the planner
to use 1in selecting a goal for consideration, refining the statement of the
goal until a single element of performance is identified for improvement,
generating a concept that effects the desired improvement, assessing the
merit of the concept in comparison to other concepts under consideration,
and determining the effect of the requirement for generic technologies to
support the implementation of the concept in light of the technologies
required by the other concepts under consideration.
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The methodology relies heavily on the fleet growth projections, tech-
nology forecasts, and aviation scenarios developed in Task 1, as well as
the goals defined in Task 2. These data are used to determine the benefits
of proposed concepts in terms of their total effect on aircraft performance
fleet-wide. The methodology also identifies and describes a number of
sources of techniques for estimating the costs of the concepts under study,
as well as the cost effects the concepts have on the aircraft directly.

The final step in the methodology i1s a rank-ordering of the concepts
under consideration by their ratio of benefit to cost. This ordering shows
the preferred order of implementation of the concepts. Obviously, it is
desirable to implement the most beneficial concept first. This ranking
takes into account the estimated costs of the generic technologies required
for implementation of the concepts. Generic technologies are those that are
broadly applicable, and may be developed outside the specific concepts under
consideration. For instance, the technology of high-reliability systems is
generic rather than specific to a concept. Such a technology has many
applications and may be developed independently of the concepts under study.
If the concept in question requires such a technology, 1t must somehow be
acquired, either through direct involvement in the technology's development,
or through adaptation if the technology 1is already available. Since a large
number of calculations are required to perform a ranking taking this factor
into account, the methodology provides a computer program for this function.
The program 1s intended to be used in an interactive manner, allowing the
planner to perform iterative calculations very quickly and thereby permit
the planner to assess the sensitivity of the final results to changes in
the input information. This feature of the methodology 1s intended to
recognize that analyses such as those contemplated here must often be per=-
formed with scarce or poor-quality data; often, only rough estimates of
benefits and costs are available. Permitting the planner to gquickly judge
the sensitivity of the results to the input data facilitates i1dentification
of those data items important enough to warrant further refinement. Also,
such 1terative techniques can be used to address the analysis parametrically,
determining the range of the results as a function of the range of the input.

The output of the program shows the cumulative benefit-to-cost ratio
of performing the concepts in groups of one, two, three, etc., up to the
number of concepts under consideration. This form of output was chosen
because of the significant effect of the costs of generic technologies on
the final result. By computing the cumulative ratio, the advantages of
pursuing concepts that share a group of generic technologies becomes
evident. Optimal levels of research activity can also be identified in
this way. The results are presented in tabular form for precision and
graphic form for easy interpretation.

1.3.4 Task 4: Methodology Example

In Task 4, we exemplified the use of the methodology through the analy-
sis of actual controls and guirdance concepts. In some cases, the methodology
was used to generate the concepts, while i1n other cases, the methodology
was used to analyze concepts from other sources. Estimates of the benefits
and costs of the concepts were obtained either through the use of the
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methodology or from the source of the concept. The concepts were then rank-
ordered, using the program developed in Task 3 as the final step in the
methodology.

Two of the concepts considered were developed internally by ARINC
Research. A third was obtained from the industry literature. The remain-
1ng five were obtained from a previous NASA study performed by the Lockheed-
California Company. This variety of sources was used to exemplify the
various ways in which the methodology can be used.

In performing this example use of the methodology, we attempted to use
the most authoritative and accurate estimate of concept benefits and costs
available. The costs of the generic technologies assumed to be required
for i1mplementation of these concepts were treated as they are in a sensi-
tivity analysis to illustrate that feature of the methodology.

1.4 REPORT ORGANIZATION

The remaining chapters of this report are organized as follows: Chap-
ter Two contains the results of Task 1, showing the growth forecasts and
aviation scenarios. The analytical relationships between aircraft per-
formance factors are discussed; detailed data related to commercial air-
craft are provided in Appendix A. High-performance military aircraft per-
formance factors are described in Appendix B.

Chapter Three presents the results of Task 2. The problem areas and
aviation goals are listed and discussed.

Chapter Four presents the project methodology developed in Task 3.
Both the conceptual and automated portions of the methodology are discussed,
and the methodology is described step-by-step. The complete cost models
are provided in Appendix C. Detailed run instructions for the computer
program are given in Appendix D and the program listing i1s given 1in
Appendix E.

Chapter Five presents the results of Task 4. The example concepts
are analyzed, and the basic results are presented., Additional output
generated by the sensitivity analysis 1s presented in Appendix F.

A glossary and list of references are presented in Appendixes G and
H, respectively.



CHAPTER TWO

CIVIL AVIATION SCENARIOS

This chapter presents the base of data developed to support the
identification of aviation problems and goals and to assess the effective-
ness of controls and guidance concepts in attaining these goals. Overall
growth trends are discussed, and individual "snapshots" of the civil air-
craft fleet are presented for the years 1990, 2000, and 2010. Also pre-
sented is the qualitative data developed for high-performance military air-
craft and the analytical relationships used to assess the effect of specific
concepts on aircraft performance.

2.1 PURPOSE

The scenarios fill three purposes. First, they provide a baseline
against which system improvements can be judged; the overall impact of
a system 1s, of course, a function of the number of aircraft to which
it will apply. Second, the scenarios provide a means of determining the
problems the aviation community will face in the future. Identification
of these problems will make it possible to define specific areas where
1mprovement 1s needed and specific new capabilities that will be desirable.
From these capabilities, systems concepts that produce the desired results
can be developed. Third, they provide a data base for computing concept
benefits and costs.

2.2 GROWTH TRENDS

A review of industry literature and discussions with the three major
United States alirframe manufacturers (References 2, 3, 4) produced a diver-
sity of opinion on growth rates and the method of measuring the growth.

The forecast by the FAA (Reference 1) for the years 1981 through 1992 1is
made 1n terms of revenue-passenger—-miles; 1t predicts a growth rate of 4
percent a year, while a forecast by I.S. MacDonald (Reference 6) predicts
growth for the next ten years at 6 percent in terms of revenue-passenger-
miles. Forecasts by three airframe manufacturers (References 2, 3, 4, 5)
predict growth rates of 4 to 6 percent for the next 15 years 1in terms of
number of aircraft and 8 to 10 percent i1n terms of revenue-passenger-miles.
NASA's own task report (Reference 7), which formed the framework for the
Aircraft Energy Efficiency Program, predicted growth of 4 percent through
the early 1990s in terms of revenue-passenger-miles.
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Review of the available data made 1t apparent that there were no fore-
casts completely covering the time period of interest. A review of histor-
ical data showed that the growth in numbers of aircraft had been proportion-
ately smaller than the growth i1n revenue-passenger-miles. The difference
is due to several factors —=- primarily the increase in aircraft productivity
and the fact that as aircraft capacities have increased, there has been less
than a one-to-one replacement ratio. Because 1t more directly serves the
purposes of this study to determine aviation scenarios and benefits in terms
of numbers of aircraft instead of revenue-passenger-miles, a growth forecast
of numbers of aircraft was developed by using a growth rate somewhat lower
than that predicted for revenue-passenger-miles. The forecast considered
aircraft retirements, purchases of new aircraft with old technology, pur-
chases of new aircraft with new technology, and the production capacity of
four major international airframe manufacturers.

The product of this development, Table 2-1 shows the cumulative number
of active aircraft by the different production categories, as well as the
number of aircraft produced each two years. The following forecast consid-
erations were used in deriving the data in Table 1:

1. The growth rate will be 1 percent until 1990 and then increase
to 3 percent per year. The slow growth for the first ten years
is anticipated because of the current slump in the world economy,
which will prompt airlines to delay purchasing new aircraft and
attempt instead to increase the average load factor. (Reference 1)

2. Arrcraft purchases for the next decade will be predominantly pre-
1980-technology aircraft (B727, B737, B747, DC-9/80, DC-10, L1011,
A300), because of slow growth and the desire on the part of the
manufacturers to offer derivative aircraft instead of totally new
aircraft. (References 2, 3, 4)

3. Most first-generation aircraft (B707, B720, DC-8, CV880 and 990,
B727-100, and DC-9-10) will be retired by 1990; most second-gen-
eration aircraft (B737-200, B727-200, DC9-30, BAC-11ll) will be
retired by 2000. The first-generation aircraft will be retired
by 1990 because of economics, relative inefficiency of airframes
and engines compared with those of later aircraft, and old age.
The second-generation aircraft will be retired by 2000 for the
same reasons, although the primary reason will be old age.
(Reference 6)

4. New aircraft built with pre-1980 technology will have an average
lifespan of 16 years compared with the 12 to 15 years currently
experienced. Because of economics (i.e., more expensive airframes
and low profits), the airlines are flying aircraft longer and re-
furbishing them. The trend recently has been to fly aircraft more
toward the fifteenth year of the spectrum than to the tenth or
twelfth year. The airlines have indicated a desire for longer life
spans in their aircraft. (References 5, 6)

5. New aircraft built with post-1980 technology, such as the B~767/
757, will have an average life span of 18 years up to the year
2000, and 20 years thereafter. Advances in active controls and




£€-2

—

Table 2~1. FORECAST AIRCRAFT PRODUCTION :

New New Exasting zlertcll;'a:afdt A:L.I;:octrzlft ‘ §i§Ciz gz I:lsrirlagfio

Year Ifii;iiig ﬂﬁiﬁ;iﬁg? Pre-1980 A::ngft L“ preced- | in Preced-| Pr;duceg- Produceg—
(Culmulatlve) (Cumulative) Arrcraftix ‘ ang Two ng Two mmgre'::o mmpgn?l?:o
I Years Years | Years .

1980 0 0] 5,800 5,800 - - - -

1982 825 25 5,250 6,100 550 850 825 25
1984 1,525 225 4,675 6,425 575 900 700 200
1986 2,025 725 4,100 6,850 575 1,000 500 500
1988 2,250 1,500 3,550 7,300 550 1,000 225 775
1990 2,400 2,350 3,000 7,750 550 1,000 150 850
1992 2,525 3,325 2,250 8,100 750 1,100 125 975
1994 2,575 4,375 1,500 8,450 750 1,100 50 1,050
1996 2,600 5,450 750 8,800 750 1,100 25 1,075
1998 2,625 6,625 25 9,250 750 1,200 25 1,175
2000 1,800 7,800 0] 9,600 850 1,200 - 1,200
2002 1,100 8,800 o] 9,900 900 1,200 - 1,200
2004 600 9,700 0 10, 300 1,000 1,400 - 1,400
2006 375 10,325 0] 10,700 1,000 1,400 - 1,400
2008 225 10,875 0] 11,100 1,000 1,400 - 1,400
2010 75 11,300 0 11,375 1,125 1,400 - 1,400
Totals 11,675 17,250 2,625 14,625

*Built after 1980 with pre-1980 technology.

**Built praior to 1980.




composite materials will enable aircraft to fly longer because of
reduced fatigue and flight stresses. Moreover, the ease of up-
dating flight avionics with revised software will prolong the use-
ful life spans of most aircraft.

Figure 2-1 1s the result of plotting the number of aircraft from Table
2-1 by year for the different categories of aircraft and the total aircraft.
Although there is a significant_ difference in the assumed growth rates be-
tween the periods 1980-1990 and 1990-2010, the plot of total aircraft is
nearly linear, with only a slight bend at 1990. This is probably due to
three factors: (1) the retirement rate for existing pre-1980-technology
aircraft, (2) the purchase rate for new pre-1980-technology aircraft, and
(3) the manufacturing capacity of the airframe manufacturers. The four
major international airframe manufacturers are limited to a maximum of 750
airframes per year because of capital investment limitations. However, the
current rate of production 1is about 400 to 425 aircraft per year, owing
primarily to slackened demand and to supply problems associated with long
lead times for materials. According to the manufacturers (Reference 6),
these problems can be resolved with time, although there do not appear to
be any plans to expand capacity beyond the current limits.

2.3 AIRCRAFT TYPES

Once the growth projections were developed, aircraft lifetimes and
predicted retirements were examined to determine when new aircraft would
be introduced. Figure 2-2 shows the projected lifetimes of current air-
craft and derivatives, and the expected introduction dates for new-
technology aircraft. The DC9/BAC-11l listed are the advanced versions just
now entering production, while the B737/A300B2 classes do not 1include
advanced derivatives for the aircraft that have been discussed but are
not firm commitments. The classes of aircraft are numbered within each
range category in chronological order, with some overlap of the aircraft
being replaced. For example, from Figure 2-2, the SRl aircraft, whach will
be a follow-on to the B737/A300B2-type aircraft, i1s expected to be intro-
duced 1in 1987; 1t will compete with the DC-9/BAC-1ll-type aircraft until
the SR2, follow-on to the SR1, is introduced in 1995. Thus, for the short-
range aircraft, there is considerable overlap between the different classes
of aircraft, primarily because the recent derivatives of the DC-9/BAC-11l1
aircraft are delaying introduction of new aircraft.

Significant advances in aircraft technology can often "speed up" the
expected introduction of new aircraft. The introduction of the four-engine
jet transport in 1958 was a significant jump i1n technology just a few years
after introduction of the "latest" reciprocating-engine aircraft. The wide-
body aircraft introduced in 1969 represented a significant advance over ex-
1sting aircraft. Historically, significant-advancement craft designs have
been introduced approximately every 12 years, with shorter-range aircraft
being introduced in the intervening time. This trend will probably continue
for the next 30 years, with two exceptions. The availability of mature tech-
nology to support both active and passive laminar-flow control aircraft will
permit such aircraft to be introduced earlier than the 1l2-year cycle would
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Class of Aircraft

~1980

~1985

~1990

—1995

~2000

~2005 [~2010

Short-Range Aircraft
DC-9/BAC-111
B737/A300B2

SR1 - Follow-on
to B737/A300B2

SR2 -~ Follow-on
to DC~-9/BAC-111

SR3 - Follow-on
to SRl

SR4 - Follow-on
to SR2

Medium-Range Aircraft
B727/A300B4

Current-Technology
Aircraft: B757/767/
A310/ATMR

MRl - Follow-on to
Current Technology

MR2 - Active Laminar-
Flow Control

MR3 - Passive Laminar-
Flow Control

Long-Range Aircraft

Current Wide Bodies
B747/DC-10/11011

LRl - Follow-on to
Current Technology

LR2 -~ Active Laminar-
Flow Control

LR3 - Passive Laminar-
Flow Control

LR4 - SST

Figure 2-2. PROJECTED NEW AIRCRAFT INTRODUCTION
DATES AND LIFETIMES
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indicate. The significant improvement in operating economics associated
with the technology encourages early introduction of aircraft with laminar-
flow capability. Similarly, the supersonic transport, LR4, will be intro-
duced shortly after the LR3 because of its unique performance, providing
very-long-range, high-speed transportation.

2.4 TECHNOLOGY FORECASTS

If the predicted types of aircraft are known, the classes of technology
and the level of achievement can be predicted for each type. Matching tech-
nologies with types of aircraft serves two functions: (1) 1t permits an
accurate description of the aviation environment for use in developing the
aviation scenarios, and (2) it permits development of a baseline against
which the concepts to be developed in Task 2 can be evaluated. The degree
of improvement above this baseline will be the basis for determining the
benefits of avionics, controls, and human-factors concepts.

Table 2-2 1s a technology matrix matching the predicted types of air-
craft with the classes of technology predicted to be available to aircraft
manufacturers and airlines during the next 30 years. The values presented
in Table 2-2 represent the level of potential use of a particular technology.
For example, for aircraft SR1l, composite materials will be used in 30 percent
of the airframe structure; 30 percent of the controls will be converted to
active controls; 30 percent of the auxiliary systems will be converted from
hydraulic, mechanical, or pneumatic to electric/electronic; 30 percent of
the monitoring of aircraft systems operation, normally monitored visually
by the flight crew, will be automated; 30 percent of the systems that will
eventually make up the digital/electronic flight deck will be in place; 10
of the electromechanical engine control functions will be converted to elec-
tronic control; the engines will be 12 percent more fuel-efficient than com-
parable 1980 engines.

Active-controls technology involves the application of electronics to
flight control systems to produce neutral or negative static stability and
reduce wing loads. The use of active controls on transport aircraft is not
limited to ailerons, but includes horizontal and vertical stabilizers, flap-
erons, spoilers, slats, and flaps. These devices can be used in a number
of load-reduction techniques, including ride smoothing, flutter suppression,
maneuver, gust, and general load alleviation and relaxed static stability.
All of these applications generally result in weight reductions -- because
reduced stress on the airframe reduces the amount of structural material
needed to resist stresses -- and the synergistic effects of smaller control
surfaces, which also produce a weight reduction. It appears that inatially
most aircraft will have triple or quadruple redundant systems because of the
extremely high reliability requirement of 1 X 10™° failures per flight hour
(References 27 and 39) necessary for aircraft to fly with relaxed static
stability. As the reliability of electronic systems improves, and fault-
tolerant microprocessors are proven, the number of systems required will
be reduced until the ultimate goal of a single system is reached.



Table 2-2. TECHNOLOGY MATRIX

Class of Level of Potential Use by Aircraft Type
Technology 1990 1997 2000 2006

SRL LR1 SR2 MRL LR2 SR3 MR2 LR3 SR4 MR3 LR4
Composite Materials 30% 40% 40% 40% 60% 60% 60% 75% 75% 75% 50%
Active Controls 30% 50% 50% 50% 70% 70% 70% 80% 80% 80% 80%
All-Electric Systems 30% 40% 50% 50% 50% 60% 60% 60% 75% 75% 75%
Laminar-Flow Control - -- - - A - A P - P -
Propfan - - - - - X - - X - -
Variable-Cycle - - - - - - - - - - X
Engine
System Monitoring 30% 30% 50% 50% 50% 75% 75% 75% 80% 80% 80%
Self-Adjusting Wing - - - - - - - X X X -
Digital/Electronic 30% 35% 55% 60% 75% 75% 80% 80% 90% 100% 100%
Flaght Deck
Electronic Engine 10 13 13 16 l6 18 18 20 - 20 20 20
Controls
New Conventional - - - X - X - - X - X
Airfoils
Fuel-Efficient Engines 12% 12% 15% 15% 18% 25% 20% 23% 30% 28% 40%
Compared with 1980

*A - Active; P - Passive; X - Aircraft uses this technology.




All-electronic flight systems are an area recently studied (Reference
21) 1in an effort to reduce the wexight of auxiliary systems on aircraft. The
main advantage to eliminating the many mechanical, hydraulic, and pneumatic
systems is the weight saving achieved by replacement with light-weight elec-
trical and electronic systems. Possible applications considered include
closed~cycle recirculating environmental control system (1.e., no bleed air),
electric brakes, electric operation of high-lift devices, electrically ope-
rated landing gear, electric thermal deicrng, higher-voltage electrical sys-
tem, and stored-energy auxiliary power units.

The application of laminar-flow control techniques to transport air-
aircraft will produce significant improvements in operational economy.
The initial application will be an active wing on long-range aircraft in
situations where route structure could produce a 20 to 40 percent reduction
in operating costs (References 8, 11, 14, 15, 26). The wing will have ex~
tensive plumbing and a control system, as well as a complex sensor system
to detect the location of the transition point. Natural laminar-flow air-
foils, or passive laminar-flow control, should be introduced a few years
after the active systems. The natural laminar—-flow airfoils will rely on
their shape to maintain laminar flow over 70 percent of the airfoil surface.
In addition, the use of a self-adjusting wing, which automatically changes
shape to maintain an optimum profile, will simplify maintaining laminar flow
over the wing during different cruise conditions while still retaining the
capability for turbulent flow when necessary. The self-adjusting wing will
enable aircraft to maintain the optimum airfoil shape throughout the flight
regime from takeoff to landing.

New conventional airfoil shapes are expected to provide further improve-
ment. Most new airfoils, although improvements over previous jet airfoils,
are still compromises with the ideal airfoil shape because of strength re-
quirements of wings. As composite-materials technology matures and experi-
ences wider use, it will be possible to manufacture airfoils that are con-
siderably closer to the ideal shape.

Microprocessors can be used to decrease the flight crew's workload by
automating the display of most system operation indicators so that the in-
dicators are available upon demand or are displayed automatically in an
emergency. The level of automation 1is shown in Table 2-2.

The number of engine control functions that can be converted to digital
electronics 1s also shown in Table 2-2., To develop the more fuel-efficient
engines needed for the next 30 years, more engine functions must be controlled
more precisely to provide for optimum performance. New techniques being ex-
plored by the engine manufacturers include active control of blade clearances,
self-adjusting optimized inlets, variable fan and compressor geometry, and
more accurate fuel-flow meteraing.

Table 2-3 lists the advanced digital/electronic systems expected to be
available on the flight deck of future aircraft. Most of these systems are
currently planned for implementation, and extensive research and development
efforts are under way in support of them; the other are just entering the
research and development phase. The number of systems available for use is
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Table 2-3. DIGITAL/ELECTRONIC FLIGHT DECK SYSTEMS*
Initial General
System Operation Use
Beacon Collision Avoidance System (BCAS) 1983 1988
Discrete Address Beacon System (DABS) 1984 1990
Enhanced Terminal Information Service (ETIS) 1985 1992
Automatic Traffic Advisory Resolution 1986 1992
Service (ATARS)
Multifunction Switches/Panels 1987 1995
Microwave Landing System (MLS) 12987 2000
Heads Up Display (HUD) 1987 2000
Cockpit Display of Weather Information (CDWI) 1988 1993
Cockpit Display of Traffic Information (CDTI) 1988 1995
4-D RNAV 1990 2000
Speech Synthesis and Recognition 1995 2005
Color Flat Panel Dasplays 1998 2005
Category III c Autoland 1995 2005
Civilian Use of Global Positioning 2000 2010
System (GPS)
*Reference 10. i 8

shown 1in Table 2-2 as a percentage of the total number of systems. As sys-
tems become available, they will be introduced at varying rates, depending
on the economic benefits derived from the introduction of each system.

With the information from Figure 2-2 and Table 2-2, Table 2-4 was
developed to describe the major items of aircraft performance. The de-
sign characteristics shown are predominantly related to airframe and
range, inasmuch as these seem to be the most important parameters of in-
terest in determining the costs and benefits of aircraft. The three mea-
sures of efficiency at the bottom of the table -~ fuel efficiency, air-
frame efficiency, and fuel weight per mile -- are commonly used in the
aircraft industry as a measure of design efficiency. Fuel efficiency 1is
measured in terms of seat-miles per pound of fuel for maximum range 1in
nautical miles; it 1s approximately eight to nine seat-miles per pound
for current aircraft. BAirframe efficiency, expressed as maximum payload
divided by operating equipment weight, 1s used by airframe manufacturers
to measure the efficiency of their designs. Fuel weight per mile measures
how efficiently an airframe engine combination 1is designed.

The values 1in Table 2-4 were derived by using the predicted technology
levels from Table 2-2 and the forecast ratios of aircraft and structural
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Table 2-4.

NEW AIRCRAFT DESIGN CHARACTERISTICS

Characteristic values by Aircraft Type

Characteristic
SR1 LRl SR2 MRl LR2 SR3 MR2 LR3 SR4 MR3 LR4
Introduction Date 1987 1990 1995 1997 2000 2003 2005 2007 2008 2010 2010
Design Range (nautical mi) 2,200 5,000 2,000 2,500 5,500 1,700 2,500 6,500 1,700 2,500 7,500
Max L/D 20 22 20 22 30 22 20 35 22 35 12
Sfc at Cruise 0.66 0.62 0.63 0.61 0.58 0.45 0.58 0.50 0.42 0.52 1.25
Gross Takeoff 125 360 123 240 335 125 261 385 125 244 490
Weight (1,000s of 1b)
Operating Equipment 69 225 66 148 200 70 165 240 65 155 250
Weight (1,000s of 1b)
Max Fuel (1,000s of 1lb) 30 120 28 40 72 15 35 92 15 22 265
Max Zero Fuel 109 305 106 213 280 115 235 330 110 225 310
Weight (1,000s of 1b)
Max Paylead (1,000s of 1b) 40 80 45 65 80 45 70 90 45 70 60
Max Range (nautical m1) 3,100 7,000 3,150 3,850 7,300 3,000 4,500 9,800 3,200 4,000 10,000
Number of Passengers 150 300 150 240 300 175 275 350 175 275 275
Cruise Speed (knots) 435 465 435 450 460 450 460 450 460 460 1,460
at Altitude (1,000s of ft) 31 35 31 35 40 29 40 45 27 45 60
Fuel Efficiency 15.5 17.5 16.9 23.1 30.4 35.0 35.4 37.3 37.3 50.0 10.4
(seat-miles per 1lb fuel)
Airframe Efficiency 0.58 0.36 0.68 0.44 0.40 0.64 0.42 0.38 0.69 0.45 0.24
(payload per OEW)
Fuel Weight per Mile (pounds) 9.7 17.1 8.9 10.4 9.9 5.0 7.8 9.4 4.7 5.5 26.5




weights. The ratios of structural component weight to gross takeoff weight
were developed from data in References 22, 36, and 37. Comparisons between
similar aircraft show the steady improvements in airframe design that ac-
company the improvements in capabilities. Design characteristics and the
predicted growth trends in Table 2-2 provide the essential elements for de-
veloping the aviation scenarios. These scenarios will form the baseline
for defining the problem areas 1in aviation, determining how to solve these
problems, and measuring the degree of success.

2.5 AVIATION SCENARIOS

With the civil aviation growth forecasts (Subtask 1A) and aircraft
technology forecasts (Subtask 1B) completed, the tools were available to
project the civil aviation environment over the next 30 years. The pro-
jJections through the year 2010 will describe the numbers and types of air-
craft and the technologies that will be available to build and operate
aircraft. Table 2-5 presents these descriptions for the years 1990, 2000,
and 2010. Over the next 30 years, 17,250 aircraft will be built, with 85
percent of these using technology under development in 1980. The scenarios
in Table 2-5 willl be further examined in Chapter Three to identify the goals
of civil aviation and the capabilities that will be needed to solve future
problems. potential controls and guidance concepts were evaluated against
these baseline scenarios.

Improvements to the different aircraft will depend on potential use
and the practical limits of such use. Although building an airframe to-
tally from composite materials would provide a 30 percent weight reduc-
tion (Reference 34), there are several parts on an aircraft that would
probably continue to be fabricated from metal to meet stress requirements.
These parts would amount to 15 to 20 percent of the airframe; thus an air-
frame that was 80 percent composite materials would be at 80 percent of
potential, although i1t would be near the practical limit for the foresee-
able future. Similar comments apply to the use of active controls and
the conversion of auxiliary aircraft systems to electrical and electronic
systems.

The percentage breakdown by aircraft type (SR, MR, LR) is based on
the current distribution of aircraft populations of each type, applied to
the total number of aircraft projected for each decade. Although the dis-
tribution of ridership will change, 1t will be absorbed more by changes in
aircraft seating capacity (mission optimization) than by changes in the
percentage of aircraft. This is a further demonstration of the fact that
evolutionary rather than revolutionary changes in the airline industry are
predicted.

2.5.1 The 1990 Aviation Scendrio

The 1980s will be marked by slow growth for the aviation industry, the
growth rate averaging 1 percent per year. Almost 5,000 aircraft will be pro-
duced, with production evenly divided between pre-1980-technology aircraft
and post-1980-technology aircraft. Although there will be a net 1increase
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Table 2-5 AVIATION SCENARIOS
Scenario Factors 1990 2000 2010

Total Number of Aircraft 7,750 9,600 11,375
Number of New Pre-1980-Technology Aircraft 2,400 1,800 75
Number of New Post-1980-Technology Aircraft 2,350 7,800 11,300
Number of 0ld Pre-1980-Technology Aircraft 3,000 1] 0
Number of Aircraft by Range

Short Range 2,350 2,900 3,400

Medium Range 3,000 3,650 4,200

Long Range 2,400 3,050 3,765

Supersonic Transport 0 ] 10

Composite Materials
Maximum Usage
Fleet Average Usage

Active Controls
Maximum Usage
Fleet Average Usage

Auxiliary Systems Converted to Electronic/Digital
Maximum Usage
Fleet Average Usage

Level of Aircraft System Monitoring Automated

Propulsion Efficiency Improvement vs 1980 Levels
Maximum Improvement
Fleet Average Improvement

Number of Engine Control Functions Converted to
Electronic/bDigatal

Fuel Costs per Gallon in 1980 Dollars (1980 = $1 05)
Fleet Mix

Typical Flight Deck Electronics

Air Traffic Control System Capability

Noise Levels Vs FAR Part 36

30% of potential
8% of potential

30% of potential
6% of potential

30% of potential
3% of potential

30%

12%
6%

7 to 10

$1 05

SRl 2%

B767/B757/A310 28%

DC9-80/B737-300/
B747/DC10 31%

B727-100/DC-8/etc. 39%

DABS, ETIS, ATARS, 4D-RNAV,
BCAS, CDWI, CDTI, HUD,
Multifunction Switches/
Panels

Able to Accommodate Above-
Listed Systems

Equal

60% of potential
35% of potential

70% of potential
38% of potential

50% of potential
25% of potential

50%

18%
11%

10 to 16

$1.10

SR1, LR1, SR2, MRl 80%
LR2. 1%
DC9-80/B747, B727: 19%

DABS, CDTI, ATARS,CDWI, BCAS,
MLS, ETIS, HUD, 4D-RNAV, Multai-
function Switches/Panels

Above-Listed Electronics Requlred

-3 dB

75% of potential
56% of potential

80% of potential
65% of potentaal

75% of potential
55% of potential

80%
30%
20%
16 to 20
$1.15
SR1l, LRl retired
SR4 2%
SR2 (being retired) 10%
LR4 O0.1%

LR3, MR3. 10%
SR3, LR2, MRl, MR2 78%

DABS CDTI, ATARS CDTI, BCAS MLS,
ETIS, 4D-RNAV HUD, Color Flat
Panels, Civilian GPS, Speech
Recognition and Synthesis,
Category III ¢ Autoland, Multi-
function Switches/Panels

Above-Listed Electronics Required

-6 dB




of 2,000 aircraft, the only "new" aircraft introduced during this decade will
be the SRl (beginning in 1987). The new-technology aircraft introduced in
1982 and 1983 will use technology developed before 1980, although for the
purposes of this study they are considered as post-1980-technology aircraft.

The typical aircraft of this decade will use a variety of new technol-~
oglies, most 1n the early stages of maturity. Composite materials, such as
boron or graphite epoxies, will be used for up to 30 percent of the potential
structure -- mainly for secondary structures such as landing gear doors, ac-
cess panels, spoilers, and floors -- and will have some 1initial use in ver-
‘tical and horizontal stabilizers. Use of active controls will just be start-
1ng, the primary use being ailerons and elevators to alleviate gust and ma-
neuver loads and smooth the ride for passengers. Conversion of aircraft aux-
iliary systems from hydraulic or pneumatic to electrical or electronic sys-
tems will reach the point where 30 percent of the systems have been converted;
the most significant conversion will be fly-by-wire electronic flight controls
for use with active controls.

While the airframe has been undergoing improvements, the engines and
engine controls will be subject to technological improvements also. Engine
efficiency for the decade will average 6 percent better in terms of specific
fuel consumption compared with that of a 1980 engine. Beginning with SRI1,
fuel usage should improve by 12 percent as a result of the NASA Energy Ef-
ficient Engine Program started in 1975. At the same time, most of the pri-
mary engine control functions will be converted from electromechanical and
hybrid control units to all-digital controls, with about one-half of the
functions remaining to be converted.

Many of the air traffic control devices on which development was started
in the 1970s will become operational during this decade, along with some of
the newer electronic navigation systems. As Table 2-5 shows, DABS, ATARS,
BCAS, and ETIS will be operational and widely used 1in the air traffic control
system; CDTI and CDWI will have just been introduced into the system with
the initial purchases of the system equipment and aircraft.

-— ——— i L L - -

2.5.2 The 2000 Aviation Scenario

In the 1990s the growth rate will increase from the 1 percent of the
1980s to 3 percent. Of the 5,700 aircraft to be produced during this de-
cade, only 225 (4 percent) will have pre-1980 technology, although 1,800
aircraft built with pre-1980 technology will still be flying. The net in-
crease will be 1,850 aircraft, and the impact will be more significant than
in the previous decade because almost all of the aircraft produced will have
the major economic improvements of post-1980 technology. All the old pre-
1980-technology aircraft will have been retired and many of the pre-1980
technology aircraft purchased after 1980 will be reaching retirement. The
SR1, SR2, LR1l, and MRl aircraft will all be operating. The LR2 aircraft,
with active laminar-flow control, will have just been introduced into pro-
duction. This new airrcraft should have a major impact on aircraft operating
economics because of the significant improvements in performance possible
with laminar-flow airfoils.




New technologies being applied during this decade will be basically the
same as during the 1980s, although more mature. The average aircraft will
use composite materials in approximately 35 percent of the airframe struc-
ture in the quest for a lighter-weight, fuel-efficient aircraft. Active
controls will be used for 38 percent of the control surface systems, with
the primary areas of emphasis being control augmentation, improvement of
ride quality, maneuver and gust loading, lessening of fatigue loads, and
flutter suppression. WNearly one-half of the aircraft monitoring systems
will be automated.

Propulsion systems and their associated controls will also improve.
Using the NASA Energy Efficient Engine Program as a baseline, the engine
manufacturers will reduce fuel usage of engines by an additional 5 per-
cent over that of the typical 1990 engine. Most of this improvement will
come from better engine controls, with two-thirds of the engine controls
converting from electromechanical to electronic. Greater control accuracy
will be possible, and some control functions not previcusly possible will
be available.

The electronic systems that interface with the air traffic control
system, having been under development since the 1970s, will be fully de-
veloped and in use by most aircraft. Some, such as 4D-RNAV, HUD, and MLS,
w1ll finally be reaching a level of general use, while others will have
been in general use for some time and will be undergoing improvements.

At the same time the air traffic control system will be improved and up-
dated so that it can provide the services required to utilize the new
avionics.

2.5.3 The 2010 Aviation Scenario

Growth in civil aviation will continue at 3 percent during the first
decade of the 21st century. Nearly 9,000 aircraft will be produced during
this third decade, while fewer than that will be retired producing a net
increase of 1,775 aircraft. All the pre-1980-technology aircraft will be
retired by now, along with the first generation of the post-1980-technology
aircraft. The addaition of the retired aircraft to the supplemental and
charter airlines should improve the economic outlook for these airlines.

The ten years between 2000 and 2010 will be years of substantial
change for civil aviation because of the number of new and significant
improvements in aircraft technology. 1In addition to the LR2 aircraft with
active laminar-flow control, an MR2 aircraft will be introduced with active
laminar-flow control, followed by new aircraft using passive laminar-flow
control (natural laminar-flow airfoils). The two short-range aircraft in-
troduced will utilize the high-speed turboprop, or propfan, and a very-
long~-range supersonic transport will be introduced to provide fast, eco-
nomical service over long distances. The concept of the self-adjusting
wing will be introduced on the LR3, MR3, and SR4 aircraft in an effort to
extract maximum economic performance from existing technologies.
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Airframe technologies developed during the 1980s will reach maturity
during this decade. The average airframe will use composite materials in
nearly 60 percent of the structure, with the remaining components being the
primary load-carrying structures. Similarly, the use of active-controls
technology will reach the 65 percent level, with the exploitation of air-
craft center-of-gravity control and some static stability relaxation. Further
expansion in these two fields will come with increased experience, confidence,
and reliability. Conversion of aircraft auxiliary systems from hydraulic and
pneumatic to electric/electronic will average 65 percent of the systems as
further improvements await development of alternative energy sources to re-
place the auxiliary power unit. The automation of aircraft system monitoring
wlll reach 80 percent, with further gains awaiting the reliability and con-
fidence achieved through experience before reaching the fully automated state.

Propulsion systems and their control units will probably be approaching
the physical limits of the technology for conventional turbofan and turbo-
prop engines. The turbofan engines will reach a level of about 28 percent
improvement in fuel efficiency compared with 1980 engines, and a 30 percent
improvement in turboprop efficiency compared with 1980 engines. The number
of engine control functions converted to digital/electronic will be 20, the
maximum that can be accommodated without a significant impact on engine com-
plexity or maintainability.

The electronic systems available to the flight crew and the air traffic
control system will be extensive and complex. All of the electronic systems
shown 1n Table 2-3 will be fully developed and available to civil aviation
and the air traffic control system; true all-weather flight operations will
be a standard procedure. As these electronic systems gain experience and
improved reliability, they will be developed for general aviation and other
nonscheduled aviation uses. The number of aircraft able to use many, or
most, of the services of the air traffic control system will increase sig-
nificantly, while remaining within the capability of the air traffic control
system.

2.6 ANALYTICAL RELATIONSHIPS

2.6.1 The Need for Analytical Relationships

A craitical step in the development and analysis of system concepts is
to 1dentify the relationships between aircraft performance parameters and
each of the elements that make up the parameter; for instance, the relation-
ship of overall aircraft operating cost to fuel use. Such relationships
are necessary for quantitative assessment of the impact of a specific
system concept. For example, we consider the goal of reducing fuel con-
sumption. It 1s necessary first to know the factors that contribute to
fuel consumption and their quantitative relationships. With this informa-
tion, a system concept that will, say, reduce aircraft weight by 1 percent
can be analyzed in terms of 1ts impact on fuel consumption and hence on
total operating cost. Thus one important use of analytical relationships
1s in quantifying the benefits of system concepts.
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A second use for the analytical relationships to be presented in this
chapter is in identifying "leverage" points in the various aircraft opera-
ting parameters -- that i1s, factors that have the strongest influence on
a particular improvement area. For example, fuel use has a much greater in-
fluence on total operating cost than does upholstery cleaning. Thus a 1 per-
cent reduction in fuel costs is much more desirable than a 1 percent reduc-
tion in upholstery cleaning costs. This is, of course, a trivial example,
but 1t 1llustrates the need for leverage information: if we i1dentify those
factors which have the largest leverage, we can concentrate our efforts in
areas offering the largest potential payoff.

2.6.2 Analytical Data

Three types of data on analytical relationships are presented in this
chapter. Diagrams presented in "tree" format show the factors that con-
stitute each operating parameter and the percentage breakdown of their
relative contributions. Sensitivity diagrams are also presented to show
the percentage change in parameter as a function of percentage change in
each factor. Finally, where exact functional relationships are known,
relationships are shown in equation form. The percentage trees will show
at a glance the major factors in each area for leverage identification,
while the sensitivity diagrams and analytical equations will give quantita-
tive measures of system concept effectiveness. Examples of use of the
data presented are given at the end of the chapter, together with a dis-
cussion of the overall analysis methodology.

2.6.3 Information Sources

A number of sources were used in obtaining data on the analytical
relationships shown in this chapter. These include A New Method for
Estimating Current and Future Transport Aircraft Operating Economic,
by American Airlines (Reference 34); Annual Review of Aircraft Accident
Data, U.S. Air Carrier Operations, 1977, by the National Transportation
Safety Board (Reference 29); Aircraft Noise Reduction Technology: A
Report by NASA to the Environmental Protection Agency for the Aircraft/
Airport Noise Study (Reference 32); and Economic Analysis of Transporta-
tion Noise Abatement, by Jon P. Nelson (Reference 33).

The American Airlines Study (Reference 34) was particularly useful
because of its breakdown of aircraft operating costs and descriptions
of the cost elements that contribute to those costs. By rincorporating
data from the Boeing Company, the study was able to examine industry
averages instead of relying totally upon American Airlines data. As a
result, for each of the cost areas examined in the study a parametric
equation was developed to express operating costs in terms of aircraft
design parameters. These parametric equations are useful as a planning
and evaluation tool in addressing future aircraft from the aircraft
operator's viewpoint.

The Annual Review of Aircraft Accident Data (Reference 29) reviews
not only 1977, but also the previous nine years, to discern the accident
trends for commercial aircraft. Accident data are presented for the



different categories of air carriers (scheduled, nonscheduled, supplemental,
cargo) as well as the aircraft types involved in more than 90 percent of

the accidents. The report includes a summary of the causes of all accidents
during the period 1968 to 1977, as well as accident rates in terms of air-
craft hours and departures. This information is useful in determining
where the emphasis should be placed in safety-improvement efforts.

Aircraft Noise Reduction Technology ‘(Reference 32) addressed the
sources of aircraft noise, both engine and airframe, and what research
was planned or under way to develop an understanding of the causes of
noise on an aircraft. It contained some descriptions of the types of
noise and the parts that contribute to engine noise, as well as a dis-
cussion of the component contributions to airframe noise.

Economic Analysis of Transportation Noise Abatement (Reference 33)
describes how the aircraft noise levels set forth in Federal Aviation
Regulation (FAR) Part 36 were derived, together with the impact of their
implementation. It also addresses the economic impact of building
quieter JT8D engines, the extent of noise reduction, and the economic
benefits derived from quieter jet aircraft. The discussion of the jet
aircraft noise cost/benefit analysis is particularly useful because 1t
addresses how to determine the benefits of noise reduction.

2,6.4 Unit Values of Relationships

Analytical relationships must be expressed in terms of a unit.
Operational costs were, of course, expressed in dollars, but the areas
of safety and social acceptability did not lend themselves to the same
treatment. There have been attempts to assign a dollar value to lives
lost in accidents and to noise and air pollution. The dollar value of
an accident has been equated to the cost of the accident 1tself, includ-
ing the lost aircraft and lawsuits, plus the total projected lifetime
earnings of those persons whose lives were lost. Values have been
assigned to clean air and low noise on the basis of questionnaires
distributed to persons in the affected area and of fees paid for the
use of guiet/clean-air areas such as parks and other recreation areas.

Such measures may be useful in providing economic justification for
pollution-control programs, but for the purposes of this study, we chose
to use a more direct measure. Our safety values are stated in terms of
total accidents, an accident being defined as any event in which passengers
or aircrew are injured or the aircraft is damaged to the extent that it
must be repaired.

In compiling data on social acceptabilaity for the analytical relation-
ships, we learned that definitive data were not available. The difficulty
lies 1in not being able to quantify the benefits of factors such as clean
air or lower noise levels, or the degree of contribution of specific
factors. How much is clean air worth? Individuals in an affected area
will give different answers to this question. Such difficulties in
quantifying social benefits are not unigque to this study. Exactly these
same questions are being debated at the highest levels of government with
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regard to environmental i1ssues in general, and 1t 1s beyond the scope of
this study to resolve such far-reaching issues. Instead, in cases for
which numerical data are not available, we have listed noise and pollution
sources in the order of their relative contributions to measured levels,
without specifying their percentage contributions to social unacceptability.

2.6.5 Data Presentation

2.6.5.1 Percentage Trees

The percentage trees presented in Appendix A show the factors that
contribute to costs, social acceptability, and safety.

Figure A-l1 shows operating cost factors as a percentage of total dollar
operating costs.

Figure A—~2 shows the factors that contribute to safety problems as a
percentage of total accidents during the ten-year period ending in 1977.
Figure A-3 shows the same data broken down by flight phase.

Figure A-3 shows the factors that contribute to social acceptability.
As discussed earlier, they are not ranked as to percentage contribution to
social unacceptability, but are presented in the order of their contribu-
tions to measured levels.

2.6.5.2 Sensitivity Diagrams

This section presents sensitivity diagrams for the factors that
influence operational cost and safety, showing percentage change in total
factor as a function of percentage change in factor component. It should
be noted that these graphs are unsigned; they apply equally to negative
changes and positive changes.

Several graphs are regquired for fuel usage, reflecting the fact that
the relationships change somewhat among the various aircraft postulated
in the scenarios. Aircraft for which parameters differ by less than 5
percent are plotted together in the interest of clarity.

Fuel usage charts are presented as follows:

Figure Aircraft
A-4 Short and Medium Range
A-5 Long Range
A-6 Supersonic Transport

Other cost elements are presented in Figures A-7 through A-12., Safety
elements are’ presented in Figure A-13.



2.6.5.3 Equations

Fuel usage 1s an area for which there is an exact relationship between
individual parameters and the total factor. Fuel usage 1s defined by the
Breguet Range Equation (Reference 35) as

v 2 Wtakeoff
n————-

R = (L/D) (E?
landing
where
R = range 1in nautical miles
L/D = lift-to-drag ratio (total drag)
V = cruise velocity, knots
C = specific fuel consumption (pounds of fuel/pounds of
thrust) /hour
Wtakeoff = takeoff weight, pounds
wlandlng = landing weight, pounds

We solve for fuel we:l.ght,wtakeoff - wlanding:

R
Wevel = Yianding | /D) (V/Q)
E -1
where W = fuel weight, pounds.

fuel

This relationship will give fuel required as a function of aircraft landing
weight (aircraft + crew + passenger + cargo) and distance flown (R). (The
lift-drag ratio, cruise speed, and specific fuel consumption are aircraft-
specific parameters.) The relationship does not take into account climbs
and descents. Its usefulness 1s i1in comparing system concepts that affect
weight, L/D, cruise speed, and specific fuel consumption. By comparing
different concepts over cruise route segments, differing impacts may be
assessed.

2.7 EXAMPLES OF DATA USE
This section provides examples of the use of each of the three types

of data presented in this chapter. The examples are for illustration only
and do not represent actual system-concept values.




2.7.1 Percentage Tree Example

We consider the overall goal of enhancing the economic performance of
aircraft. Figure A-1 shows that fuel usage is the largest element of
operating costs. Thus a given percentage improvement in fuel use will
have a greater impact on overall cost than the same percentage change in
any other area. We have 1identified the cost factor with the most leverage.
By ranking the different cost factors in declining order of percentage
contraibution, we obtain a ranking according to leverage.

An improvement area, then, is identified as "decrease fuel consumption”
without, of course,affecting the number of passengers that can be carried.
Following the percentage tree down, we see that aircraft weight is a major
factor in fuel consumption. Thus a desired capability is "reduce aircraft
weight." Sheet 2 of Figure aA-1 breaks aircraft weight down into its
various component parts. Using these data, we may wish to refine the
desired capability to, say, "reduce landing gear weight," or "reduce wing
weight."

Returning to Figure A-l, we see that maintenance is also a major cost
element. The figure shows a breakdown of maintenance costs by area; the
costs are dominated by propulsion system maintenance. Thus "reduce
propulsion maintenance costs" is identified as a desired capability.

Returning once again to Figure A-1l, we see that fuel servicing fees
account for only 0.3 percent of operating expenses and thus have a low
leverage value; even if all such costs could somehow be eliminated, the
impact would be minimal. This area, then, 1s not a prime candidate for
a desired capability.

2.7.2 Sensitivity Diagram Example

Figure A-5 shows the percentage change in fuel burn for a gaiven dis-
tance flown as a function of percentage change in specific fuel consumption,
aircraft landing weight, L/D, and cruise speed. For example, we consider
a system concept that somehow effects a 25 percent improvement in L/D,
such as might be achieved by a laminar-flow wing. Figure A-S5 shows that
the 25 percent improvement in L/D translates into a 22 percent improvement
in fuel consumption.

2.7.3 Egquation Example

The Breguet Range Equation is used to quantify the effects of changes
in aircraft parameters on fuel use. We consider an aircraft flying a route
segment of 1,000 nautical miles (R = 1,000) with the following parameters:

W = 225,000 pounds
L/D = 22
V = 468 knots
C = 0.62 pounds of thrust per pound of fuel per hour
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The equation yields a fuel consumption value of 14,058 pounds for
that segment. If the L/D could somehow be improved by 25 percent to 27.5,
the equation would indicate a fuel burn of 11,177 pounds, an improvement of
2,881 pounds. The impact of changes in other factors can be computed in
similar ways.

2.8 ACTIVE CONTROLS EXAMPLE

As a further example of the use of the data presented in this chapter,
we consider the system concept of using active controls for wing-flutter
suppression and gust-load alleviation. This is a system concept that is
under active consideration for wide-body aircraft. In the proposed
application, the active controls will allow the addition of about 5 feet
of wing span without modification to the load-bearing wing box or other
structural parts. This additional wing span increases the area and aspect
ratio of the wing, enhancing the L/D, leading to a reduction in fuel
consumption. Another way in which this system concept might be applied
is to retain the same wing size but reduce the strength, and hence the
weight, of the wing. The benefit of the weight reduction could be taken
in reduced fuel burn or in extra payload capacity at the same rate of
fuel burn.

Clearly, complex trade-offs are involved in making a choice between
these alternatives, especially considering the "ripple" effect dis-
cussed earlier. The addition of wing area increases I/D, but it also
increases aircraft weight, possibly requiring a heavier landing gear,
larger tires, and possibly the strenghening of other components. On the
other hand, the second alternative, weight reduction,might allow lighter
landing gear and other structural parts. The data in this chapter and
the cost models presented in Chapter Four can aid in evaluating these
trade-offs. Figqure A-6, for example, shows the relationship of L/D and
arrcraft weight to fuel usage. Estimates of L/D increases and weight
decreases could be applied to this graph to determine which would have
the larger impact. The cost-estimating models could then be used to
determine the overall impact of the system concept on aircraft cost (as
well as the cost of the control system 1tself, of course) to permit
determining the most beneficial and cost-effective implementation of
this system concept. It 1s precisely that process, for this and many
other system concepts, that will be followed 1n subsequent tasks to
produce a rank-ordering of concepts.

2.9 HIGH-PERFORMANCE MILITARY AIRCRAFT

The information in the preceding sections of this chapter was specific
to the civil transport class of aircraft. High-performance military air-
craft are also of interest. Such aircraft typically are the first to
employ advanced controls and guidance concepts in their design. Thus, they
represent the leading edge of technology.




As part of this study, we performed a qualitative assessment of the
missions of those aircraft and identified the factors that influence their
performance. The assessment can serve as a starting point for later in-
depth studies of this class of aircraft.

The primary function of high-performance military aircraft i1s to deliver
ordnance. The mission of all such aircraft i1s to deliver ordnance to a
specified target or to support that delivery through such functions as
electronic warfare and reconnaissance. Our analysis revealed six major
elements of performance that determine the ability of high-performance air-
craft to complete their mission: Aircraft aerodynamic performance, arma-
ment systems, survivability, turnaround capability, cost, and navigation/
communication/identification capability. Each of these factors 1s in turn
made up of a number of subelements, each of which contributes an increment
of performance in the various areas.

A description of each of these elements is presented in Appendix B,
along with their graphic presentation in tree form.

In order to be useful in the context of the project methodology, the
contribution of the individual elements of the tree must be quantified.
Although the present study addressed these factors in only a qualitative
way, we were informed by knowledgeable sources that there is no clear con-
sensus as to a relative ranking of these factors; all of the factors are
important for mission completion. The relative importance of the various
elements depends on the viewpoint of the person doing the ranking and on
the phase of the mission being considered. For this reason, the percentage
values for the performance elements shown in Appendix B are left blank.
The user's own interpretation of the relative importance of the factors
needs to be supplied. A first estimate might be to apply equal weighting
to all of the six principal factors and then compute the individual con-
tributions of the subordinate elements on the basis of that assumption.

2.10 SUMMARY

This chapter has presented information that relates changes in individ-
ual operating parameters to changes in overall aircraft operating perform-
ance. This information will be used in subsequent tasks to identify and
analyze controls and guidance concepts.



CHAPTER THREE

AVIATION GOALS AND DESIRED IMPROVEMENT AREAS

The development of goals for civil aviation through the year 2010 and
how those goals might be realized through the achievement of specific
desired improvements are addressed in this chapter. This information can
be used to identify where controls and guidance concepts can best be
applied so as to address the most important needs of the aviation community
and thus obtain the maximum benefit.

3.1 APPROACH

Aviation growth forecasts, aircraft technology trends, and the aviation
scenarios were examined to define potential problem areas associated with fu-
ture commercial transport operations. ARINC Research used the problem areas
to establish aviation goals that must be met for civil aviation to remain a
viable transportation system in the future. From these aviation goals a num-
ber of specific improvement areas were identified. Specific desired capabil-
ities that might produce improvement in the various areas were then defined.
Measurement parameters were assigned to permit quantitative ewvaluation of the
degree to which a desired capability would alleviate a problem. The Goals,
Improvement Areas and Desired Capabilities are summarized in Table 3-1.

3.2 PROBLEM AREAS

The three commercial aviation scenarios described in Chapter Two were
used to identify problem areas that commercial aviation can be expected to
encounter through the year 2010. The general problems identified, found
to be common to all three scenarios, are shown in Table 3-2. The problems
listed can be grouped in three major problem areas: operating costs,
safety, and social acceptability.

3.2.1 oOperating Costs

The first nine items in Table 3-1 are related to the operational
aspects of aviation. Fuel and maintenance costs, reliabilaty, and weather
are problems encountered daily. Initial aircraft costs and the cost of
avionics are problems that airline management must resolve on the basis
of utilization and return-on-investment decisions. Flight crew worklcad
1s a problem which the flight crews encounter every day and in which
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Table 3-1.

GOALS, IMPROVEMENT AREAS AND DESIRED CAPABILITIES

Ai;:?ézzl Impiili?ent Desired Capability
Reduce Operating
Costs
[3.3.1]
Fuel Usage Reduce Aircraft Weight
[3.3.1.1] Increase L/D
Increase Engine Efficiency
Improve Operational Fuel Efficiency
Increase Cruise Speed
Reduce Weight of Fuel
Reduce Cost of Fuel
Depreciation Reduce Initial Aircraft Price
[3.3.1.2] Extend Aircraft Service Lafe
Increase Aircraft Utilizataion
Maintenance Improve MTBF
[3.3.1.3] Reduce MTTR
Improve Failure Prediction
Improve Failure Detection
Improve Troubleshooting
Reduce Skills Ievels
Aircrew Increase Productivity
[3.3.1.4] Reduce Aircrew Size

Aircraft Supply

Reduce GSE Costs

Reduce Cancellations

[(3.3.1.5] Reduce Terxrminal Facilities Costs
Reduce Maintenance Facilities Costs
Reduce Maintenance Equipment Costs
Training Reduce Initial Training Costs
{3.3.1.6] Reduce Recurring Training Costs
Airrcraft Reduce Aircraft Cleaning Costs
Servicing Reduce Airrxrcraft Interior Preparation
(3.3.1.7] Costs
Reduce Flight Preparation Costs
Delays and Reduce Departure Delays
Cancellations Reduce En Route Delays
{3.3.1.8] Reduce Arrival Delays
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Table 3-2. AVIATION PROBLEMS
Specific Problems Problem Area Improvement Area
1. Fuel Costs Cost Reduce fuel costs
2. Maintenance Costs Reduce maintenance costs
3. Initial Aircraft Costs Reduce aircraft costs
4. Reliability Increase reliability
5. Avionics Costs Reduce avionics costs
6. Weather Reduce weather-related
costs
7. Flight Crew Workload Reduce flight crew
workload
8. Airport Saturation Reduce airport crowding
9. Flight Crew Costs Reduce flight crew costs
10. safety Safety Reduce accidents
11. Information Management Enhance information
management
12. Software Control Implement software
control
13. Noise Social Reduce noise
14. Arxr Pollution Acceptability Reduce air pollution
15. Pilot Acceptance Enhance pilot acceptance

management must strike a balance between underutilization and overwork

in attempting to increase productivity. While airline planners are address-
ing the problem of flight crew workloads in a more complex air traffic
control (ATC) system, they must also plan for future operations when many
functions will become automated and flight crew proficiency in nonautomated
situations will be a serious concern. A final operational problem 1is air-
port saturation; as air traffic grows, more airports will reach the limit
of the number of aircraft that can be handled either by the ATC system ox
by the available airport terminal facilaities. All of these problems are
directly related to flight operations and are considered under the problem
area of operational costs.

3.2.2 safety

The next three problems listed in Table 3-1 are safety-related. Safety
1s a primary concern because of the chance of accidents whenever aircraft
fly. Although there were no fatal accidents in 1980, the first such year
since 1928 for the major airlines, there were still a number of nonfatal
accidents (Reference 28), and the large number of reported and unreported
near misses shows that the potential for disaster still exists. Reducing
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the number of accidents and near misses will significantly reduce the
potential for loss of life and property. Information management 1is also

a safety concern because it affects the way information needed for appro-
priate decisions 1s presented to the flight crew. Presenting information
in a haphazard and confusing manner, without inputs from all the data
systems 1n the aircraft, significantly increases the potential for indeci-
sion or a wrong decision by the flight crew. Presenting information in a
clear, concise, and readily understood manner will permit proper decisions.

The third safety-related problem concerns software control, the
process of maintaining the identical sets of programming instructions in
all microprocessors, as well as standardizing interfaces and data formats.
As the number of microprocessors used on commercial transports increases
during the next 30 years, so too will the software to control them. The
development of fault-tolerant computers and reliance on airborne electronics
to handle control situations automatically requires great emphasis on fault
detection and fail-safe operation by these microprocessors. Although com-
puterized control devices will be thoroughly checked and tested, hidden
errors in the software could produce malfunctions that the designers failed
to anticipate. Only through software control and thorough validation and
verification of the software will the potential for this problem be ade-
quately diminished.

3.2.3 Social Interaction

The last three problems listed in Table 3~1 are related to concerns
of the American public about commercial aviation. The noise problem has
been highlighted both by the public's annoyance with noise levels near
airports and by engine and airframe designers' dissatisfaction with
federally mandated noise levels and the design problems they create.

As society strives for a quieter, more peaceful environment, there will
be increased emphasis on reducing the noise level of civil aviation to
make 1t more compatible with the environment. There will also be con-
tinued emphasis on improving the air pollution characteristics of
aircraft.

3.2.4 Unique Problem Areas

The problems discussed in the preceding subsections were found not
to constitute unique problems for the three aviation scenarios developed
in Chapter Two. Private discussions with airframe manufacturers and
published articles predict that there will be no exotic new aircraft
designs over the next 30 years. The designs and improvements will be
mostly evolutionary, the only possible exception being the development
of laminar-flow aircraft. Although aircraft with laminar flow will offer
significant improvements over aircraft with conventional or supercritical
airfoils, they will still represent primarily an evolutionary development
of a known technique. Supersonic or hypersonic transport or large-
capacity V/STOL aircraft would be revolutionary because of the radically
different circumstances associated with their operation. However, by the
time they are developed and operational the civil air transport system
w1ll have advanced 1n sophistication to the point where the introduction
of the aircraft will have little effect on the system.
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Further, the economics of operating an airline will always constitute
a problem regardless of the aviation scenario ox types of aircraft. The
FAA aviation forecasts (Reference 1) used the Wharton Long-Term Industry
and Economic Forecasting Model, which assumes that there will be no long-
term shortages of materials or supplies, but only a general increase in
costs due to inflation. In addition, the model assumes that '"noise and
pollution standards will continue to be implemented, and there will be
no new environmental or policy constraints on aviation" (Reference 1).
Thus it appears that the economic and social problems that airlines must
contend with today will continue to exist in the future.

Finally, the primary problem i1s, and will continue to be, fuel costs.
The FAA forecast and the supporting Wharton economic model assume that
aviation fuel will be available, with only occasional spot shortages, and
that the cost of fuel will act to ration this commodity among users.

Thus it appears that there will be no unique problems within the next
30 years. Although a new supersonic transport will become operational in the
year 2010, the air traffic control system will be developed to the point
where it can support this new type of aircraft.

3.2.5 Relationship of Problem Areas To Aviation Goals

Each of the three major problem areas discussed above is directly
related to a specific aviation goal. The problem of operating costs, the
first major problem area, is restated as the goal of reducing operating
costs. Safety, the second major problem area, i1s restated as the goal
of improving safety. Interaction with society, the third problem area,
becomes the goal of enhancing social acceptability.

3.3 TIMPROVEMENT AREAS

The aviation goals were examined to determine potential improvement
areas -- i.e., specific factors that constrain performance in a particular
area were identified. The improvement areas were then interpreted as
measurable desired capabilities to determine the benefits achievable
through the application of controls and guidance technology.

Under the goal of reducing operational costs there are 12 improvement
areas and 31 desired capabilities. Safety as a goal has 5 improvement
areas and 17 desired capabilities, and the enhancement of social accept-
ability has 6 improvement areas and 17 desired capabilities.

3.3.1 Reduce Operating Costs

3.3.1.1 Fuel Usage

Fuel cost, the major element of aircraft operating cost, is the
first improvement area under the goal of reducing operating costs. Seven




desired capabilities are associated with this reduction. The first i1s a
reduction in aircraft weight; if aircraft weight 1s reduced, less fuel
wlll be used to £fly a given route.

The second desired capability 1s an increase in the lift-to-drag ratio
(L/D), which will increase the range of an aircraft or, conversely, permit
flaight to the same range with less fuel.

The third desired capability 1s an increase in engine fuel efficiency,
that is, a decrease in the specific fuel consumption of an aircraft's engines.
The fourth desired capability 1s an improvement in the operating fuel
efficiency of the aircraft. This improvement would be the result of
decreased use of auxiliary power units, optimum routing, less taxiing,
and a general reduction of auxiliary activities that use fuel.

The fifth desired capability is an increase in the cruise speed. With
medium-range and long-range airxrcraft, an increase in cruise speed above that
required for minimum fuel consumption can produce a decrease in the direct
operating cost. The sixth desired capability is reduction of the weight of
the fuel used by aircraft. This would require establishing new specifica-
tions for use 1in producing aviation fuel. The reduced weight of the fuel
would lessen the weight carried by aircraft, thus permitting the use of
less fuel.

The last desired capability 1is reduction of the costs of producing
fuel through such new techniques as relaxed aviation fuel specifications,
synthetic fuels, alternative fuel sources, cheaper production methods, or
other technologies. All seven desired capabilities could reduce the costs
of aviation fuel usage and thereby contribute to the goal of reducing
operating costs.

Measurements will be made of the reduction in the amount of fuel used,
whether from reduced specific fuel consumption, improved operational fuel
efficiency, or increased cruise speed. Weight will also be measured,
because reduced aircraft weight will result in a reduction in the amount
of fuel used. Improvements in the L/D ratio will also produce fuel
savings because an increase in the L/D ratio of an aircraft will permit
it to fly farther on the same amount of fuel or, conversely, to fly the
same distance with less fuel. The last two parameters to be measured
are the weight of fuel and the cost of fuel. It 1s necessary to use
fuel to carry fuel; thus a lighter fuel would require less fuel to carry
1t. The cost of fuel can be altered by reduced specification or by less
expensive methods of producing fuel.

3.3.1.2 Depreciation

In the future, depreciation costs will be the second major expense of
aircraft operations. This expense can be reduced by three methods:
(1) reducing the initial cost of aircraft, (2) extending the service
life of aircraft, or (3) increasing the aircraft utilization. Reducing




the initial cost of aircraft would have the largest impact, because
initial cost is the largest single factor influencing depreciation

costs. Aircraft weight reduction, new materials, and new fabrication
techniques all contribute to reducing the initial costs of aircraft. If
the service life of aircraft could be extended from the current 12 to

15 years to more than 20 years, the airlines would gain an extra five
years of service and a reduction in depreciation. Greater aircraft utili-
zation would also reduce the depreciation costs because these costs would
be spread over more flight hours per year, with a corresponding reduction
in the cost per flight hour.

Aircraft productivity in terms of hours per day will be measured to
determine 1f increases will produce significant savings in depreciation
costs. BAircraft wieght, materials used, and fabrication technigques can
result in decreased aircraft purchase price. These also will be measured.
Since initial aircraft costs can be related to aircraft weight, reductions
in aircraft weight should produce savings in aircraft costs, which in tum
will reduce depreciation costs.

3.3.1.3 Maintenance

There are six desired capabilities within the maintenance category.
Extended mean time between failures (MTBF) would decrease the cost of
maintenance by reducing the frequency at which components fail and must
be replaced. Frequent replacement of equipment necessary for flight
operations incurs large expenditures for spares and supply lines needed
to replace equipment at intermediate stops on aircraft routes.

The second desired capability is reduction of the mean time to repair
(MTTR) equipment that has failed. Repair time increases gecmetrically in
proportion to the complexity of new equipment. New techniques should be
developed that will significantly decrease the time necessary to repair
failed equipment producing significant cost savings for the airlines.

The third desired capability 1s improvement of the accuracy of failure
predictions. More accurate predictions of failure times and failure modes
could save a significant number of the man-hours now expended in costly
inspections. Improved failure detection 1s also needed. Many man-hours
are spent inspecting equipment both to predict when it will fail and to
detect when 1t has failed. By improving or changing failure-detection
methods, many nonproductive work efforts could be eliminated. Complex
and miniaturized equipment is difficult to troubleshoot, even with much
of the built-in test equipment available. Built-in test devices usually
1dentify a failed line replaceable unit (LRU), and occasionally the
particular printed circuit board or module within an LRU, but usually
the repair technician must troubleshoot the cause of failure below that
level.

The last desired capability, reduction of personnel skill levels, could
contribute to reduced maintenance cost. Reduced repair times, improved
failure detection, and improved troubleshooting capabilities could be com-
bined with improved automatic test equipment to simplify the task of equip-
ment repair and perhaps reduce the skill level needed to effect repairs.
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Repair times will be estimated to determine the number of man-hours
required to perform repair as well as the cost of materials. Failure times
(MTBF) will also be estimated because longer MTBFs will result in decreased
maintenance costs over the life of an aircraft. Improved failure prediction/
detection will be measured by using the amount of time required for inspec-
tion for maintenance. Troubleshooting capabilities will be measured in
terms of man-hours required to determine the cause of a failure.

3.3.1.4 Air Crew

There are basically two methods of reducing air crew costs: 1increasing
air crew productivity and reducing air crew size. If air crew productivity
could be increased, the airlines would be able to use the crews more hours
per day. It may be possible, for example, to increase the number of hours
per day a flight crew can work by virtue of the reduced cockpit workload
brought about by automation of aircraft systems.

Reduction of air crew size would also reduce other operating costs.
Changing the flight crew from three crew members to two not only reduces
personnel costs but decreases the weight of the cockpit with respect to
seats, instruments, cockpit size, and baggage, as well as the extra crew
member, all of which extract a fuel penalty. Similarly, the Federal
Aviation Administration recently proposed reducing the criterion for
number of flight attendants from cne per each 50 seats to one per each
50 passengers. With load factors currently averaging 55 to 60 percent,
such a move could produce significant weight, fuel, and personnel
savings.

Alr crew costs can be measured with two parameters: (1) the actual
cost per flight hour, which considers the size of an aircraft crew (both
f£flight crew and flight attendants) and the productivity of the air crew;
and (2) the weight of the air crew and associated equipment, which is
directly related to fuel usage because of the weight/fuel relationship.

Training costs can be measured with several parameters: (1) cost of
aircraft flight hours saved as a result of i1mproved simulator training;
(2) cost 1n terms of man-hours and facility time required to train
personnel (flight crews, flight attendants, ground crews, and maintenance)
to current levels of achievement either for new or refresher training;
(3) cost 1n terms of man-hours and facility time required to train
personnel to new levels of achievement (which may be reduced by better
training techniques or reduced requirements); and (4) cost of training
facilaities, primarily simulators.

3.3.1.5 Arrcraft Support Equipment and Facilities

In the improvement area of aircraft support equipment and facilities
there are four desired capabilities for reducing operating costs. The
first 1s reduction of ground support eguipment costs. The number of i1tems
necessary to support aircraft on the ground or at a ramp can be quite
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3.3.1.5 Aircraft Support Equipment and Facilities

In the improvement area of aircraft support equipment and facilities
there are four desired capabilities for reducing operating costs. The
first is reduction of ground support equipment costs. The number of items
necessary to support aircraft on the ground or at a ramp can be gquite
large depending on an aircraft's size and degree of independence. There
are baggage carts, baggage conveyor-belt trucks, tow tugs and pusher
tractors, auxiliary power trucks, and cther vehicles. If their number
could be decreased, significant savings in capital equipment, fuel, and
manpower might be realized. If methods could be devised to reduce the
number of gates, ramps, and passenger lounges, the reduction in capital
expenditures for partially used facilities could be significant, permitting
expansion of airport capacity at those airports which are, or soon will
be, limited because of congestion at ramp/gate facilities. Ideally, an
airline could serve more passengers with fewer facilities.

The aircraft support improvement area must also address the cost of
maintenance facilities and maintenance equipment. It is necessary to
reduce the cost of these facilities and equipment, especially as aircraft
equipment complexity increases and the amount of equipment required to
troubleshoot LRUs increases. In many cases, the automated test equipment
for checking and troubleshooting avionics equipment is several times more
expensive than the equipment being tested. As minicomputers and micro-
processors proliferate, the investment in test equipment also increases.
The purpose of the desired capabilities in this area is to reduce the
cost of this new maintenance equipment and the facilities in whach air-
craft and the associated avionics are repaired.

3.3.1.6 Training

The aviation community has made significant progress in reducing
training costs (Reference 40), although there 1s room for further improve-
ment. The cost of time and facilities for training of air crew members
is substantial, whether the training is for initial flight duties or

transition to a new position. Several weeks of training are needed,
together with hours of simulator time and several hours of actual hands-

on time in the aircraft. 1In addition, there is extensive training for
maintenance and ground support personnel, who also use simulators and
numerous other training devices. The costs incurred become even larger
when new aircraft are introduced into an airline fleet, with the consequent
expenses of flight crew downtime, training, and route familiarization. An-
other training cost that can be reduced 1is that of the recurring training
needed to maintain and verify proficiency. The costs associated with

such training might be reduced by using small, low-cost simulators.

3.3.1.7 Aircraft Servicing

Aircraft servicing encompasses cleaning an aircraft, resupplying
it, and preparing 1t for flight. Aircraft cleaning i1s labox-
intensive, consisting of cleaning the aircraft exterior, waxinag it.
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and repainting it when necessary. Another aircraft servicing expense 1s
the cost of preparing the aircraft interior. It includes the cost of
servicing the toilets, emptying and restocking the galley, cleaning the
alrcraft interior, and stocking the passenger compartment with headrest
covers, magazines, and brochures. Most of these efforts also are labor-
intensive, although the weight of the items carried could be reduced,
thus producing a fuel saving.

Arrcraft support equipment and facilities costs can be measured with
two parameters: (1) the number of facilities and amount of ground support
equipment required, and (2) units costs of the facilities and equipment.
Cost of the support equipment will be the more reliable measurement para-
meter.

Aircraft servicing costs can be measured primarily by man-hours and
materials required to service an aircraft, as discussed in Section 3.3.1.7.
Reductions in flight preparation cost can be measured in terms of the man-
hours or computer time expended in preparing flight plans.

3.3.1.8 Delays and Cancellations

Reduction or elimination of delays and cancellations affect two of
the civil aviation goals =-- operating costs and social acceptability. The
expenses of delays and cancellations are directly related to aircraft
operations, while the irritation and distrust associated with delays and
cancellations are related to social acceptability. The costs associated
with departure, en route, and arrival delays are primarily in fuel and
time. Time can be significant, especially when a delay causes an
insufficient amount of "crew time" to remain prior to completion of a
route and a standby crew must be called out for the remainder of the
route to be completed. In the case of cancellations, not only are
revenues lost because passengers must be rescheduled on other airlines
or accommodated at a hotel, but there 1s the expense of paying flight
crews and flight attendants when a flight is canceled. All these are
expenses that could be alleviated through improvements in aircraft
reliability, flight operations, air traffic control system route smoothing,
and ATC system planning.

Delay and cancellation costs have fuel usage and time as measurement
criteria. Most delays result in using additional fuel or carrying it in
anticipation of delays. In addition, extra time 1s used for flight crews,
airframe flight time, and awaiting ground personnel, and there 1is a
decrease 1n air crew productivity due to a smaller number of flights
permitted per crew workday.

3.3.1.9 Landing Fees

Landing fees, charged by the agency responsible for an airport, are
assessed against an aircraft to pay for the operation of an airport and
associated facilities. Although they are usually assessed on the basis
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of maximum landing weight, other factors may be combined with landing
weight to produce a landing fee rate. Costs may be reduced by reducing
the landing fee rate or reducing the weight of the aircraft. Thus a 10
percent reduction in the landing weight of an aircraft would produce a 10
percent reduction in the assessed landing fee.

Landing fees are measured by the landing-fee rate and aircraft land-
1ng weight. Reduction of either will reduce the cost of landing fees.

3.3.1.10 Fuel Servicing

Fuel servicing fees can be reduced through two desired capabilities,
reduction in the costs of fueling facilities and reduction in the cost of
fuel delivery. The cost of fuel servicing might be reduced by any of
several methods, ranging from placing the fuel storage facilities under-
ground instead of above ground, to automating the fueling process, and to
eliminating the fueling services completely. This type of expense is
normally encountered at airports where the fueling facilities are not
privately owned, but leased or handled completely by the airport govern-
ing agency.

Fuel servicing costs are measured by the cost of the fueling facili-
ties and the man-hours necessary to carry our fuel servicing.

3.3.1.11 Aircraft Control

Airrcraft control fees include air-to~ground communications via the
ARINC networks and ground-to-ATC communications necessary for flight plan
filing and preflight information. The major expense for these communica-
tions systems 1s the cost of the equipment and leasing of the communica-
tion lines. Reductions 1n these two areas could be accomplished through
data links or other advanced technology methods, thus contributing to a
reduction of the operating costs.

Fees for aircraft control, which consists of air-to~ground communica-
tions and airline-to-ATC communications, are measured primarily by the
costs of leasing or purchasing these services. These costs encompass
equipment, communications lines, and the manpower to provide 24-hour
facilities and interface with the air crews.

3.3.1.12 Insurance

The costs of insuraing aircraft is an operating expense based on the
initial purchase price of the aircraft, the cost of repairs, and the
prevailing accident rate. Reducing any of these three factors could
reduce the cost of insurance to the airlines. Reducing the initial
aircraft purchase price was discussed in Section 3.3.1.2, and the
reduction of the number of accidents will be discussed in Section 3.3.2
in more detail. Ideally, if there were no accidents, the only need for
insurance would be to cover those "acts of God" which periodically occur;
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accidents such as wind damage to parked aircraft, hail and lightning
damage, birdstrikes, and other such natural occurrences would be the only
events needing coverage, and the cost of insurance would thus be lessened.

Clearly, a reduction in accident history also reduces insurance costs
for a particular type of aircraft. Overlap between improvement areas is
one of the factors to be evaluated in subsequent tasks.

A reduction in the cost of repairing damaged aircraft could greatly
reduce the cost of insurance as an operating expense. Inexpensive materials
and repair techniques, damage-limiting design, and simplified repair are all
methods that could be used.

The effect of reduced insurance costs can be measured in several ways.
A reduction of the initial airrcraft purchase price was discussed in Section
3.3.1.2 Reduced repair costs are measured in terms of man-hours to effect
a repair and the cost of materials necessary to make that repair. Finally,
the cost of insurance can be reduced by a record of fewer accidents, as
discussed in Section 3.3.2.

3.3.2 Improve Safety

The safety goal has five improvement areas in which achievment of the
desired capabilities would result in a reduction of accidents and a corre-
sponding improvement in safety. Four of the five improvement areas were
cited as a cause or factor in 95 percent of the certificated rout air
carriexr accidents between 1968 and 1977 (Reference 29), whereas the fifth
improvement area 1is a potential future problem. The five improvement areas
are: (1) reduction of accidents due to human error, (2) reduction of
accidents due to aircraft operations, (3) reduction of accidents due to
weather, (4) reduction of accidents due to the air traffic control system,
and (5) reduction of accidents due to software errors.

3.3.2.1 Human-Error Accidents

Associated with the goal of reduction of accidents due to human error
are four desired capabilities. This category includes accidents attributed
to pilots, flight instructors, ground support personnel, maintenance
personnel, weather personnel, ATC personnel, supervisory personnel, and
even passengers and flight attendants.

The first desired capability 1is reduction of errors in judgment that
cause accidents; accidents of this sort are caused when people exceed the
limits of safe operation of an aircraft. Flight management systems of the
future might be linked with the flight control system to prevent entering
stall or spin conditions. A recent example was the case of an Aeromexico
DC-10 that stalled during climb to cruise altitude after being commanded
into a constant airspeed and constant rate of climb (Reference 30). The
aircraft stalled and fell 11,000 feet before recovering, with some minor
structural damage, because the pilots were relying on the autopilot. TIf
the on-board aircraft computer had had the logic to determine that the
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two 1nput parameters were incompatible, the accident might have been
prevented. Achievement of the desired capability to reduce errors in
judgment could reduce or eliminate accidents of this kind.

A second desired capability is optimization of the workload of
flight crews. Although considerable effort has been made to reduce
workload, future workload levels still need to be reduced even more.
Future airline transport operations will be carried out in a complex,
busy environment where the risk of accidents must be greatly reduced. In
addition to reducing the level of work within the flight deck, it will be
necessary to improve the display and utility of information presented to
the flight crew. Achievement of this desired capability would aid the
flight crew in making decisions based on accurate data with a minimum of
judgment errors. Research is just beginning on how best to display
information and on what information must be displayed during each portion
of flight.

The last desired capability is reduction of errors due to training.
The quality and content of training courses must be examined to eliminate
objectives that do not pertain to current technology or that could con-
tribute to inapproprirate actions or errors in judgment. Better training
equipment or techniques that more accurately present actual situations may
be the best method of attacking the problem.

3.3.2.2 Aircraft Operation Accidents

The second improvement area 1s the reduction of accidents due to air-
craft operations. This area is concerned primarily with failures and
malfunctions of the airframe, powerplant, landing gear, systems, instru-
ments, and associated accessories. The first desired capability is
improvement in malfunction/failure predictions; although related to
maintenance and reliability, this capability seeks to improve the pre-
dictability of malfunctions and failures so that they can be avoided.

The second desired capability is improvement in malfunction/failure
detection so that hidden faults can be detected before they cause an
accident. It may be possible to develop techniques that could monitor
the condition of an airrcraft and alert the flight to a malfunction or
failure before 1t occurs.

A third desired capability is reduction of the effects of system
malfunctions. This capability 1s related to both redundancy and reli-
ability; when an aircraft system fails, it may affect the performance of
othexr systems. For example, the failure of an air data computer affects
not only the flight instruments directly but also the navigation system
and the flight management system. Isolation of malfunctions to individual
units or elimination of malfunctions would greatly reduce the accidents
attributed to this area.
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The last desired capability 1s improvement in the crash survivability
of transport aircraft. Many passengers are killed by the crash dynamics of
the aircraft and not the initial impact. It is necessary to develop
techniques that will enhance the survivability of airplane crashes in the
same way passenger protection has been developed for automobiles.

3.3.2.3 Weather Accidents

The third improvement area addresses the problem of reducing accidents
due to weather through four desired capabilities. The first desired capa-
bility 1s improvement in the prediction methods for different types of
weather that affect aviation. Many types of weather cannot be predicted
accurately more than a few minutes in advance of occurrence, especially
severe weather, and frequently probable location 1s inaccurately predicted.
If severe weather could be accurately predicted, flight paths could be
rerouted, or flight times changed, to avoid a possible accident.

Associated with this desired capability is the need for improved
weather detection. Although significant advances have been made in weather
detection devices and methods in the last 15 years, with airborne color
radar and improved ground stations, there are still many types of severe
weather that cannot be adequately detected. Once again, detection of these
types of weather conditions could prevent an accident.

The third desired capability 1s penetration of weather in a manner that
is not damaging or destructive to the passengers or aircraft. A prime
example 1s the manner of encountering wind shear; the current method is
to increase airspeed, and "hang on for the ride." With active controls
and new designs, it may be possible to develop a penetration technique
that will not be so potentially damaging.

The last desired capability i1s improvement in the timeliness of
weather information so that flight crews and ATC personnel can have up-
to-date information. More than once an accident has occurred because
timely weather information was not available to permit avoiding a dan-
gerous situation (Reference 29).

3.3.2.4 Air Traffic Control System Accidents

The fourth improvement area concerns accidents attributed to the air
traffic control system (ATCS), primarily airport and airways facilities,
and airport conditions. These accidents generally are due to mechanical
problems and a lack of proper equipment at facilities, rather than inade-
guate facilities personnel. This area can be improved through three
desired capabilities. The first i1s i1mprovement in the system reliability
of the ATCS. Many system outages, however brief, have been reported to
Congress and in the public media in the last few years, and these are
indicative of problems with system reliability. Improvements must be
made 1f public confidence is to be restored and more complex operations
begun.
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A second desired capability i1s the provision of integrated backup
equipment in an arrangement by which there would be immediate switchover
to a backup system in case of failure of the primary system, with no
degradation i1n performance or lengthy transition times.

The last desired capability is improvement in airport facilities to
eliminate accidents attributed to airport conditions. Activities designed
to address this capability include better approach lighting systems,
different runway lighting schemes, low-cost reliable instrument landing
systems for small and medium airports, automatic unattended control towers,
and ground location devices to guide aircraft for ground movement in
poor visibility.

3.3.2.5 Software Accidents

As more minicomputers and microprocessors are used on the flight decks
of future aircraft, the reliability of the software controlling those
devices must be addressed. Future avionics systems will be tested to
verify that they can handle a myriad of problems with a fail-safe or fail-
operational capability. However, two problems remain: (1) the "what if",
or out of the ordinary, problem and how the system would deal with it; and
(2) the problem of latent errors in the software, which usually are
detected only after some outside stimulus has triggered the wrong response
to a situation.

To deal with these problems, there are three desired capabilities.
The first 1s improvement in software error detection. It 1s necessary
to devise new techniques that will permit extensive testing of electronic
devices to detect latent errors and determine how a device will respond
to unanticipated problems. Attainment of this capability could eliminate
the chance of a catastrophic failure on some future aircraft.

The second desired capability 1s reduction of the effects of soft
defects so that the effects of latent and unanticipated errors are
mitigated. This would be similar in concept to fault-tolerant computers,
except that it would attempt to eliminate or attenuate an unanticipated
error that could be present in all electronic devices built by the same
manufacturer. This technique is directed toward developing an internal
tolerance for errors and a way of dampening the effects of error.

The last desired capability 1s improvement in software integration.
As the number of electronic devices in use on aircraft increases, a
problem can arise from the different programming languages used in
different computers and the different techniques for inputting, out-
putting, throughputting, and erasing data. With RAMs, ROMs, PROMs,
EPROMs, and various other devices, the problem of communication between
devices can become enormous. The magnitude of the possible problem was
1llustrated in the launch of the first space shuttle, when the five main
computers on board the spacecraft were unable to "talk to" each other
because of a synchronization problem. Standardization of languages and
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integration of the sfotware within an aircraft are essential, especially
when the avionics must communicate with ourside systems. Achievement of
these desired capabilities could prevent the risk of a catastrophic
accident due to software errors.

Safety benefits can be calculated by estimating the accident rate
attributed to each of the categories in terms of accidents per departure,
instead of the usual rate of number of accidents per seat-mile. Using
accidents per departure is a better method of expressing the likelihood
that an aircraft will be involved in an accident each time it takes off,
rather than expressing it in seat-miles; every seat on an aircraft has
the same chance of being involved in an accident. In additaion, using
accidents per departure permits meaningful comparisons between scheduled
airlines, air cargo carriers, and commuters.

3.3.3 Enhance Social Acceptability

The goal of enhanced social acceptability of civil aviation has five
areas of improvement, the attainment of which would improve the accept-
ab1lity of aviation as an industryy that tries not to irritate its
neighbors. Millions of people enjoy airline travel and consider it an
essential means of transportation, while those living near airports
consider aviation a threat to their lifestyles. Many air travelers
are irritated by the delays in schedule. Although it 1s the goal with the
smallest number of tangible benefits and the greatest potential for
increased cost, social acceptability is nevertheless important in the
future as people strive for a better quality of life.

3.3.3.1 Engine Noise

The first improvement area, reduced engine noise, has three desired
capabilities. A reduction of power requirements would enable small,
lighter, quieter engines to be used. As technological imorovements are
made in aircraft design, with the emphasis on weight reduction, aircraft
w1ill become smaller and lighter, thus needing less thrust for flight;

a reduced thrust requirement for flight can be directly translated into
reduced power requirements.

A second desired capability 1is reduction of the engine noise level.
Although there are currently federally mandated noise levels that must be
reached by 1986, 1t appears that there will be an effort to lower those
limits even more in the future.

The third desired capability is location of engines on the aircraft
1n a way that minimizes the noise reaching ground observers. NASA and
the engine manufacturers have conducted some experiments to seek reductions
of noise levels, but nothing has been committed to production. The
techniques examined include mounting engines on top of the wing, above
the wing, and in the tail in an attempt to use aircraft structures for
shielding purposes. All of these desired capabilities seek to decrease
the engine noise heard by ground observers to the "whisper” level.
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3.3.3.2 Airframe Noise

If engines become much quieter, airframe noise will be the major
source of noise. This source can be minimized through six desired
capabilities, all related to the noise produced as an aircraft passes
through the air. The first desired capability is reduction of the noise
from high-lift devices, primarily flaps. Because flaps cause turbulence,
especially when in an approach or landing configuration, they increase
the noise level. Techniques for reducing the size of flaps or delaying
their use, or even eliminating flaps completely, could be considered.

Reduction of the noise produced by landing gears is another desired
capability. The rumble from turbulence around the landing gear is very
noticeable to most people in an aircraft during approach to landing. If
landing gears could be made smaller or more aerodynamic, or if their
extension could be delayed until the last few moments before landing,
the noise levels could be significantly reduced. If the landing gear
itself could be replaced by some other system, such as landing bags,
the noise associated with the landing gear might be virtually eliminated.

A third desired capability, closely associated with the first two,
1s reduction of aircraft skin friction. If the skin were made more
"slippery," the aircraft would be able to fly with less turbulence,
reducing airframe noise.

The fourth desired capability is the reduction of aircraft weight.
Aircraft noise measurement tests have shown that there is almost a linear
relationship between aircraft weight and aircraft noise levels. In fact,
the Federal Aviation Regulations, Part 36, establish noise limits based
on aircraft weight. Reduction of aircraft weights would decrease the
average noise level of aircraft without decreasing aircraft capability.

Another desired capability would be an increase in the lift-to-drag
(L/D) ratio of aircraft. Generally the higher the L/D ratio, the smoother
the airflow about an aircraft, resulting in less airframe turbulence and,
consequently, less noise.

The last desired capability is a reduction of landing and approach
speeds to reduce noise levels. Research by NASA with the QRSA (Quiet
Research STOL Aircraft) has shown that reduced airspeeds contribute to
reduced noise levels. If future aircraft could fly approach and landing
speeds 20 or 40 knots lower than present speeds, the airframe noise levels
could be significantly reduced.

3.3.3.3 BAirrport Noise

The third improvement area encompasses methods of reducing airport
noise levels. The noise generated at many airports can be heard for some
distance, and those people who live under the flight paths to airports
complain about infringement because the airport did not exist when they
purchased their homes. Airport noise levels can be reduced through four
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desired capabilities, which are associated mainly with f£light operations
techniques. The first desired capability 1is the use of curvilinear
approaches to airports, a technique that will be possible with the
Microwave Landing System (MLS). Although it still funnels aircraft

to a central point for final approach to landing, the MLS provides

wide, fan-shaped approaches instead of stringing aircraft out as the
current system does. While not reducing total airport noise, curvilinear
approaches redistribute 1t so that the noise 1s not concentrated over one
area.

A second desired capability is the use of power-off descents by air-
craft during approach. This technique would permit aircraft to descend
from cruise altitude almost to landing with the throttles at flight idle,
thus using minimum fuel and creating minimum noise.

Steeper takeoff and approach paths constitute the third desired
capability needed in reducing airport noise. With steeper flight paths,
aircraft more quickly reach altitude, where noise 1s attenuated before
reaching ground observers. Combined with power-off descents and curvi-
linear approaches, this capability might permit making landings with the
same precision exhibited by the first space shuttle, which used similar
techniques.

The last desired capability is the reduction of noise from aircraft
ground operations -- the constant whine of jet engines during peak hours
as aircraft taxi. If techniques were developed to eliminate the ground
operation of engines from the time the aircraft turns off of the runway
upon landing until 1t taxies onto the active runway for takeoff, the
noise level would be significantly reduced.

3.3.3.4 Air Quality

The fourth improvement area 1s the lessening of air pollution by
reducing either the levels of pollution or the types of pollutants.
Reduction of the levels of pollution would eliminate one of the major
criticisms of civil aviation by those concerned about the quality of
the environment. Although the visible aspects have been eliminated, there
1s still concern about the long-term environmental effects of pollution.
At the same time, there 1s concern about the types of pollutants emitted
by jet aircraft. Concern about aviation's contributing to "acid rain"
or a worsening of the "greenhouse effect" because of carbon dioxide,
sulfur, nitrogen oxide, or other hydrocarbon emissions has created
diverse groups acting to minimize the effects of or change the types of
pollutants emitted. Improvements in both of these areas would reduce
air pollution and enhance the social acceptability of aircraft.
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3.3.3.5 Airline Punctuality

Although punctuality was addressed in Section 3.3.1.8 in the discussion
of methods for reducing usage costs, 1t also applies here because it is
a factor that affects the social acceptability of civil aviation. Many
travelers are irritated because of delays in arrivals or departures and
thus fly only when necessary. Alleviation of these problems could
encourage travelers to fly more often than only when necessary.

The social acceptability of civil aviation can be gualitatively
measured by three parameters: noise level, air pollution level, and
punctuality. The contribution of an aircraft to overall noise levels
can be measured and the reduction in these noise levels determined for
each of the components producing noise. Similarly, the level of air
pollution and the type of air pollutants can be determined and the
changes in these two areas measured and quantified. However, deter-
mination of the quality of these changes is a political decision that
is beyond the scope of this effort. The last parameter of social
acceptability, punctuality, can be measured as a deviation from pub-
lished arrival and departure times. This deviation can be related to
what social research has shown to be "acceptable" to a majority of
travelers.

3.4 RELATIVE WEIGHTING OF IMPROVEMENTS

Each improvement area within each aviation goal was ranked according
to its relative contribution to achievement of the goal. This ranking
1s necessary so that the efforts of this study can be focused on those

areas which would have the largest impact on costs.

3.4.1 Aircraft Operating Cost Assessment

In a 1977 study for NASA/Langley (Reference 34), American Airlines
developed a method for assessing the operating costs associated with
commercial air transport aircraft. These costs, which are more inclusive
than the standard method developed in 1967 by the Air Transport Associa-
tion (ATA), include the cost of some ground support facilities for
determining the direct operating costs (DOC) of aircraft. According to
the study, and actual American Airlines experience data, the top five
categories contributing to DOC in 1976 were fuel costs, 28 percent;
depreciation costs, 23 percent; malntenance costs, 22 percent; flight
crew pay, 13 percent; and flight attendant pay, 7 percent.

Figure 3-1 shows the representative distribution of the operating
costs based on American Airlines data. It also shows that nearly 25
percent of the items that American Airlines considered as part of the
DOC of an aircraft are not included in the ATA model for determining
the cost of operating an aircraft. CAB Form 41, which the airlines
are required to file annually with the Civil Aeronautics Board, also
describes the operating costs by combining both aircraft operating
costs and airline operation costs. For example, the form combines
landing fees with commission fees to create a fees category. Thus,
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*Not included in 1967 ATA standard method of calculating direct
operating costs.

Figure 3-1. DISTRIBUTION OF AIRCRAFT-RELATED OPERATING EXPENSES

according to CAB Form 41, the top five operating cost categories for 1979
were fuel costs, 25 percent; landing fees, commissions, 13 percent; fly-
ing labor, 11.4 percent; purchased goods and services, 9.5 percent; and'
depreciation, rental, and insurance, 7.4 percent. It can thus be seen
that the CAB and the airlines use different categories of expenses when
consideraing operating costs.

For purposes of this study, we use the definition of aircraft-related
operating expenses shown in Figure 3-1, as defined in Reference 34. Fuel
costs are the costs attributed to the fuel used in flying a route and
supporting the aircraft during ground operations. Maintenance costs are
the costs associated with maintaining an aircraft in a safe and efficient
manner. Depreciation costs are the expenses associated with the amortiza-
tion of the initial aixrcraft and engine purchase price, plus the cost of
1nitial spares and related aircraft improvements occurring after purchase.
Insurance costs are praimarily the costs of hull and liability insurance

3-22




and any claims in excess of these limits. Flight crew and flight attend-
ant salaries are the costs associated with the air crew and the benefits
accruing to them. Control fees are the costs associated with leasing,
maintaining, purchasing, or operating the equipment or facilities neces-
sary to maintain control of aircraft through an independent air-ground
communications network. This communications network includes radio,
telephone, teletype, and data link systems. Landing fees are those fees
levied against an aircraft for landing at an airport. Aircraft service
costs are the costs associated with preparing an aircraft for flight,
including passenger-compartment cleaning, aircraft cleaning, galley
preparation, and pre-flight preparation.

Using the cost categories described above, the American Airlines
projected rates for labor and materials, and the inflation rates employed
in the FAA aviation forecasts (Reference 1), ARINC Research projected
that the operating cost distribution as of 1980 is as follows: fuel
costs, 43 percent; depreciation costs, 18 percent; maintenance costs,

17 percent; flight crew pay, 10 percent; flight attendant pay, 5 percent;
other costs, 7 percent. This differs considerably from the 50 to 60
percent fuel estimate often used, primarily because of the indirect costs
that have been included to define aircraft-related operating costs. The
inclusion of these costs provides a clearer picture of the cost of operat-
ing and supporting an aircraft.

3.4.2 Technology Impact

Parametric studies by Boeing (Reference 31) and American Airlines
(Reference 34) have shown the impact that technology improvements can
have on the economic parameters of airrcraft operations. Figure 3-2, based on
the Boeing study, shows the impact on aircraft direct operating costs of
improvements in aircraft technologies. The figures gives the relative
rankings of technological improvements: drag reduction produces the
largest benefit, followed by flight time, aircraft weight, specific fuel
consumption, and aircraft price, with minor contributions from
maintenance.

The parametric study by American Airlines using both their data and
Boeing data, examined the effect of changes in basic aircraft design
parameters on typical figures of merit. Figure 3-3, based on that study
(Reference 34), shows the effects of improvements in drag on five basic
design parameters. For example, 1t shows that a 5 percent reduction in
drag will produce a 6 percent reduction in fuel use for a typical medium-
range aircraft. The figure also shows that an improvement in drag of
10 percent will produce a 5 percent reduction in airframe weight. In
combination with the data from the Boeing study, it shows the synergistic
effects of technology improvements; a 10 percent reduction in drag will
produce a 6 percent reduction in DOC, plus a 5 percent reduction in air-
craft weight, which 1tself will produce a 2 percent reduction in DOC.
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3.4.3 Relative Importance

Assessment of the relative importance of technological improvements
requires two levels of attack. Fuel is the most important cost, followed
by depreciation, maintenance, flight crew, and flight attendants. Withan
each of these categories, the technologies that contribute to costs are
drag, flight time, aircraft weight, specific fuel consumption, aircraft
price, and maintenance. Thus, 1n assessing the benefits of any concept,
the evaluation must first examine the factors contributing to fuel usage,
then those contributing to depreciation, and so on.

3.5 SUMMARY

The aviation scenarios developed in Chapter Two were examined to
1dentify potential problems for future commercial aviation operations.
These problems were grouped in three problem areas -~ operations, safety,
and social -- which were then restated as aviation goals. Each goal
comprises a number of improvement areas, which are further divided into
desired capabilities. The content of the improvement areas and their
associated desired capabilities were discussed. The parameters that
will be measured to determine the quantifiable benefits were also
developed. Finally, the improvement areas were ranked by their order
of importance.
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CHAPTER FOUR

ANALYSIS METHODOLOGY

This chapter describes the structured methodology developed by ARINC
Research for the generation and analysis of controls and guidance concepts.
This methodology draws on the base of information presented in Chapter Two,
and the breakdown of aviation goals presented in Chapter Three.

The methodology has been kept general and open-ended to accommodate
the extremely wide range of subject areas to be addressed and the likeli-
hood of encountering unanticipated ideas and concepts. This approach pro-
vides maximum flexibility in identifying problem areas, developing system
concepts that address the problems, and analyzing system—concept benefits.

This chapter describes the general methodology to be used in identifying
and analyzing the benefits of the various system concepts. The steps con-
stituting the methodology, as discussed in the following sections, are as
follows:

1. Identify needs and establish goals

2. Establish improvement goals

3. Estimate maximum potential benefits

4. Define a specific desired capabilaty

5. Devise a system concept to provide desired capability

6. Determine effectiveness of system concept

7. Estimate costs of system concept

8. Rank concepts

9. Compute cumulative benefit-to-cost ratio

This methodology was used in Task 2 to analyze system concepts and
establish priorities for them according to their potential payoffs.

4.1 STEP l: IDENTIFY NEEDS AND ESTABLISH GOALS
The needed changes identified in Step 1 are likely to be general state-

ments of requirements covering large areas of concern, such as reductions in
operating costs or improvements in safety.
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The approach taken in defining general goals was to examine all the
factors that limit or constrain aircraft operations. After consideration
of the entire range of aircraft and airline operations, it was concluded
that all of the general goals fell under one of three basic goals:

°* Enhance economic performance of aircraft
° Improve safety of aircraft operations

* Enhance the social acceptability of aircraft operations

It 1s clear, of course, that these three general goals are related;
the accident rate of an aircraft certainly affects that aircraft's social
acceptability, for example. Still, division of goals along profit/cost,
safety, and social lines was considered to be useful in the present and
foreseen caivil aviation environment.

4.2 STEP 2: ESTABLISH IMPROVEMENT GOALS

For each general goal area, the factors that lamit or constrain per-
formance in that area are i1dentified. Each of these factors becomes an
improvement goal. It 1s these improvement goals that appear in the per-
centage trees of Chapter Five. For example, we consider the general goal
of improving the economic performance of aircraft. Economic performance
is ultimately reflected in the profit a carrier can make by operating the
aircraft. Profit is determined by the following relationship:

P R - FC - VC

where

revenue

profit
FC = fixed costs

VC = variable costs

Like any business, a carrier will seek to maximize its profit in the
long run. To this end, the carrier will attempt to maximize revenue and

minimize fixed and variable costs. We can consider the individual elements

that make up each of the factors in this profit equation:

d Revenue

e Ridership
e+ Fare Structure

* Fixed Costs

e General Operating and Maintenance
++ Insurance
s+ Overhead

——
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*+ Depreciation¥*
e+ Advertising

¢ Variable costs

** Fuel

e¢ Crew Costs

e+ Aircraft Maintenance
e+ Depreciation*

e+ Landing Fees

** Servicing Costs

Improvement in any of these factors will improve profit. Factors that
can be addressed by controls and guidance technology are identified as
improvement areas. For instance, an improvement area might be a reduction
in fuel consumption.

4.3 STEP 3: ESTIMATE MAXIMUM POTENTIAL BENEFITS

As a first test of an improvement area, it is useful to compute the
maximum possible benefit that could be derived in that area. This proce-
dure helps to identify areas in which further study i1is merited and areas
in which 1t 1s not. For example, we consider the improvement goal of re-
ducing fuel servicing fees. Fuel servicing fees account for only 0.3 per-
cent of total operating costs. Thus, even if it were somehow possible to
eliminate all such fees completely, the result would be only a 0.3 percent
reduction in total cost. Considering that it probably would not be possible
to eliminate all fuel servicing fees, it is clear that this is not a high-
priority goal. Fuel use, on the other hand, accounts for more than 40 per-
cent of total operating cost. Thus even a relatively small reduction in
fuel use would have a profound impact on overall costs, making this a high-
priority goal. This comparison 1is an example of low-leverage and high-
leverage 1tems and i1llustrates one of the important uses of the informatidn
presented in this report.

This step 1s straightforward in cases where detailed data on perform-
ance factors is available. Special attention must be paid to this step,
however, in cases where less detailed, or estimated data is used.

4.4 STEP 4: DEFINE A SPECIFIC DESIRED CAPABILITY

Each of the improvement areas that pass the maximum-potential-benefit
"test" are then restated as desired capabilities. For instance, the result
of the fuel usage example would be the establishment of a desired capability
of "reducing specific fuel usage."

*Depreciation appears twice because 1t is a factor both in ownership and
in operation; a five-year-old aircraft with zero flight taime is worth
less than a new aircraft (constant dollars) but is worth more than a
five-year-old aircraft with 10,000 hours of flight time.



4.5 STEP 5: DEVISE A SYSTEM CONCEPT TO PROVIDE DESIRED CAPABILITY

A system concept 1s a specific means of attaining a desired capability.
Again, the specific factors that contribute to, limit, or constrain a given
desired capability are identified as potential areas of improvement.

Two basic sources of system concepts are used i1n this methodology. The
first 1s the large body of literature that exists in the aviation community.
Many of the improvement areas and desired capabilities discussed in this re-
port are also being discussed and debated in the industry at large. The me-
thodology thus calls for a continuing review of literature, periodicals,
papers, and proceedings for i1deas that apply to the various goals under con-
sideration. The second source of system concepts is the internal develop-
ment of new ideas.

It is at this point in the process that the creative element enters.
Ideas are obtained from industry literature or new 1deas are "thought up"
for applying controls and guidance techniques to the desired capabilities.

The technique we have used in this methodology is the idea-generating
process known as brainstorming. We used this technique i1n generating the
system concepts described in Chapter Five. We found brainstorming to be a
highly useful and efficient means of generating and analyzing system
concepts.

Literature review and brainstorming were used to generate the system
concepts that appear in Appendix F.

4.6 STEP 6: DETERMINE EFFECTIVENESS OF SYSTEM CONCEPT

In Step 6 the degree to which a system concept alleviates a problem
or improves an area of operation is determined. It is, of course, desirable
to quantify the benefit wherever possible. Cost improvements are naturally
expressed in terms of dollars. Safety improvements can be expressed in terms
of the reduction in the number of accidents, but the relationship between
safety improvements and details of system concepts is not easily definable.
(For instance, how do we calculate the reduction 1in accidents resulting from,
say, better cockpit displays? No precise relationship exists.) Saimilarly,
improvements in the area of social acceptability elude easy quantification.
Benefits are measured i1n a number of ways as discussed in the following
subsections.

It 1s possible that some concepts can be implemented in varying degrees,
rather than in their entirety. 1In such cases, the planner should consider a
few representative degrees of implementation and determine their respective
benefits and costs. Each of the cases can then be considered as a separate
concept during the remainder of the methodology. For example, consider the
concept of active controls. This concept can be applied to just the ailerons,
the ailerons and elevators, or the ailerons, elevators, and rudder. Each
degree of implementation carries with 1t benefits and costs, both increasang




as the degree of implementation increases. The user of the methodology
should determine the benefits and costs of each case, as discussed in this
report, and treat each as a separate concept.

4.6.1 Costs

Benefits related to cost reduction are determined by reference to the
analytical relationship data presented in Chapter Five and aircraft perfor-
mance data presented in Chapter One. The percentage improvement in a par-
ticular area can be related to a percentage improvement in overall cost by
means of the analytical relationships. This percentage can in turn be re-
lated to an absolute dollar saving by reference to the aircraft performance
data for the time period under consideration. In some cases, the percentage
improvement effected by a specific system concept can be calculated precisely;
in other cases, the percentage improvement will be estimated on the basis of
engineering judgment. In questionable cases, several different estimates will
be analyzed to obtain a measure of the sensitivity of the result to the esti-
mates of percentage improvement. The total industry benefit can be obtained
by multiplying the dollar saving by the number of aircraft predicted for each
scenario.

4.6.2 safety

As mentioned earlier, the relationship between aircraft system features
and reduced accidents is not a direct one. This is partly a reflection of
the fact that most accidents result from some form of human error; the human
element is perhaps the least predictable of all aircraft systems.

The i1mpact of various concepts on human-error-related accidents can be
Judged only on a case-by-case basis. An engineering estimate of the degree
to which a given concept improves a particular system, coupled with an under-
standing of how such systems have contributed toward human errors in the past,
can be used to estimate the impact of changes in the system. For example,
errors in reading altimeters have led to accidents. An easier-to-read al-
timeter could reduce such errors and hence reduce accidents. To quantify
the effect, we would first determine the number of accidents attributed to
misreading of altimeters in the past and then estimate the degree to which
the new altimeter is easier to read. The percentage improvement in read-
ability can then be related to a reduction in accidents.

This 1s, of course, only a first-order estimate and 1s somewhat crude.
The variability in skill among pilots makes 1t difficult to issue blanket
statements concerning safety-related i1tems; some pilots would never have
made an error using the old-type altimeter, while others will still make
errors using the new type. At best, conclusions can be made about the
probability of human-error-related accidents. The estimate of performance
improvement of the system concept may be cratical:; an analysis should be
performed to determine the sensitivity of the result of the assumption. If
the analysis indicates a high degree of sensitivity, a more detailed assess-
ment of the effect of the system is indicated, possibly including actual
testing to determine human reactions statistically.
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Other categories of safety-related systems that do not involve human
actions can be quantified to a somewhat greater degree. The engineering
estimates of performance enhancement can be directly related to decreases
in accidents without concern for human variability.

4.6.3 Social Acceptability

Assessing the benefits of environmental improvements is a subject of
considerable controversy among environmentalists and regulatory agencies.
It is often difficult to quantify benefits of actions such as reducing noise
levels, since there 1s no quantitative "price" being paid for the noise.
Rather, the impact of the noise is in the form of personal irritation and
annoyance, which do not lend themselves to quantification.

Even among those affected by noise or air pollution, there is no agree-
ment as to the "price" being paid for pollution. Some are only slightly
annoyed and generally willing to put up with a certain level of pollution,
while others find the same level of pollution extremely offensive and will
take action to stop 1t. Still others, more sensitive in some way, find that
their health suffers from this level of pollution. The question 1s how best
to quantify these impacts.

Past efforts to determine the "price" of pollution have actually at-
tempted to assign a dollar value. Techniques include circulating question-
naires that simply ask how much a wvictim would be willing to pay to have
the pollution removed, and studying property values in areas subject to pol-
lution and comparing them with values of similar properties in nonpollution
areas. Still another technique 1s to determine the amount of money spent
by visitors to travel to clean, noise-free recreation areas such as national
parks.

Such techniques can of course be used to associate dollar values with
various levels of pollution, but within the environmentalist and regulatory
community the validity of such results 1s being called into guestion. Clearly,
numerous extraneous factors have a bearing on the results of these studies,
such as individual prejudice, nonenvironmental forces in the real estate market,
and recreational attractions other than clean air and quiet. With regard to
the question of airplane-induced noise and air pollution near airports, there
1s the added concern of "fairness," since 1n most cases the airport was there
first and people chose to live near 1it. There 1is also the question of the
greater public good; the air and noise pollution around an airport affect only
a relatively small number of people, but the cost of pollution must be borne
by all, in the form of higher taxes and fares.

The point of the foregoing discussion 1s that there is no clearly
adequate means of quantitatively assessing the benefits of reducing noise
and air pollution. This 1issue 1s one of the most serious challenges facaing
the environmentalist community, and is the subject of continuing study and
debate at the highest levels of government. It is far beyond the scope of
this study to settle such issues. However, our methodology will employ a
semiquantitative measure based on previous industry experience.




A recent study (Reference 33) 1indicates that the U.S. airline industry
spent $726 million between 1968 and 1976 to achieve a fleet-wide average
noise reduction of 4 to 8 dB. (The study also estimates a total benefit
to society of $643 to $919 million this century, based on a set of arbitrary
assumptions concerning the per-dB impact of noise on property values and on
an "annoyance factor.") This noise reduction i1s that which 1s mandated by
FAR Part 36 (1976 levels). Since it must be assumed that these regulations
in some broad sense reflect the will of the American people, it must also
be assumed that the price to be paid is in some broad sense "worth it"; that
1s, the American people as a whole are willing to pay this price for this
amount of noise reduction. This datum, then, can be used as a reference:
any scheme that affects noise reduction at a total cost of $90 to $180 mil-
lion per dB fleet-wide will be judged as cost-effective. Different noise-
reduction schemes can be ranked on the basis of how much better they per-
form or how much less they cost than the reference.

4.7 STEP 7: ESTIMATE COSTS OF SYSTEM CONCEPT

There are two elements to be considered i1in estimating the cost of the
system concept: the actual cost of the controls and guidance system itself,
and the effect that implementation of the system will have on aircraft cost.
We consider, for example, the system concept of using active controls for
gust alleviation, allowing a lighter wing structure. The active control
system will clearly increase aircraft acquisition cost, but changes in the
wing structure will add to or diminish the cost of the aircraft structure
itself. Thus each of these eleuments must be determined to estimate the
total cost effect of the system concept.

4.7.1 Aircraft Costs

The total cost of an aircraft is determined by the individual costs of
the millions of required component parts plus the labor to assemble them into
an aircraft. Added to these costs are design, overhead, supervision, and
certification costs, as well as profit. It would be an enormous task to es-
timate the cost of a new aircraft by enumerating the costs of each part and
process. In answer to this, the industry has developed techniques for esti-
mating aircraft production costs on the basis of overall parameters such as
aircraft weight, number of seats, number of engines, speed, and range. These
techniques are based on cost-estimating relationships (CERs) derived from
historical information on airplane production. They are 1in wide use today
in industry planning activities. Our methodology will employ these CERs to
evaluate the impact of system concepts on aircraft production costs.

We have 1dentified four specific models that lend themselves to our
methodology:

* Oman, B.H., Vehicle Design Evaluation Program: A Computer Program
for Weight Sizing, Economic, Performance and Mission Analysis of
Fuel-Conserving Aircraft, Multibodied Aircraft and Large Cargo
Aircraft Using Both JP and Alternative Fuels, NASA CR-145070,
January 1977.



* levenson, G.S., et al., Cost Estimating Relationships for Aircraft
Airframes, The RAND Corporation, RM-4845, February 1966, and
R-761-PR, December 1971.

¢ Large, J.P., Campbell, H.G., & Cates, D., Parametric Equations for
Estimating Aircraft Airframe Costs, The RAND Corporation, R-1693-
1-PA&E, February 1976.

* American Airlines, A New Method for Estimating Current and Future

Transport Alircraft Operating Economics, NASA CR-145190, January 1978.

It should be noted that these models are, in general, valid only for
more or less conventional aircraft. Being based on historical data, they
may not be accurate for aircraft designs that depart radically from the
traditional. This should not pose a problem for our methodology, since our
forecasts of aviation growth show an evolutionary rather than revolutionary
trend. Such changes can be accommodated in the model by changes in coeffi-
cients; these are continually updated by the model's authors to reflect the
latest data and trends. Engineering judgment should nevertheless be applied
in all cases in which advanced technology 1is being analyzed to assure
applicability.

These models will be used in subsequent tasks to determine the benefits
of system concepts as they apply to aircraft cost. For instance, in the
active-controls example mentioned above, one of the potential benefits is
the abilaty to built a lighter wing. This change, however, would have im-
pacts that would "ripple" through the entire aircraft design; the aircraft
could have, say, lighter landing gear because of the reduced load-bearing
requirement. These models take such relationships into account, and they
w1ll be used to estimate the total benefit of system concepts.

A more detailed discussion of these cost-estimating models appears 1in
Appendix C. The general constraints, inputs, and outputs are described in
that appendix.

4.7.2 System Costs

The difficulty encountered in estimating the costs of future avionics,
controls, and human-factors systems varies greatly with the type of system.
The cost of those similar to existing systems can be estimated quite accu-
rately; those which are radically different are much more difficult to esti-
mate. Many technical and economic variables are at work, some quite impon-
derable. For example, no one can accurately predict the rate of currency
inflation for the next 20 years, or the exact state of technology. 1In such
cases, we must ultimately depend on engineering judgment in estimating cost.

There are, however, a number of tools and techniques available to users
of this methodology that can aid in the estimating process. The planner can
use these in our methodology to narrow considerably the range of our cost
estimates for future systems. It is emphasized that cost figures arrived at
are only estimates and that uncertainty does exist. It i1s incumbent upon
the user of this methodology to perform several iterations, using a range of
cost estimates, to gain an understanding of the sensitivity of the result to
the cost assumptions.




One of the tools available for use 1n cost estimating is the RCA PRICE
model. RCA developed the PRICE computerized model in the early 1960s to
assist 1in deriving cost estimates for electromechanical equipment and sys-
tems. RCA then used the model for about 10 years to estimate avionics and
space system costs before permitting commercial use of the model. More than
500 companies and businesses now use the PRICE model.

PRICE 1s an acronym for Programmed Review of Information for Costing
and Evaluation. It can be used in all phases of hardware acgqguisition, from
development and production to purchase or modification, estimating the costs
associated with design, drafting, project management, documentation, sustain-
1ng engineering, tooling, system testing, labor, materials, and overhead.
Field operations and software development costs are not estimated by PRICE,
since it is a hardware model.

The PRICE model employs a parametric method of estimating costs that can
use a minimal amount of input or be refined with more accurate data. Data
used in developing the parametric cost equations include gquantities of equip-
ment to be produced; development and production schedules; hardware geometry,
consisting of size, weight of electronic and structural components, and elec-
tronic packaging density; amount of new design required; hardware design rep-
etition; type and manufacturing complexity of the hardware; production fabri-
cation processes to be used; technological improvement; and yield considera-

tions for hardware development. Missing data can be computed by using existing

cost-estimating relationships that are available in the model.

Output from the PRICE model consists of itemized costs for both devel-
opment and production, as well as cost ranges for total development and
production costs. In addition, the PRICE model can be used to determine
these costs on the basis of minimal design detail inputs plus a target cost.
These costs are all presented in terms of manufacturer's cost and do not
include profit. This flexibility of parametric cost estimating permits
versatility of operation.

A second technique used to estimate systems costs 1s component cost esti-
mating. Some "new" systems are actually new combinations of existing subsys-
tems. By studying the present costs of these subsystems, and estimating the
amount of R&D needed to combine them into a system, we can obtain an estimate
of the total cost. The R&D estimate 1s based on experience with similar sys-
tems and on engineering judgment. Again, 1terative calculations based on a
range of R&D cost estimates will show the sensitivity of the result to the
assumptions.

A third technigue 1s comparison with similar systems. We consider, for
example, the desired capability of 1,000-foot vertical separation, allowing
selection of more nearly optimal cruise altitudes. Such a scheme may re-
quire a more accurate means of altimetry than that now available. One sys-
tem concept, then, 1s a refined barometric altimeter. Study of existing
altimeter costs, coupled with an estimate of the expenditures needed to
enhance accuracy, would yield an estimate of the new system cost. The



"similar" system need not be used in the same area addressed by the sys-

tem concept. 1In our example, another system concept might be an inertial
altimeter. 1Inertial reference systems are currently employed in navigation,
but not in altimetry. By studying the design and cost of these systems,
however, and estimating R&D costs, a cost estimate for an 1nertial altimeter
can be developed.

4.7.3 Generic Technology Costs

In most cases, in order for a specific concept to be implemented, one

or more generic technologies must be available. A generic technology 1s one
that enables the implementation of a broad range of specific concepts. For
example, in order to implement the concept of active ailerons, 1t 1s neces-
sary to have available actuators to move the aileron control surfaces.
Such actuators, however, have very broad application beyond the specific
application of active ailerons. Electromechanical actuators will apply,
for instance, to active elevators, spoilers, landing gear, and so forth.
This broad applicability means that the cost of generic technologies can
be offset by the benefits of the multiple concepts which they enable.

There are several ways in which the cost of a generic technology may be
viewed. The simplest case is that in which the generic technology 1is devel-
oped entirely by the same organization or program that develops the concepts.
In that case, the cost associated with the generic technology is the entire
cost of 1ts development program. If the generic technology is being devel-
oped by some other organization, it may be necessary for the organization
developing the specific concepts to support or participate in the develop-
ment of the generic technology. In this case, the cost associated with the
generic technology is that portion of the developement costs of the generic
technology borne by the concept program.

Finally, 1f the generic technology 1s already developed, the cost asso-
ciated with the generic technology 1is that of adapting the technology to the
specific concept. It 1s recognized that 1t will often be difficult to
obtain accurate estimates of the costs of these generic technologies. 1In
such cases, a planner often resorts to performing a sensitivity analysis to
determine the degree to which changes in input parameters affect the results.
The project methodology addresses this requirement by providing the ARCEM
microcomputer program, which allows a planner to determine quickly the sensi-
tivity of benefit/cost ratio results to assumptions about generic technology
costs.

4.8 STEP 8: RANK CONCEPTS

Thus far in the methodology we have identified a specific need or es-
tablished a broad goal, identified an improvement area withain that goal and
verified 1t by computing maximum potential benefits, identified a specific
improvement area, and developed a system concept that will address that area.
We then determined the expected benefits and estimated the costs. It now
remains to determine the relative desirability of the concepts by ranking

them.




Concept ranking 1s based on a composite of conservative and optimistic
rankings. Conservative rankings will favor low-risk concepts, while opti-
mistic rankings will favor high-payoff concepts. By combining these two in
light of an understanding of industry needs and priorities, a composite rank-
ing of controls and guidance system concepts will be derived, showing which
concepts best address industry needs while permitting a relatively high
level of confidence in the feasibility of the concepts.

As an aid to the ranking process, we have developed a form that sum-
marizes each of the important factors. It will be used in Chapter Five 1in
identifying, analyzing, and ranking system concepts. This form is shown in
Figure 4-1. It 1s used to organize the data to be entered into the auto-
mated portion of the project methodology, referred to as ARINC Research
Concept Evaluation Methodology (ARCEM). The ARCEM Program performs the
computations needed to calculate the benefit-to-cost ratios associated with
the implementation of the various concepts. The ARCEM Program is described
later in this chapter.

4.9 STEP 9: CALCULATE CUMULATIVE BENEFIT TO COST

Step 9 is intended to address the question of how to consider the costs
of generic technologies in specific programs. For example, the use of
active control systems for gust load alleviation may require the availability
of electromechanical actuators and high-reliability computer systems. These
two are examples of generic, or pacing, technologies -- technologies that
have broad application in many areas and are being developed independent of
a specific controls and guidance concept. Some means of factoring into the
cost of a concept a portion of the development cost of a required generic
technology 1s needed. However, the more concepts that share a need for a
generic technology, the broader the base over which the cost of the generic
technology can be amortized. For example, let us consider a concept such
as active controls. We will assume that this concept requires electro-
mechanical actuators and high-reliability computers. Let us further assume
that $100 million of the development cost of electromechanical actuators can
be apportioned program-wide to the active controls concept, as well as $500
million of the cost of high-reliability computer developement. If only the
active controls concept is implemented, the $600 million developmental costs
must be added to any unit cost of acquisition and installation, probably
vielding a benefit-to-cost ratio of considerably less than one. However,
1f a second concept that requires the same generic technologies is instituted,
the entire benefit 1s accrued, with only the unit costs added; the costs of
the generic technologies have already been figured in. Thus the net benefit
to cost for the two concepts goes up. As more concepts using the same
generic technologies are added, the cumulative benefit to cost increases, at
some point exceeding unity. At this point, the total benefit equals the
total cost, and implementation of those concepts 1s economically justified.
Depending on the details of the particular mix of concepts and generic tech-
nologies, the cumulative benefit-to-cost curve may reach a peak and then
descend because of the increasing number of singular application generic
technologies indicating an optimal numnber of concepts.
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when considering a large number of concepts and generic technologies,
it 1s unlikely that every concept would require every technology. The
relationship between concepts and required generic technologies can be
represented in matrix form, as shown in Figure 4-2. Concepts are listed
on the horizontal rows of the matrix in order of project execution.
Generic technologies are listed in the vertical columns, with the appor-
tioned cost of the program listed at the bottom of each column. The appor-
tioned cost represents some "fair share" of the generic technology develop-
ment costs to be borne by the controls and guidance program, or alterna-
tively, the cost of adapting a generic technology to the specific require-
ment of a given concept. At each row-column intersection, a notation is
made 1indicating whether the concept on that row requires the generic tech-
nology in that column; a "1" indicates that the technology 1is required, a
"0" indicates that it 1s not. Benefits of each concept, expressed numer-
1cally (xn dollars, if possible), and unit costs are also included in the
matrix.

A cumulative benefit-to-cost curve can be prepared from the data in the
matrix. Since the concepts are listed in order of their benefit-to-cost
ratio, they will be executed in that order. Starting with the first concept,
the costs of all generic technologies needed for that concept, as indicated
by 1's in the matrix, are added to the unit cost of the concept. The benefit
of the concept 1s then divided by the total cost to arrive at the benefit-to-
cost ratio. For the second concept, the benefit is added to the benefit of
the first concept, and the unit cost is added to the total cost. The costs
of the required generic technologies for this concept, however, are added
to the total cost only if they were not added for the first concept; that
1s, the cost of each generic technology is added only once, the first time
the need for it is encountered. Thus 1f the technology costs are already
accounted for, the entire benefit of the second concept 1is accrued without
adding any technology costs. In this way, the cumulative benefit-to-cost
ratio increases as generic technologies are shared by more and more con-
cepts.

The results of this procedure can be plotted to show the cumulative
benefit-to-cost ratio as a function of the number of concepts implemented.
In most cases, the relataively large costs of generic technologies will render
the benefit-to-cost ratio less than one for the first few concepts. The
added benefits of additional concepts using the same technologies drive the
cumulative benefit-to-cost ratio upwards.

This part of the ARINC Research methodology provides a powerful tool for
the organization and planning of research activities. It shows which con-
cepts can provide the greatest benefit for the investment and also shows the
number of concepts that must be implemented to economically justify expendi-
tures for development of generic technologies. The technique will also
reveal the existence of an optimal number of concepts for which the benefit-
to-cost ratio is maximized, as indicated by a peak 1in the cumulative benefit-
to-cost curve. The methodology can also provide important results by being
used "backwards." The generic technology cost figures can be adjusted until
the break-even or optimal point occurs at a number of projects consistent
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Figure 4-2. CONCEPT MATRIX

with prevailing budget constraints. The technology cost figures then indi-
cate the maximum amount that can be spent on generic technology and still
achieve economically justified operation at the desired number of projects.
ARINC Research Corporation has developed a computer program that directly
enters the data from the matrix form in Figure 4-2 and computes a cumulative
benefit-to-cost curve. The program 1s written for the TRS-80 desk-top com-
puter, but could easily be adapted to any computer using the BASIC or FORTRAN
computer language. Full documentation of the program appears in Appendix D.
A listaing of the program, called ARCEM for ARINC Research Concept Evaluation
Methodology, appears in Appendix E.

4.10 METHODOLOGY WALK-THROUGH

In thas section of the report, we provide a "walk-through" of the
methodology, showing in general terms how 1t 1s used. Specific numeracal
examples of the use of the methodology appear in Chapter Five. This prelim-
inary walk-through i1s intended to acquaint the reader with the features of
the methodelogy without requiring him to read the detailed step-by-step
descriptions 1in Chapter Five.
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The methodology begins with the selection of an improvement area to
consider from among the three identified in the methodology: cost, safety,
and social acceptability. For the purposes of this example, we will con-
sider safety. We begin the use of the methodology by examining the informa-
tion 1n Faigure A-2 in Appendix A. This figure shows the various elements
that make up the safety goal. These include human error, weather, aircraft
equipment, the air traffic control system, software errors, and others, and
are the various factors that can cause or contribute to accidents. We can
concentrate our efforts by observing in Figure A-1l the elements that con-
tribute the most to the goal, that 1s, the elements that cause the most
accidents. Thas is referrred to as identifying the areas of greatest lever-
age, where a given percent of improvement will have the greatest effect.
Examining Figure A-2, we see that human error is by far the largest contrib-
utor to accidents, and that flight crew errors are the largest element of
human error. That is to say, mistakes made by the flight crew are the single
largest cause of accidents. Thus, a concept that would somehow reduce flight
crew errors could materially reduce the number of accidents, thereby enhanc-
ing safety. This, then, becomes our desired capability, to reduce flight
crew errors resulting in accidents. We must now generate a specific system
concept that will permit us to do that. For the purpose of this example, let
us assume that using the creative techniques discussed previously, we have
developed a suitable system concept. It might be an enhanced display to pro-
vide the crew with better information, or it might be an on-board computer
that monitors aircraft systems and allows the crew to determine the results
of planned changes to the status of the aircraft before they actually make
the change, through high-speed simulation. Many other concepts in this area
are possible, but let us consider the concept of enhanced display of infor-
mation for the purposes of this example. The crew of a large aircraft must
gather and assimilate a vast amount of information and base decisions and
actions on that information. Any concept that improves the speed and accu-
racy with which they can do this would let them base their decisions and
actions on better, more complete information, and thus reduce accidents
resulting from unavailable or misinterpreted data. Many sources of detailed
information on causes of accidents are available to the concept planner,
such as those listed in references 10 and 29. We will assume that study of
such data indicated that 25 percent of all accidents attributed to human
error were caused by lack or misunderstanding of cockpit information. We
might then estimate that our concept may be 50 percent effective in eliminat-
ing such errors. If such were the case, Figure A-2 shows that the concept,
in elaminating half of the flight crew-induced accidents, would reduce acci-
dents by about 13 percent, and hence offer a 13 percent improvement in safety
(50 percent of 56 percent of 47.5 percent).

Having estimated the benefit of the concept, we must now estimate its
cost. The cost models described in Appendix C are available to the planner
to aid in this estimation. Another approach 1is to estimate the concept
costs by comparison with similar existing systems whose costs are known.
With an estimate of the cost per airplane of the concept in hand, we must
now identify the generic technologies that must be available in order to
implement this concept. The example concept clearly requires advanced dis-
play technologies and may require advanced sensors to gather higher gquality
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data on the status of aircraft systems. The costs of these technologies can
be obtained through analogy with similar systems, or they can be treated
parametrically to obtain estimates of the sensitivity of the economic merit
of the concepts to the costs. The costs can be the entire cost of develop-
1ng the required technology, they can be the apportioned costs in a shared
development project, or they can be the cost of adapting an existing tech-
nology to the specific application. For the sake of this example we will
assume that these costs have been estimated. The generic technology costs
can then be added to the per-aircraft costs estimated earlier to obtain an
estimate of the total cost of the concept.

At this point in the methodology, we can now compute the benefit-to-cost
ratio of the concept. To do this, we divide the benefit (13 percent) by the
cost. The generic technology costs are usually considered as "up-front"
costs early in the program, and are typically nonrecurring. The per-aircraft
costs apply once to each aircraft at the time of installation. The benefit,
however, is accrued year after year for as long as the aircraft is in service.
When computing dollar benefits, this can be taken into account by computing
the present value of the benefits in a base year used for computation and
comparison. In the case of the safety example, we must view the ratio of
benefit to cost in light of these considerations.

The total benefit and costs over the years under study can be obtained
by multiplying the benefits and per-airplane costs by the number of aircraft
to which the concept will apply. This information can be found in Chapter
Two of this report.

In this walk-through of the methodology, we have examined how a single
concept is considered. It is important, however, to consider the entire set
of concepts under consideration as a set, because of the possible interaction
of generic technologies. It is possible that a second concept will share
the generic technologies required by the first, making the pair of concepts,
taken together, more attractive than either taken alone. The ARCEM computer
program described in this report calculates the cumulative benefit-to-cost
ratio of the set of concepts being considered, allowing the effects of shar-
ing generic technology costs to be taken into account in the planning
activity.

A note is in order concerning the rank-ordering of concepts by their
benefit-to-cost ratio. Ranking 1s, of course, dependent on the particular
combination of concepts selected for consideration. It is, however, possible
for the ordering to be dependent on the number of concepts considered. For
instance, 1f from a group of ten concepts, ranked in order from one to ten,
we select and rank a group of only five of the concepts, in rare cases the
five concepts selected will not be in the same order as before. This 1is due
to the interaction of the generic technology costs with the benefits and
costs of the concepts. Our experience indicates that this situation 1s rare
and should not pose a serious problem for the user, but users should be
aware of this limitation, and should use the 1terative capability of the
ARCEM Program to explore such dependencies.
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4.11 THE ARCEM COMPUTER PROGRAM

The project methodology discussed in this chapter is designed to cul-
minate i1n a rank-ordering of the concepts generated by the various techniques
included in the methodology according to their cumulative benefit-to-cost
ratio. The process by which the rank-ordering takes place lends itself to
an automated approach. Performing the various computations on a desk-~top
computer permits the user to complete a large number of calculations in a
short period of time. This is, of course, inherently more efficient; but
the advantage of this approach goes beyond just efficiency. In many cases,
decisions as to concept selection must be made with less-than-complete data.
Often, only estimates of various program costs and benefits are available;
1in some cases, even estimates may be unavailable. In such cases, the plan-
ner must resort to a parametric or iterative analysis to determine the
sensitivity of the plan to the input assumptions about costs and benefits.
By using a computer to analyze the data, the planner can quickly analyze a
number of sets of data to arrive at the desired indication of sensitivity
and parametric assessment of the results.

Recognizing the desirability of this approach, ARINC Research has devel-
oped a computerized concept ranking algorithm and has implemented 1t on a
suitable microcomputer. This tool allows the planner to rapidly perform the
iterative calculations needed to arrive at the final concept ranking, and
acts as an electronic work-sheet to simplify and streamline the entire
process. The program has been designed to be as flexible and as "user-
friendly" as possible.

4.11.1 Program Structure

The program, called ARCEM (ARINC Research Concept Evaluation Methodology
Program), is configured in modular form. There are six modules, each specialized
for a different function. The user selects the desired functions through
the use of a light pen. The light pen was selected as the means of choosing
options because of 1ts direct interface with the data on the screen of the
computer. This leads to quick operation and ease of relating user actions to
the data being manipulated.

The six sections of the program include input, editing, listing, sorting,
computing, and storing. The function and importance of each of these sections
1s discussed 1in the following paragraphs.

4.11.1.1 Input

The input routine allows for the entry of concept data to be analyzed.
Up to 100 concepts and 20 generic technologies can be entered for analysais.
Two methods of entry are available: keyboard and disk. The keyboard is
used for initial entry of the data into the computer. The input routine
prompts the user for the appropriate data and displays the data as they are
entered for verification. Erroneous data can be corrected then, or later
through the use of the edit routine. Disk input 1is used to enter concept
data that have been previously entered and stored on magnetic disk.
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4,11.1.2 Editing

In order for the program to be of maximum use in iterative, parametric,
and sensitivity analyses, it contains the ability to edit, change, or delete
all of the data that have been entered. This allows the user to adjust the
concept data to represent the various configurations desired for the analysis.
The edit routine includes the ability to change all of the data fields of the
concepts, to add or delete concepts from consideration, or to change the
order of the concepts. The last i1s of particular importance, since the order
of the concepts as they are analyzed 1s of paramount importance in computing
the cumulative benefit-to-cost ratio of the group of concepts under consider-
ation. The ability of the user to change this order at will 1s a powerful
means of determining the optimal orderaing.

4.11.1.3 Listing

The program includes the capability to list the concepts and their asso-
ciated data as they currently exist as the result of having been entered or
edited. This provides the user with the means of verifying that the intended
data have been entered. If errors are detected, they can be corrected by use
of the edit routine. If desired, the user can obtain a printed copy of the
concept data.

4.11.1.4 Sorting

This function is of key importance to the methodology. This is the
section of the program that sorts the concepts into their optimal order.
If the sort routine 1s not used, the concepts are analyzed in the order in
which they are entered, or the order into whaich they have been edited. The
sort routine provides the means of automatically sorting the concepts into
descending order of benefit-to-cost ratio on the basis of the values of con-
cept benefits and costs and generic technology costs as they are presently
entered 1n the program. The program selects from among the concepts the one
with the highest ratio of benefit-to-cost as the first ordered concept. The
second 1s then chosen with the program taking into account that the first
selected concept has provided the generic technologies associated with it.
Generic technology costs associated with the second selection are not added
1f they were included in the first selection. This process continues through
all of the concepts. At the end of the process, the concepts will be sorted
into order of benefit-to-cost ratio.

Following the sort, the program displays the concepts in their sorted
order. The user can obtain a printed copy of this list 1f desired.

4.11.1.5 Computation

The computation routine computes the cumulative benefit-to-cost ratio
of the set of concepts as they presently exist, or in their entered, edited,
or sorted form. The results are displayed in tabular form for all concepts.
The first 25 concepts are presented graphically in bar chart form to aid in
interpretation of the results. The user can obtain a printed copy of the
tabular and graphical results 1f desired.
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4.11.2 Storage

The concepts and associated data can be stored on magnetic disk for
later retrieval by the input routine. This allows the user to analyze a
set of data over several sessions without the need to manually re-enter the
data at the beginning of each session. The stored data are identified by a
file name, allowing more than one year to keep files and so share the computer
facility for analysis of concept data.

Benefits and costs are not usually one-time events, but are, ainstead,
applied over the course of several years. In such cases, it 1s necessary
to convert the series of benefits or costs to an equivalent present value
for computation. The calculation of present value applies the time value
of money over the period in question at a discount interest rate specified
by the planner. For example, the present value of a series of benefits of
$100,000 a year for ten years 1s not equal to $1,000,000 as would be arrived
at by simple addition. The value of the series of benefits is diminished
by the fact that one cannot use money until one has it in hand. The money
saved by the benefit in later years 1s less valuable than the money saved
in earlier years, because the operator of the aircraft has the earlier
savings to invest, or use in other ways, sooner than the later savings.
The difference between the total return he gets on this earlier money, and
the total return he gets on the later money, 1s the difference in present
values.

The series of values 1is reduced by the present value calculation to a
single value that is the equivalent of the series of values. To aid the
user of the methodology in reducing a series of benefits and costs to a
present value, a utility program has been included that performs the needed
calculation. The user can run this program as he fills out the work form
that contains the concept data and compute the present values from the value
series. Both uniform and nonuniform series of values can be calculated.

The user may specify a discount rate, or the program will supply a default
value of 10 percent.

The ARCEM Program adds the needed element of flexibility and ease of
computation required by the iterative type of planning usually associated
with program selection activities. Using the program the planner can quickly
see the consequences of his assumptions and decisions and tailor his actions
accordingly.

Complete run instructions for the ARCEM and the present value utilaty
programs appear in Appendix D. The appendix can be removed or reproduced
for use at the computer. A program listing i1s provided in Appendix E.



CHAPTER FIVE

METHODOLOGY EXAMPLE

In the preceding chapters of this report, we have discussed the context
of this study, and have described the structured methodology created in
response to the requirements of the study and the body of data needed to
support the analysis of civil air transport concepts. We have also pre-
sented the ARCEM computer program, which provides a powerful and flexible
tool for the final analysis of the concept data generated and organized by
the methodology. In this chapter, we will discuss a set of actual con-
cepts and show how they are analyzed using the methodology. The discussion
presented in this chapter will serve two purposes: it will exemplify the
methodology and at the same time present a number of potentially beneficial
system concepts.

In the discussion that follows, we will analyze eight concepts. Of
the eight, two were developed as the result of internal ARINC Research
creative activities, and one was obtained from industry literature. The
remaining five are the result of a study performed for NASA by the Lockheed-
California Company.* In the Lockheed study, a large number of specific
technologies were examined as candidates for advanced applications. A sub-
set was chosen for analysis by means of a proprietary Lockheed model and
were combined into five system concepts. The Lockheed study identified
erght concepts for consideration, but two of them were subsets of two
others, and a third was an "all of the above" concept that included all of
the other seven concepts. Since the methodology developed by ARINC Research
1s configured to analyze only independent concepts, the interdependent con-
cepts 1n the Lockheed list were removed from consideration, retaining in
each case the broader concept. The all-inclusive concept was also removed
from consideration, leaving the five distinct cases which we will examine
in this chapter.

In the sections that follow, each of the eight concepts will be dis-
cussed. We will show how the ARINC Research-generated concepts were devel-
oped by use of the project methodology, and we will discuss the relevance
of the concepts from outside sources vis—a-vis the hierarchy of goals set
forth 1n the ARINC Research methodology. Each of the concepts will be

*Howison, W., and Cronin, M. J., "Electronic/Electric Technology Benefits
Study," Lockheed-California Company, Burbank, California, May 1982, NASA
Report No. 165980, prepared under Contract No. NAS 1-16199. (Reference 22
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analyzed in the manner described by the methodology, using the data pro-
vided 1n the previous chapters of this report. Finally, the group of eight
concepts will be ranked by use of the ARCEM analysis program. Unless
otherwise noted, the cost estimates for the various components of the

ARINC Research concepts were developed by means of comparison of the pro-
posed system elements with elements of existing systems.

5.1 CONCEPT EVALUATION

Each of the following concepts was evaluated by means of a combina-
tion of techniques to determine 1ts benefits and costs. The data that
appear 1in Chapter Two were used to determine the cumulative effects of
individual performance factors. We used 1980 as the base year for the
determination of all cost and benefit dollar figures. Where some costs
and benefit data had been previously established for similar efforts, they
were projected to the 1980 baseline using consumer price index data.

5.1.1 Airborne Wind-Shear Detection System

One of three overall goals identified for civil aviation 1is the
enhancement of safety. Aircraft accidents, even nonfatal ones, are ex-
tremely expensive, not only because of the loss of a valuable aircraft but
also because of damage to property on the ground and injury to passengers,
crew, and ground victims. The expense of the loss of the aircraft is
usually compounded by damage suits from injured parties and the inevitable
bad publicity, which can lead to a loss of customers. In fatal accidents
the prime concern is, of course, the loss of human life.

In considering controls and guidance concepts that would enhance
safety, we came across the concept of an airborne wind-shear detector in
the industry literature. Wind shear i1s an abrupt change in wind speed or
direction, or both, over a very small distance or altitude increment.
Rapidly descending columns of air called downbursts are also associated
with wind shear. An aircraft encountering such conditions can be subjected
to aerodynamic forces that cause extremely high sink rates. If the air-
craft does not have sufficient performance capability to counter such
forces, an uncontrolled descent will occur, possibly ending in a crash.
Several crashes in recent years have been attributed to wind shear. The
concept of a wind-shear detector i1is not new; such systems have been com-
templated for years and several are 1in use today. These provide only a
few seconds warning of shear conditions, however, and more advanced sen-
sors capable of giving more warning time are postulated.

Upon discovering this concept in the industry literature, we used the
project methodology to determine 1its potential benefits and projected
costs. We began by relating this concept to the improvement goals estab-
lished for caivil aviation.

Review of the safety improvement goal revealed that weather was an
improvement area to which flight electronics could make significant con-
tributions to improving safety. This improvement could be realized by




achieving two desired capabilities: improved weather detection and improved
ability to fly safely in the vicinity of wind shear. Referring to Figure
A-2, 1n Appendix A, we see that various types of turbulence account for
about 60 percent of the weather-related accidents, which, in turn, account
for nearly 27 percent of all accidents. Thus the maximum potential benefit
1s a 16 percent reduction in accidents -- a significant figure. Clear air
turbulence, storms associated turbulence, wake vortexes, and wind shear are
the four types that produce almost all of these accidents. Wind shear is
the most dangerous of the four because 1t occurs during landing, the most
vulnerable portion of a flight. Thus an airborne wind-shear detector would
be most valuable, especially 1f 1t could also detect clear-air turbulence
and storm~associated turbulence.

We next describe the concept in question. The concept of an airborne
wind-shear detection system would be to develop an airborne system that
could detect wind shear and all other turbulence phenomena and direct an
aircrew to avoid the occurrence, or 1f it is unavoidable, guide the air-
craft through the least stressful route. A lightweight LIDAR (light
detection and ranging) device appears to be the most promising
method of detecting wind-~shears at appropriate distances (J. R. Connel in
Reference 1l). Assuming that an infallible wind-shear and turbulence detec-
tion system could be developed as an enhancement to safety, i1t might also
be possible to reduce the amount of structural strength required for an
aircraft to survive turbulence. This could be accomplished by either
reducing maximum g-load ratings or reducing the ultimate load factor used
in design.¥*

Once the concept had been described, it was possible to determine the
goals, improvement areas, and desired capabilities that would be affected
by the implementation of such a concept. The goals that were established
were to reduce operating costs and improve safety. Looking at the desired
capabilities under each of the improvement areas, the improvement areas
that were identified as being applicable to this concept were fuel usage,
depreciation, maintenance, landing fees, insurance, weather accidents,
and accidents due to human error. These areas are highlighted on Figures 5-1,
5-2, and 5-3.

Among the seven improvement areas were six desired capabilities. These
desired capabilities, which the proposed concept should attempt to provide,
were to reduce aircraft weight, reduce initial aircraft price, increase mean
time between failure (MTBF), reduce judgment errors, improve weather detec-
tion, and improve ability to avoid weather.

The concept of a wind-shear detection system i1is applicable to all air-
craft, both present and future, although only future aircraft could benefit
from a lightened structure. The concept of an airborne wind-shear detection

*In this context, load factor refers to the degree to which the aircraft

1s built to survive stress 1n excess of the maximum expected stresses. A
1.0 load factor indicates that the aircraft 1s designed to survive expected
loads but no more.
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system has several facets that must be considered in i1ts design. Ground-
based wind-shear detectors work along current instrumented landing approaches,
but as microwave landing systems come into use those systems may be ineffec-
tive because of the curved landing approaches. Moreover, the current ground-
based systems relay the necessary information to the control tower where the
warning of a wind-shear condition must be verbally relayed to the flight

crew. Even then there 1s no direction to the flight crew on how to avoid

the wind shear -- only a general approximation as to 1its location and inten-
sity. Moreover, there 1s no approved.clear-air or storm—-associated turbu-
lence detector available for aircraft.

An airborne wind-shear detector would alleviate many of the short-
comings of the ground-based designs. Within the framework of our method-
ology, the specific factors that would be affected by this concept are
aircraft landing weight, initial aircraft price, airframe inspection costs,
airframe structural maintenance costs, flight crew errors, wind-shear
accidents, clear-air turbulence accidents, storm-related turbulence acci-
dents, and airframe noise.

The benefits of the airborne wind-shear detection system can be divided
into three categories: reduced aircraft operations costs, improved safety,
and avoided costs due to aborted landings. The first of these, reduced
airrcraft operations costs 1s a result of reduced aircraft structural weight.
Assuming that this concept would allow reducing the ultimate load factor
from 1.5 to 1.4, Reference 3 indicates that such a change would result in
a 3.25 percent reduction in the aircraft's structural weight. Using Figure
5-1, we can follow the effect of the weight reduction through to a reduc-
tion 1n overall operating costs. Using the aircraft described in Refer-
ence 6 as typical for the future, we determined that the 3.25 percent reduc-
tion 1n aircraft structural weight would produce a 1.85 percent reduction
in aircraft empty weight. This reduction would produce a 0.27 percent
reduction in fuel usage, which would produce a 0.12 percent reduction in
aircraft operations costs. Similarly, the 3.25 percent reduction in air-
craft structural weight which produces a 1.85 percent reduction in air-
craft empty weight also results in a lower initial cost, which can be cal-
culated by using the following equation from Reference 12:

Wl0.96 _ Wf0.96
Cost = Wlo'96
where
Wl = 1nitial operating equipment weight
Wf = final operating equipment weight

This results in a 1.77 percent reduction 1in initial aircraft price which,
from Figure 5-1, produces a 0.65 percent reduction 1in depreciation costs,
which in turn produces a 0.1l percent reduction in aircraft operations
costs.



Some data exist that relate various aspects of aircraft maintenance
costs to aircraft weight; lighter aircraft are, in general, cheaper to main-
tain. Some of the costs-estimating relationships discussed in the references
are based on such a relationship. However, in this specific instance, the
lighter, less strong airframe may in fact require as much (1f not more)
maintenance than a heavier structure, 1n addition to whatever maintenance
on the wind-shear detection system i1s required. Thus, for the purposes of
this example, we will assume no reduction 1n maintenance costs as the
result of implementation of this concept.

The net reduction in operating costs, then, 1s estimated to be 0.12
percent due to net airframe structural weight reduction, and 0.1l percent
due to reduced initial price, for a total 0.23 percent reduction 1in air-
craft operations costs.

In order to obtain a dollar-value benefit, the percentage reduction
above must be applied to the annualized cost of operating the aircraft.
Reference 4 contains detailed data on all aspects of aircraft operations
costs. That source indicates a total annual operating cost for U.S. air
carrier aircraft of $23.118 x 109 over the 1980 fleet of about 2,200 air-
craft. Thus, on average, a typical aircraft costs about $10.5 million per
year to operate. Applying the 0.23 percent reduction to this figure yields
a savings of about $24,000 per aircraft per year. Multiplying this figure
by the number of aircraft on which this concept i1s installed yields the
total annual cost-reduction benefit of the concept.

The second benefit of an airborne wind-shear detection system 1is
improved safety. We estimated that development of an encounter system
such as described would produce an 85 percent reduction in wind-shear acci-
dents, a 75 percent reduction in clear-air and ordinary turbulence acci-
dents, and a 25 percent reduction in storm-related turbulence accidents.
Figure 5-1 shows that such reductions would produce a 49 percent reduc-
tion in weather-related accidents, which would yield an overall 13 percent
improvement in safety.

The third benefit of a wind-shear encounter system 1s a reduction in
the number of aborted landing approaches. Current airborne wind-shear
warning devices do not warn of impending wind shear; instead they warn the
flight crew that a wind shear has been encountered which may result in
1nadequate performance to continue the approach. This warning enables the
flight crew to abort the landing approach and initiate a "go-around” while
there 1s still an adequate performance reserve. The proposed concept would
warn of an impending wind shear or turbulence encounter and provide guidance
to avoid the encounter or penetrate 1t safely. The ability to penetrate
or avoid wind shear safely has an additional economic benefit to the air-
lines -- the aborted approach and "go~-around" which does not occur. Refer-
ence 2, estimates that a wind shear related go-around may occur once every
2,000 to 3,000 landings. Thus, there are an average of 5 to 7 aborted
approaches per day due to wind-shear conditions, or about 1,800 to 2,600
per year. Assuming that an aborted approach requires an additional ten
minutes to reestablish the approach and land, the additional fuel used




varies from 900 to 3,850 pounds, depending upon the aircraft. Using a
weighted average of 1,850 pounds of fuel for an aborted approach, the use
of an airborne wind-shear encounter system would save between approximately
500,000 and 700,000 gallons of fuel per year worth about $1 per gallon.

When the three benefits are combined, the total benefit is approxi-
mately $24,500 per aircraft per year averaged over the base year fleet plus
13 percent improvement in overall safety.

The next step i1in evaluating the wind-shear detection system i1s to
estimate the costs to develop purchase, and install such a system. Devel-
opment of an airborne-wind shear detection system will be dependent upon
two pacing items. Development of such a system, which would be similar in
design and function to conventional radar, would require several more years
for miniaturization and reliability development. The system would have to
detect the doppler shift in the scattered laser beam caused by the rela-
tive motions of particulate matter in the air-mass involved in the shear
effect. The second pacing item 1is wind-shear and turbulence prediction
software for a microprocessor. This development 1s necessary because of
the predictive nature of the concept. On the basis of current efforts in
this area (Reference 1), 1t appears that 1t will be 1990 at the earliest
before this concept would be capable of operational use.

The proposed concept of an airborne wind-shear detection system would
consist of a pulsed Doppler laser radar, signal processing equipment, dual
integrating accelerometers, and a microprocessor. Assuming that a pulsed
Doppler laser radar would be about as complex as existing radar sets and
would be able to use existing weather radar scopes for information display,
the approximate cost of the laser radar and signal processing equipment in
1980 dollars 1s estimated to be approximately $20,000 (Reference 22),
including amortized development costs. The cost of dual integrating accel-
erometers 1s approximately $5,000 while the cost of the microprocessor
used to determine wind-shear conditions and provide guidance for avoiding
or penetrating the condition 1is estimated at $20,000. Thus the total cost
for the system 1s estimated to be approximately $45,000 per aircraft.

We must now consider the effect of increasing aircraft efficiencies.
Arrcraft of the future are predicted to be inherently more efficient to
operate than the baseline 1980 aircraft. Thus, a given percentage benefit
will produce a smaller constant-dollar savings on a year 2000 aircraft,
for instance, than on a 1990 or 1980 aircraft; 10 percent of $1 million 1is
larger than 10 percent of $750K. In order to accurately assess the value
of the benefits, we must consider this increase in efficiency. Table 2-4
in Chapter Two showed the predicted fuel efficiencies for future aircraft,
Since fuel costs are predicted to remain a major cost element of about 50
percent of direct operating cost, we may use that figure as an indication
of aircraft efficiency. As the fuel efficiencies figures in Table 2-4
in Chapter Two show, this factor will aproximately double by 2010; short
range aircraft will go from 15.5 to 35 seat miles/lb. fuel, medium range
from 23.1 to 50, and long range from 17.5 to 37.3. Considering the pre-
dicted introduction dates and lifetimes of these aircraft, as shown in
Table 2-4 and Figure 2-2, and considering that fuel efficiency accounts
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for about half of direct expenses, let us assume for the purposes of our
example calculations that the following efficiency factors will apply to
concept benefits:

Factor, Percent

Period of 1980 Costs
1980 to 1990 100
1990 to 2000 90
2000 to 2110 75

That 1s, direct operating costs, and hence the value of a given per-
cent reduction for an aircraft in the 2000 to 2010 time frame will be 75
percent of those values in the base year of 1980. Similarly, a factor
of 90 percent will apply in the period from 1990 to 2000. We will assume
no changes for the remainder of that decade, yielding a factor of 100 per-
cent. With this approach, we can use base year (1980) data to compute
benefits and apply these factors to obtain results for future years.

It now remains to determine the number of aircraft to which this con-
cept will apply. We have estimated that a LIDAR-based wind-shear detector
w1ill be operational by about 1990. The aviation scenarios in Table 2-5
in Chapter Two, project a total of 7,750 aircraft to be in use at that time.
The fleet will be composed of both aircraft built prior to 1980 and new
aircraft. Pre-existing aircraft will obtain the benefits of reduced go-
arounds and enhanced safety, while the aircraft built after 1990 could
have the added benefit of a lightened structure, as discussed earlier.

The data in Table 2-1 provide the means of determining the number of
arrcraft in each year after 1990 that can benefit from the availability of
a LIDAR-based wind-shear detector. Beginning with the period from 1990 to
1992, Table 2-1 shows that of the 7,750 aircraft in existence, 1,000 will
have been built that year.

We will apply the base year per-period benefit of $49,000 per aircraft
to half of the 1,100 aircraft built in this time period, giving the effect
of averaging the benefit over the production of the period. This takes
into account in our calculations the fact that an aircraft produced on the
first day of the period accrues benefit for the whole period, while an air-
craft produced on the last day of the period accrues no benefit at all ain
that peraiod.

Applying the base year per-period benefit of $49,000 to half of the

1,100 aircraft produced from 1990 to 1992 yields $49,000 x (1,100/2) = $26.95

million in benefits for this period. Added to this 1s the lesser benefit
accrued by virtue of a reduction in go-arounds only, which will apply to
the 6,750 pre-existing aircraft. The base year value of this benefit, com-
puted from data in Reference 2, 1s about $550 per aircraft per two-year
period. Multiplying by the 6,750 aircraft to which the benefit applies
yvields an annual benefit of $3.72 million. To the new-aircraft benefit

we apply the correction factor reflecting the increase in inherent aircraft
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efficiency. As discussed earlier, this factor 1s 90 percent for the 1990
to 2000 time frame. Thus, our total computed benefit for the 1990 to 1992
period 1s $26.95 million X 0.9 = $24.25 million, plus $3.72 million for
the pre-existing aircraft = $27.97 million.

In the second period, 1992 to 1994, we know that 1100 of the 8100
airrcraft i1in service were equipped with the shear detector at the time of
manufacture and so will accrue the entire benefit. We will assume that
all aircraft retired in the previous two years were built prior to 1990,
so that there will be 7000 aircraft equipped with the shear detector with-
out any weight reduction, 1100 equipped with weight reduction, and 1100
new aircraft produced in this time period. As before, we will apply the
benefit to half of the new production. Thus, the benefit for the 1992 to
1994 period is:

(7,000 x $550) + (1,100 x $49,000) + 1,;00

X $49,000) = $84.7 million

Applying the 90 percent efficiency factor yields a benefit for this period
of $76.2 million.

The remaining periods are computed in the same way:

Number of Number of

Aircraft Airrcraft Benefit

With Without Number Benefait (Include

Weight Weight of New (Baseline) Factor)

Period Reduction Reduction Airxrcraft (Dollars) (Dollars)
1994 to 1996 2,200 6,250 1,100 138.18 124.36
1996 to 1998 3,300 5,500 1,200 194.13 174.71
1998 to 2000 5,500 2,750 1,200 300.41 270.37
200C to 2002 6,700 2,900 1,200 359.30 269.47
2002 to 2004 7,900 2,000 1,200 417.60 313.20
2004 to 2006 9,100 1,200 1,400 480.90 360.60
2006 to 2008 10,500 200 1,400 548.90 411.70
2008 to 2010 11,375%* 0 1,400 591.67 443.75

In order to be able to apply these benefit data to the methodology, it
1s necessary to reduce the data to a single benefit figure. We do this by
using the net present value utility program provided with the methodology.
In thais specific instance, 1t 1s a two step process: we first determine
the present value of the benefits in 1990, and then adjust that value to
an equivalent value in the base year of 1980. Using the non-uniform option
of the net present value utility program as described in Appendix D, we
find that net present values of the benefits in 1990 are $789 million

N

*Some aircraft are being retired in this period.
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total benefits, using a discount rate of 10 percent. We can now adjust

these figures to their equivalent value in the base year of 1980 by again
using the non-uniform option of the program. We enter 10 years (1990 -~ 1980)
for the term, and then enter zero for the value for the first nine years,
followed by the benefit value in the tenth year. We again use a discount
rate of 10 percent. The answers represent the discounted, or equivalent,
values of the benefits for the base year of 1980. This calculation gives

us a total benefit of $304 million, representing the equivalent present value
of the monetary benefits of an airborne wind-shear detector.

The next step 1s to calculate the costs of the concept. If we assume
that the wind-shear detector will become available in 1990, we can assume
that all aircraft then in existence will be equipped.* In following years,
all newly made aircraft will also be equipped. Earlier, we estimated that
the detector unit would cost $45,000 per aircraft, including installation
and amortized development costs. Referring to the Forecast Aircraft Produc-
tion Table (Table 2-1 in Chapter Two), we see that 7,750 aircraft will
exist at the beginning of the 1990 to 1992 period. Multiplying this number
by the unit cost yields an 1initial fleet equipage cost of $348.8 million.
Applying the unit cost to the new production aircraft in each of the fol-
lowing two-year periods yields the following additional costs:

Cost
Number of (Millions of
Period New Aircraft Dollars)

1990 to 1992 1,000 45.0
1992 to 1994 1,100 49.5
1994 to 1996 1,100 49.5
1996 to 1998 1,200 54.0
1998 to 2000 1,200 54.0
2000 to 2002 1,200 54.0
2002 to 2004 1,400 63.0
2004 to 2006 1,400 63.0
2006 to 2008 1,400 63.0
2008 to 2010 1,400 63.0

Again, we use the net present value utility program to compute the
net present value of these costs in 1990 using a 10 percent discount rate,
and then bring this figure back to an equivalent value. The net present
value in 1990 i1s computed to be $552.0 million. Using the net present
utility program as before to obtain the equivalent 1980 base-year value,
we obtain a value of $213.0 million.

*This 1s a simplifying approximation. In reality, they would be equipped
over a number of years.




To summarlze, considering the mix of old and new aircraft that can use
the wind-shear detector and the rate at which use can be implemented, the
present value (at a discount rate of 10 percent) of the benefits of the
system totals $304 million. The present value of the costs is $213.0
mrllion. All aircraft share in the safety benefits of the concept, so an
across~the-board 13 percent reduction i1in accidents 1s also achieved.

At first glance, it might appear that the concept merits implementa-
tion, since the monetary benefits exceed the costs by a wide margin. How-
ever, we have yet to consider the generic technologies required for imple-
mentation of this concept, nor have we compared this concept to other con-
cepts in light of those technologies. The reader should also bear in mind
that even negative results can be of great value in an analysis such as
this. For instance, had these benefit and cost figures been such that the
costs exceeded the benefits the planner might decide to divide this con-
cept 1nto two concepts; one similar to the concept just analyzed, and
another, similar in function, but built to less rigorous reliability spec-
1fications for use aboard existing aircraft, where the structural integrity
of the aircraft does not depend on the wind-shear detection system. Such
a unit would be producible at considerably lower cost. By adjusting the
cost figure applied to the initial 1990 buy of detectors for the existing
fleet of aircraft in an iterative fashion, the planner can learn what the
price of the cheaper unit must be i1n order to obtain a satisfactory benefit-
cost ratio. This determination would have to be made, however, in light of
an understanding of the costs of the generic technologies required by the
concepts, in relation to the generic technologies required by all of the
concepts under consideration. The 1ssue of generic technologies will be
addressed at the end of this chapter, following the discussions of the
various individual concepts.

5.1.2 Actaive Control Landing Gear System

The previous concept was an example of a "bottom-up" use of the
methodology. In 1ts application the effect of a specific concept on the
overall performance of the aircraft was determined. In this example, we
w1ill use the methodology in a "top-down" fashion, starting with a state-
ment of the most general goals and successively refining the statement
of the goals until a specific concept can be identified. This use of the
methodology involves the creative human element in "inventing” the system
concept. The concept that we are about to describe 1is offered more as a
means of demonstrating the use of the entire methodology than as a soladly
researched concept that 1s ready for immediate implementation.

We begin by examining the overall goals: improve economic performance,
improve safety, and improve soclal acceptability. For this example, we will
select the goal of improving the economic performance of the aircraft.

The economic performance of the aircraft involves two fundamental
factors: operating costs and revenues. The economic performance of the
aircraft 1s improved by lowering costs or by increasing revenue. We will
consider costs first. There are two elements that make up the cost of
operating an aircraft: direct and indirect. Indirect costs are the general
costs of doing business: administration, buildings, lights and heat,
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clerical and support personnel, etc. Direct costs are those directly
associated with the operation of the aircraft. It i1s these direct costs
that we will consider.

Figure 5-1 showed the various elements of direct operating costs arranged

in tree form. This form shows the relationships of the various elements of
cost and their respective quantitative contraibution. Figure 5-1 showed
which elements are large cost drivers, and which contribute only a rela-
tively small amount.

Since fuel usage 1s the largest single cost element, we will designate
it as an improvement area, with the goal of reducing fuel usage (see Chapter
Four). In examining the component parts of fuel usage, we see that air-
craft weight plays a major part. The maximum potential benefit is large,
as indicated by the percentage relation to cost (23 percent of 42.8 percent
= 9.8 percent of total cost). Thus, a reduction in the weight of the air-
craft will have a relatively large influence on the cost of operating the
aircraft. We thus identify a desired capability: reduce aircraft weight.

We must now identify or develop a specific concept that will achieve
this desired capability. To do this, we begin by examining all of the
parts that make up the weight of the aircraft and consider the factors that
determine their weight. Figure 5-1 shows the breakdown of the weight of
the aircraft into 1its component parts.

In this example, we will consider the landing gear. The landing qear
represents a significant part of the structural weight of the aircraft; 5
percent of the total. In examining the factors that determine its weight,
we must identify the functions of the landing gear: to support the air-
craft on the ground, to provide ground mobility, and to absorb the shock
of landings. Let us consider the last function. (Note that each time we
select a particular subject for consideration, we might just as easily have
selected another area; those areas not selected are all subject for later
consideration. This example is i1llustrating a chain of reasoning already
followed to its conclusion.)

One of the principal functions of the landing gear is to absorb land-
ing loads, acting as shock absorbers. The force of impact upon landing
is absorbed by compression of fluids and gas inside the gear strut, and
converted by the compression to heat, which 1s then dissipated to the
surrounding air. There are two basic kinds of loads: longitudinal loads
for whach the force is along the axis of the gear strut, and side loads,
which cause the gear to bend sideways. Much of the strength of the gear
and hence, much of its weight, 1s associated with the structural strength
needed to absorb these side loads, as well as unusual longitudinal loads
in hard landings. Examining these factors that determine weight, suggests
that reducing or eliminating side loads and hard-landing loads would remove
the need for a portion of the strength, and hence the weight, of the land-
ing gear. Therefore, we ask, "What are the factors that generate hard




landing and side loads, and what limits or constrains our ability to reduce
them?" Large side loads occur principally during crosswind landings. When
an aircraft lands in a no-wind situation or directly into the wind, the air-
craft settles to the ground in a level attitude with both main gears touch-
ing the ground at the same time. Such landings produce little or no side
loads 1f properly executed. When landing in a cross wind, however, the
standard technique calls for banking the plane into the wind, countering
the cross wind vector with a component of the lift vector of the wing. The
arrcraft 1s held on the centerline of the runway by the application of a
small amount of opposite rudder. At touchdown, the upwind gear touches

the ground first, followed by the downwind gear, and then the nose gear.
Even 1f executed perfectly, this maneuver places considerable side loads

on the landing gear, and 1f any side motion 1s present at landing, as 1s
often the case, the side loads can be even greater. Hard landing loads
result from abnormal sink rates at touchdown.

From these considerations a concept emerged. An active landing gear
system could sense the sink rate and roll angle of the aircraft and auto-
matically adjust the landing gear strut so that it remains perpendicular
to the ground through touchdown and roll out and, at the same time, cushion
the touchdown. With all landing loads longitudinal to the strut, side
loads and hard-landing loads could be reduced or eliminated. Some portion
of the strength and hence the weight of the landing gear could be eliminated.
The active landing gear would also be operative during take-off and taxi,
reducing loads encountered in those phases of flight.

The concept of an active control landing gear can affect both operating
costs and safety. Thus the goals of an active control landing gear system
would be to reduce operating costs and improve safety.

The goal trees (Figures 5-4, 5-5, and 5-6) show that the desired capa-
bilities of such a system would be to reduce aircraft weight, reduce the
initial aircraft price, and reduce maintenance costs. These desired capa-
bilities provide improvements in the areas of fuel usage, depreciation,
maintenance, landing fees, insurance, and aircraft operating equipment
accidents. Such a concept, capable of making improvements in all these
areas, would be applicable to all new aircraft with the primary considera-

tion being that safety should not be degraded and that operation of the
system should remain simple.

Several operational factors would be affected by the development and
implementation of this concept. Those factors are landing weight, air-
craft price, airframe structural maintenance costs, landing gear maintenance
costs, and landing gear accidents. Achievement of the desired capabilities
w1ll permit reduction in each of these operational factors.

The technology matrix in Table 2-2, 1n Chapter Two, shows that large-
scale use of active control systems and the associated advanced monitoring
systems needed to ensure reliable operation will not take place until
deployment of the short-range 1 (SR1l) and short range 2 (SR2), medium-range
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1 (MR1l), and long=-range 1 (LR1l) aircraft. (A complex system such as the
active landing gear 1s not considered a candidate for use aboard the cur-
rent generation of short-range aircraft.) These aircraft are follow-on
designs to the 737, A-310, DC-9; 757, 767; and 747 DC-10 classes of aircraft,
respectively. Figqure 2-2 in Chapter Two, Projected Aircraft Introduction
Dates and Lifetimes, and the fleet mix statistics in Table 2-5, Aviation
Scenarios, shows that these aircraft are not expected to be introduced
until 2000. For the purpose of this example, then, we will assume that

all SR1, SR2, MR1l, and LRl aircraft built in 2000 ‘'or later will be equipped
with the active landing gear, as will later generations of those aircraft.
This means i1n essence that all aircraft built after 2000 will use the active
landing gear, but not those built before, since the concept 1s far too com-
plex to be retrofit into exaisting aircraft. Table 2-1, 1n Chapter Two,
Forecast Aircraft Production, provides data on the construction of new air-
craft after 2000. These data will be applied to the benefits and costs of
the concept to determine total benefits.

In calculating the benefits of the active landing gear concept, we
begin assuming that the implementation of this concept will result in a
net reduction in airframe weight equal to 15 percent of the landing gear
weight. This figure is based on engineering judgment and a review of the
structure of current landing gear designs. One of the strengths of the
methodology is that the sensitivity of the results to this assumption can
be quickly determined. Different estimates, say 10 percent and 20 percent,
can also be applied, and the effects on the final rank ordering and benefit/
cost figures can be observed.

The assumed weight reduction would appear mostly in the landing gear
i1tself, but also in the rest of the aircraft structure. That portion of
the aircraft wing, engines, and body required to provide the lift, thrust,
and strength for the removed weight can be eliminated. Thus a weight
reduction in one part of the aircraft has a "ripple effect" throughout
must of the aircraft design. This effect i1s taken into account in the
formulation of Figure 5-1,

Starting, then, with the assumption of a 15 percent reduction in the
weight of the landing gear system, we used Figure 5-1 to determine that
this would produce a 1.36 percent reduction in aircraft empty weight, which
produced a corresponding reduction in fuel usage of 0.2 percent and a
reduction of operating costs of 0.086 percent. The 1.36 percent reduction
in empty weight also produces a 1.3l percent reduction 1in initial aircraft
price* (Reference 42), leading to a 0.48 percent reduction in depreciation,
and a 0.08 percent reduction 1n operating costs. These factors produce a
reduction 1in operating costs of 0.17 percent per aircraft for 1980, plus
a 1.31 percent reduction in 1initial aircraft price. Using an average life-
span of twenty years, the annual benefit per aircraft is about $34,000.

*Here we are referring to the basic aircraft costs. There are of course
additional costs associated with the active landing gear 1itself and these
will be addressed in a following paragraph.
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If the assumed weight reduction were only 10 percent for the landing
gear system, the reduction in aircraft empty weight would be 0.91 percent.
Using Figure 3-1 and Reference 42, this weight reduction would directly
produce a 0.57 percent reduction 1in operating costs, a 0.873 percent
reduction in 1natial aircraft price, and a 0.32 percent reduction in
depreciation. Using 1980 data from Reference 4, plus a twenty-year air-
craft lifespan, the annual benefit per aircraft is about $22,462.

If the assumed weight reduction 1s increased to 20 percent for the
landing gear system, the reduction in aircraft weight would be 1.82 per-
cent. Usaing Figure 5-2 and Reference 42, this weight reduction would
result in an 0.11 percent reduction in operating costs, a 1.75 percent
reduction in initial aircraft price, and a 0.67 percent reduction in
depreciation. Using 1980 data from Reference 4, plus a twenty-year air-
craft lifespan, the annual benefit per aircraft is $44,975.

The cost of an active control landing gear system 1s estimated to be
approximately $75,000 per main landing gear (Reference 13) or $150,000 per
aircraft. In this, we assume that the LR1l, LR2 and LR3 aircraft will fol-
low the configuration of the DC-10 and L10l1ll, with only two main gears.
The primary components of the system would include stress sensors ($5,000),
a microprocessor for control of the landing gear ($5,000), accelerometers
($5,000), and electric actuators for moving and controlling the landing
gear ($10,000) (costs figures include amortized development costs). Thas
microprocessor would make use of the stress sensors and accelerometers on
the landing gear system plus information from the air data computer to
determine the aircraft loads on the landing gear during landing, takeoff,
and taxi operations.

We can now apply these benefit and cost estimates to the data on air-
craft production in Table 2-1 from Chapter Two. That table shows the num-
bers of aircraft built after the year 2000.

As before, to simplify our calculations, we will assume that the
benefit applies to the number of equipped aircraft existing at the begin-
ning of a two-year period, plus half the number of aircraft built in that
year. This has the effect of averaging the benefits over the new produc-

tion of that year, thus taking into account the fact that an aircraft built

on the first day of the year will accrue the benefit for the whole year,
while an aircraft built on the last day of the year will not accrue any
benefit at all in that year. From Table 2-1 we extract the following
information:

Aircraft Produced

Total in this 2-Year
Period Post-2000 Period
2000 to 2002 0 1,200
2002 to 2004 1,200 1,400
2004 to 2006 2,600 1,400
2006 to 2008 4,000 1,400
2008 to 2010 5,400 1,400
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Previously we determined the sensitivity of the benefits to the assumption
as to the percent reduction in airframe weight effected by the active land-
1ng gear concept. For the purposes of this example, let us select the 20
percent case as being the expected reduction. Referring to our previous
discussion, we obtain a per aircraft benefit of $44,975 per year. Since
our production figures are 1in two-year increments, we will state the bene-
fit as $89,950 per aircraft per two-year period. For the 2000 to 2002
period, then, the benefit 1s applied to only the new-production aircraft,
since no post-2000 aircraft will exist in 2000. The benefit is applied

to half the new production, as discussed earlier: $89,950 x (1,200/2) =
$53.9 million. In the 2002 to 2004 period, the benefit 1s applied to the
1,200 existing aircraft, plus half of the new production: ($89,950 x 1,200)
+ ($89,950 x 1,400/2) = $170.9 million. Similarly, the remaining periods
are calculated to yield benefits of $296.8 million, $422.8 million, and
$548.7 million. We can now apply the efficiency weighting factors as dis-
cussed earlier. The resulting benefit values are $40.4 million, $128.2
million, $222.6 million, $317.1 million, and $411.5 million for the five
successive two-year periods between 2000 and 2010. As before, 1t 1s neces-
sary to calculate the present value of these benefits in the base year of
1980. Using the net present value utility program as before, we calculate
the 1980 net present value (at 10 percent) to be $91.0 million. Because

we have calculated these values based on two-year intervals, we must enter
@ values for the odd numbered years when using the utility program; the
utility program is structured to enter annual cash flows in order to be
useful 1n the more general case.

The costs of the system estimated earlier are applied to the new pro-
duction figures for each two-year period. For the period 2000 to 2002, the
cost of $150,000 per aircraft is applied to the 1,200 aircraft produced in
that period: $150,000 X 1,200 = $180 million. Similarly, the cost for
the subsequent periods are $210 million, $210 million, $210 million, and
$210 million. Computing the present value in 1980 yields $96 million.

To summarize, assuming that the active landing gear concept can reduce
airframe weight by 20 percent for all aircraft built in 2000 and after, the
present value of benefits in the base year of 1980 are $91 million, while
the present value of the costs of system implementation 1s $96 million.
Again, we cannot make a final judgment as to the merit of thais concept
until we have considered the input of the costs of the generic technologies
required to make this concept feasible in relation to those of the other
concepts under consideration. We will examine those 1ssues at the end of
this chapter when we rank the concepts in this example using the ARCEM
computer program.,

The assumption that benefits and costs apply to the beginning of a
period 1s an approximation we make to simplify our calculations. Added
precision could be obtained by integrating over the period under considera-
tion, but at the expense of considerable added computational complexity.
The user of this methodology will find that such simplifying approximations
greatly facilitate calculations, while introducing only negligible error.
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5.1.3 Reduce the Number of Flight Attendants

The third ARINC Research-generated concept deals with one of the four
major expense factors associated with aircraft operation: personnel. Peo-
ple costs are almost always a key element of the cost of doing business in
any field.

Flight attendant costs are the principal element of aircrew costs.
The consideration of flight attendants as a principal cost element is a
relatively recent development that has come to light as a result of NASA
research into aircraft operating costs. Conventional statistics on direct
operating costs excluded flight attendants, grouping their costs with in-
direct operating costs such adminstrative salaries. The results of the
NASA study correctly pointed out that flight attendant costs are in fact
directly related to aircraft operation. This 1s shown clearly by a simple
conceptual test: indirect expenses do not disappear 1f a single aircraft
1s removed from service, while direct expenses do. Consider the indirect
expense of administrative salaries. If a single aircraft 1s removed from
service (i.e., the airlines fleet 1s reduced by one), the salary of admin-
1strators 1s probably not affected. Direct expenses, such as fuel, do
disappear: an aircraft that does not fly uses no fuel. Clearly, in the
test case where the fleet shrinks by one aircraft, the flight crews asso-
ciated with the aircraft (usually 3) will be furloughed: an aircraft that
does not fly needs no crew. Thus the costs associated with flight attend-
ants are properly considered as direct operating expenses, along with those
associated with the captain, and the first and second officers.

Figqures 5-7, 5-8, and 5-9 show that the cost of the aircrew is the
fourth largest operating expense for airlines. The expense 1is divided
between the flight crew and flight attendants on about a 2:1 basis waith
the captain getting 30 percent, the first and second officers sharing 38
percent, and the flight attendants getting 32 percent. Flight crews will
probably not be reduced below the two currently being authorized for new
generation aircraft. Therefore, the most logical place to reduce flying
labor cost is by reducing the number of flight attendants. An examination
of their functions revealed that the primary reasons for having flight
attendants aboard the aircraft are for reasons of safety in case of an
emergency, and to provide an interface between flight crew and passengers.
Any concept that would degrade these functions would have to be rejected.
The other functions of flight attendants, such as providing service to
passengers, are entirely secondary to the safety function.

The two primary functions of flight attendants in an emergency are to
open the cabin doors and deploy the escape chutes and to tell passengers
what to do. If electronic devices could perform those functions, the num-
ber of flight attendants could be reduced. The concept we evaluated is
designed to use electronic devices for self-deploying doors and escape
chutes and voice-synthesized instructions for emergencies.

The concept of reducing the number of flight attendants has the goals
of reducing operating costs and improvaing safety. Those goals would be
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achieved by decreasing aircrew costs, training costs, and the number of
accidents due to human errors. To achieve those goals, the concept must
have these desired capabilities: reduce aircrew size, reduce initial
training costs, reduce recurring training costs, and reduce accidents due
to judgment errors. These conditions can all be met by the concept of
using electronics for door and escape chute deployment and issuance of
emergency instructions. Thais concept, which would be applicable to all
arrcraft, would affect three different performance factors: £light attend-
ant costs, training costs, and accidents caused by airline personnel.

Current Federal Aviation Administration (FAA) regulations regquire one
flight attendant for every fifty passenger seats on an aircraft. Changing
the ratio from 1:50 to 1:75, would result in a 33 percent reduction in the
number of flight attendants required. Figure 5-3 shows that this reduc-
tion 1n the number of personnel would produce a 10.56 percent reduction in
aircrew costs, which would result in a 1.5 percent reduction in aircraft
operating costs. Similarly, the reduced number of flight attendants would
reduce training costs by 1.07 percent (from CAB Form 41 data), which would
reduce operating costs by about 0.0l percent.

Additionally, the 33 percent reduction in number of flight attendants
would reduce the number of accidents attributable to airline personnel by
2.3 percent (Figure 5-3), which would improve overall safety by 1.1 per-
cent. Combining these benefits would produce a net benefit of 1.51 per-
cent reduction in aircraft operating costs plus a l.l percent improvement
1in safety. Using 1980 data from Reference 4, the net benefit per aircraft
would be $157,500 per baseline aircraft per year.

The development of such devices as this concept proposes 1s dependent
upon two considerations. Crash environment sensors play a key part in the
development because they must detect when a crash has occurred so that the
necessary equipment can be used. The second necessary development 1s the
perfection of the self-deploying emergency escape slide. Although current
escape slides are self-inflating once the deployment sequence has been
initiated by a flight attendant, the escape slides used for this concept
must be capable of detecting a crash and deploying without any human assist-
ance. The mechanism for accomplishing and controlling the self-deployment
must be developed for this concept to be achievable. The projected state of
the art as shown in Table 2-2 of Chapter Two suggests that it would be 1990
before such a system could be operational, perhaps even longer due to the
extensive testing necessary for determining its reliability.

The cost of developing such systems as this concept calls for are
relatively mcdest compared to the possible benefits. The development cost
for the self-deployment mechanism, sensors, and actuators for the self-
deploying emergency escape slides could amount to about $10 million, much
of 1t for reliability testing. The production costs for such a system could
be about $20,000 per aircraft, primarily for the self-deployment mechanism,
sensors, and the modification of existing escape slides.

The development of a system to deliver voice-synthesized emergency
instructions would be more extensive than the escape slides, but the system
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would be cheaper to produce. Voice-synthesized speech modules would deliver
instructions to passengers before takeoff and landing and in any emergency
situation. Sensors and cockpit interfaces and switches would permit detec-
tion of the mode of operation and deliver the appropriate messages. Multiple
units mounted in the aircraft ceiling could use existing speakers, inde-
pendently powered and self-contained. Additional messages could be trig-
gered from the cockpit to fit the situation. Development costs for the
voice-synthesized aircrew instructions, including extensive reliabilaty
testing, could amount to approximately $20 million. Production costs for
the voice-synthesizer modules and installation and modification of aircraft
for an average of 4 to 6 units could be $10,000 per aircraft (based on dis-
cussions with Texas Instruments).,

The overall cost would be approximately $43,500 per baseline aircraft.

These system concepts are applicable to all aircraft, both existing and
newly built. Let us assume that the technology to implement the concept
becomes available in 1990. Table 2-1 again provides information on the
numbers of aircraft produced and in service:

Number of
Aircraft Built
Number of 1in Each 2-Year

Period Aircraft Period
1990 to 1992 7,750 1,100
1992 to 1994 8,100 1,100
1994 to 1996 8,450 1,100
1996 to 1998 8,800 1,200
1998 to 2000 9,250 1,200
2000 to 2002 9,600 1,200
2002 to 2004 9,900 1,400
2004 to 2006 10,300 1,400
2006 to 2008 10,700 1,400
2008 to 2010 11,100 1,400

Again, for simplicity, we will assume that the benefits and costs apply to
the beginning of each time period, and we will calculate benefits based on
existing aircraft plus half of the number of newly produced aircraft, as
explained earlier.

Thus, in the 1990 to 1992 period the benefit of $315,000 per baseline
aircraft (the annual benefit over the 2~-year period) applies to the 7,750
existing aircraft, plus half of the 1,100 new aircraft produced in that
period. The benefit for this period is then computed as (7,750 X $315,000)
+ (1,100/2 x $315,000) = $2,614 million. Applying the efficiency factor
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yields a net benefit of $2,352.6 million.
the remaining periods yields the following results:

2010:

Period

1992
1994
1996
1998
2000
2002
2004
2006
2008

to 1994
to 1996
to 1998
to 2000
to 2002

to 2004

to 2006
to 2008
to 2010

Benefit
(In Millions
of Dollars)

Repeating this calculation for

Net Benefit
(Including
Performance Factor)
(In Millions
of Dollars)

2,724
2,835
2,961
3,103
3,213
3,339
3,465
3,591
3,717

2,451
2,551
2,665
2,793
2,410
2,504
2,599
2,693
2,788

Calculating the 1980 net present worth as before yields a present
value of $4,355 million.

The costs associated with the implementation of this concept are
computed by applying the baseline per aircraft costs to the initial equi-
page of the existing 1990 fleet, plus the new production aircraft through

Period

1990
1992
1994
1996
1998
2000
2002
2004
2006
2008

to
to
to
to
to
to
to
to
to
to

1992
1994
1996
1998
2000
2002
2004
2006
2008
2010

Cost

Number of (In Millions

Arrcraft of Dollars)
8,850 385.0
1,100 47.9
1,100 47.9
1,200 52.2
1,200 52.2
1,200 52.2
1,400 60.9
1,400 60.9
1,400 60.9
1,400 60.9




The 1980 present value of these costs is $207 million.

The very large benefit associated with this concept i1s a reflection of
the major part that personnel costs play in airline operating expenses.
However, as before, we must consider the costs of generic technologies
required to support the implementation of this concept. These costs can
add dramatically to the costs of a concept and must be considered in rela-
tion to the technologies required by other concepts under consideration.

5.1.4 Lockheed Concepts

As discussed previously, the NASA-sponsored Electronic/Electraic Tech-
nology Study, performed by the Lockheed-California Company, i1dentified
erght concepts related to future aviation needs. Of these eight, five were
independent; two of the eight were subsets of other concepts; while a third
included all of the other concepts. The five independent concepts were
selected for inclusion in this example use of the ARINC Research methodology.
The costs and benefits used in the analysis that follows were taken directly
from the Lockheed study. As in our analyses, Lockheed used 1980 as the
base year for calculation of benefits and costs. Each of the five concepts
1s outlined in the sections that follow. The reader i1s referred to Reference
46 for complete details. .

5.1.4.1 Advanced Flight Controls (AFC)

The Lockheed advanced flight systems concept encompasses a number of
advanced technologies to implement a complete fly-by-wire capability in a
relaxed static stability mode. A four-channel redundant system completely
eliminates the heavy and bulky hydraulic system used in current-generation
aircraft. Four independent computer systems operate in parallel, calcu-
lating and comparing control surface commands and voting on the result. Out-
of-tolerance signals are rejected, and the median value of the remainder is
selected for control actuation. Three of the four computers can fail with-
out loss of control. The total system exhibits a probabilaity of failure of
less than 1079 per ten flight hours. Some of the key features of this concept
are automatic check-out of systems, software reliability analysis, relaxed
static stability, center-of-gravity management, and direct life control.

5.1.4.2 Advanced Secondary Power Systems (ASP)

In this concept, advanced power generation and distribution systems
are employed to enhance reliability and efficiency and reduce weight and
bulk. Advanced generators using rare-earth magnets and constant frequency
drives are used in pylon-mounted and integrally mounted configurations.
High efficiency starters and advanced auxiliary power units are included.
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5.1.4.3 Advanced Avionics Components (AA)

The advanced avionics concept includes specific systems that support
such functions as flight control, navigation, and communications. The con-
cept comprises digital data transfer, large scale integrated circuits,
standard module (card), integrated avionics racking, multiplexed intercon-
nection, and advanced sensors such as laser gyros.

The standard module 1s an approach to an integrated avionics structure
that replaces individual avionics boxes with circuit cards housed in stan=-
dard enclosures. Additions, deletions, and modifications can be made by
manipulating individual cards, which can be easily removed and replaced
without the installation activities associated with conventional boxes.

5.1.4.4 Advanced Cockpit (AC)

Lockheed has postulated an advanced cockpit configuration containing
multipurpose flat panel color displays, multifunction controls, and side
arm controllers.

The displays will use liquid crystal or electro-luminescent technology,

with keyboards integrated with the displays. The display will provide key
legends, corresponding to the software-controlled function presently
assigned to that key. Advanced alerting and warning systems are provided,
using synthesized voices, flashing information displays, and tones. Head-
up displays employ holographic lenses to display a variety of information
in the pilot's field of view, including auto-land back-up symbology. Voice

control of systems such as flaps, landing gear, and spoilers 1s also included.

5.1.4.5 Air Traffic Control (ATC)

In this concept, advanced flight management computers are integrated
with cockpit systems including CDTI and DABS. The system will work cooper
atively with ground systems such as !MLS, DABS, AERA, and ETABS. The bene-
fits of thais concept include more conservative land use at airports, energy
savings and noise abatement in addition to money savings.

5.1.4.6 Analysis of Concepts

These five concepts were analyzed by Lockheed by means of its ASSET
computer program. Lockheed's conclusions are summarized below for the air-
craft referred to in the study as the ATX-350. (This aircraft configura-
tion 1s similar to the LRl aircraft identified 1in our study and will be
used for comparison.) The percentage reduction in DOC calculated by Lock-
heed was applied to the average base year DOC of approximately $10,000,000
per aircraft.
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Benefit*

(In Thousands of Gross Cost
Dollars per Aircraft) (In Thousands

Concept Per Year of Dollars)
Advanced Flight Control 400 5,653
Advanced Secondary Power Systems 600 5,322
Advanced Avionics 50 6,113
Advanced Cockpit 300 6,043
ATC Systems 600 6,146

Lockheed bases its estimates on a predicted production run of 300
aircraft with a lifetime of 16 years. For the purposes of this example,
we will assume that these aircraft will enter service at the beginning
of 1990 and will continue in service for 16 years. The total cost of each
concept 1s obtained by multiplying its cost by 300, the number of air-
craft. The benefits accrue over the l6-year life of the aircraft. As
before, the 1980 present value of the benefits and costs is calculated.
The dollar benefit of concepts is calculated by applying the Lockheed
estimates of percent DOC savings to the 1990 DOC of about $10,000,000
(taking into account the efficiency factor). We will assume that the
efficiency factor does not change in this case, since all the aircraft are
assumed to enter service at the beginning of the period.

Calculating the benefits and costs for the various system concepts
yields:

Benef1it Net Cost
(In Millions (In Thousands
Concept of Dollars) of Dollars)

Advanced Flight Control 361.9 -150.6
Advanced Secondary Power Systems 542.9 -249.9
Advanced Avionics 45.3 -12,600
Advanced Cockpit 271.5 -33.6
ATC Systems 542.9 -2.7

The negative cost figures indicate a savings over the cost of similar
systems on the baseline aircraft. As before, however, we must consider the
effect of generic technology costs before drawing conclusions as to the
overall merit of each concept.

*Based on Lockheed results of reduction in DOC applied to base year DOC
values.



5.2 GENERIC TECHNOLOGIES

To conclude this example use of the methodology, we will estimate the
types and costs of generic technologies needed to implement the concepts
we have examined and rank-order the concepts using ARCEM. We have selected
the following generic technologies for inclusion in this example.

1. High-Reliability Systems

2. Fault-Tolerant Computers

3. Electromechanical Actuators
4. Digital Avionics

5. Software Verification

6. Airborne Laser Systems

7. Advanced Attitude Sensors

The costs associated with these technologies will be treated in the
way they would be in a sensitivaity analysis. The i1initial estimate will be
adjusted, and the change 1n results observed. The concept data and generic
technology initial cost estimates are summarized in Figure 5-10. These
data were entered into the ARCEM Program as described previously, and the
program was used to rank-order the concepts and to compute cumulative
benefit-cost ratios. The results are reproduced in Appendix F. Figure F-1
shows the listing of the concepts as entered from the work form. The pro-
gram was used to sort the concepts and compute the cumulative benefit-cost
ratios, with the results shown in Figures F-2 and F-3. Figure F-2 shows
the concepts in their sorted order, with the cumulative ratio shown for
each. The ratio shown for the fifth concept, for instance, 1s the cumula-
tive ratio for doing the first five concepts in order. Figure F-3 shows
these results in graphic form. As that figure shows, the cumulative
benefit-to-cost ratio reaches a maximum upon performing the sixth concept
and thereafter declines. As a result, the planner knows that 1f he wishes
to maximize the benefit~to-cost ratio of his program, he should implement
the first six concepts and then stop. Although the abscolute ratios are
high enough for the last two concepts, their performance will degragde the
cumulative ratio from i1its peak value.

The negative cost values for the Lockheed concepts are ordered by
their benefit-to-cost ratio. Since negative ratios have no meaning, 1t
was necessary to adjust the cost values for the purposes of computation.
In thais example, we simply assigned a very small positive cost value to
each concept that had a negative cost value. This produces negligible error
since the negative cost values were very small compared to the benefit.
Another approach would be to add the difference between the actual and
adjusted cost to the benefit. This approach should be used when negative
costs are encountered that are large relative to the benefits. The adjust-
ment 1n the costs will be reflected in subsequent listings of the concepts.

The ARCEM Program can be used to reveal the sensitivity of the results
to changes 1n our input assumptions. We will suppose that our estimate of
the cost of the first generic technology was 1n error by 100 percent; that
1t 1s $1,000 million instead of $500 million. Using the editing capability
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of ARCEM, we make this change as shown in the listing in Figure F-4. We
then recompute the results, shown in Figures F-5 and F-6. Comparing these
results with the previous run shows that the increase in the cost estimate
did not result in a change in the orderaing, although i1t did reduce the
ratio values. The peak value of benefit-cost 1s reduced from 3.93 to 2.97.
The overall shape of the output, however, 1s relatively unchanged. Note
that the scale of the y-axis changed as the numerical values were reduced.

As a second sensitivity test, we will observe the effect of increasing
the benefit of the advanced avionics concept to $100 million. This change
1s reflected in the listing in Figure F-7. The results, shown in Figures
F-8 and F-9, indicate that no change in rank-ordering results and only small
changes in cumulative ratios occur.

As a final sensitivity test, we will observe the effect of reducing by
about 50 percent the benefit associated with the wind-shear detector concept.
This change, shown in Figure F-10, results in a significant reduction in
the cumulative benefit-to-cost ratio. These results are shown in Figures
F-11 and F-12. Thus the results are shown to be quite sensitive to this
change.

5.3 SUMMARY

This chapter has presented examples of the use of the project methodology
in analyzing concepts created by the methodology, as well as concepts obtained
from outside sources. In exemplifying the methodology, we have to use bene~
fit and cost estimates that are as meaningful and realistic as possible.
Readers may have differing opinions as to the values used, especially in
the estimates of generic technology costs. These readers are invited to
substitute their estimates for ours, and using the project methodology,
determine the results of their assumptions.
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CHAPTER SIX

CONCLUSIONS

In this project, we have developed a structured methodology for the
generation and analysis of controls and guidance concepts aimed at improv-
ing the performance of various types of aircraft. This methodology is
supported by a base of information on the relationships between the various
elements of the aircraft and i1ts overall performance.

The information collected on aircraft performance indicates clearly
that future development of aircraft will be evolutionary, rather than
revolutionary. No dramatic departures from conventional engineering prac-
tices are expected. Exotic fuels such as liquid hydrogen are not expected
to be used to any significant extent through the year 2010.

The operators of transport aircraft in the coming three decades are
expected to face many of the same problems faced by operators today. The
cost of fuel will continue to be the dominant factor in operating costs.
Maintenance, depreciation (including purchase price of the aircraft), and
crew costs are also expected to remain as major cost elements. The safety
of the passengers, crew, and aircraft are expected to remain key considera-
tions, as 1s the level of noise and air pollution produced by aircraft.

Controls and guidance concepts can materially aid in alleviating these
and related problems. The structured methodology developed in this study
can serve as a framework for planners to use in identifying the most promis-
ing areas for the application of concepts. It can also serve as a tool for
analyzing the concepts and structuring the research and development program
to obtain the maximum benefit by taking advantage of high pay-off concepts
and technologies already acquired in the development of related concepts.

This general, open-ended methodology 1s applicable to a wide range of
concepts. It 1s not specific to controls and guidance concepts, or even
to aviation. Supported by an appropriate base of performance data saimilar
to that created in this study for civil transport aircraft, the methodology
can be used in many other fields. It i1s applicable to any planning task in
which independent alternatives with quantifiable benefits and costs are
being considered. The speed and ease of computation provided by the auto-
mated portion of the methodology, the ARCEM Program, makes the methodology
applicable to planning tasks regquiring parametric, iterative, or sensitivity



analyses. These techniques are extremely useful in performing planning
activities when only poor or incomplete information is available. The
ARCEM Program provides a powerful tool for the analysis of such cases.

We at ARINC Research believe that the approach to program planning
described in this report, consisting of both a conceptual framework and a
set of useful analysis tools, is a meaningful response to requirements
placed on planners in today's environment. The structuring of a research
and development program using this methodology will help to ensure the
maximum return for the money and effort expended on research.
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APPENDIX B

MILITARY ATRCRAFT PERFORMANCE CHARACTERISTICS

The praimary goal for a high-performance attack or fighter aircraft, or
any military aircraft, is successful completion of 1ts mission to deliver
ordnance. For a high-performance aircraft, that usually involves climb
and cruise to a distant target area, descent into the vicinity of the tar-
get, a brief period of combat, and climb and cruise back to home base. The
aircraft must have a capability of delivering ordnance on target.

The primary goal of mission completion can be divided into several
subcategories. Figure B-l shows the performance tree developed for attack
and fighter aircraft. This appendix describes the key elements of the tree
in detaal.

1. cosT

Cost 1s a very important consideration in the design and planning
stages of a new aircraft. Cost factors must be traded off against all other
performance factors. It i1s true that in an actual combat situation, cost
and efficiency are not particularly important, but they must be considered
for the purpose of planning an effective military force that can be called
into service at any time. Reducing overall costs will make the force more
effective for the budget constraint it must meet.

The breakdown of cost elements presented here includes both acquisition
and operating costs. The structure is not dissimilar to that of civail air-
craft; there are costs associated with the crews, airframe, and maintenance
and support. Reductions in any aspect of cost without decreasing perfor-
mance increases the productivity of the force and frees resources for other
purposes.

2. CREW COSTS
Crew costs are those associated with the pilot or the crew members of

the airplane. It includes not only crew members' pay and benefits but also
expenses for support staff and equipment. In general, however, crew costs
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are people costs, and since salaries and benefits are largely fixed, the
only way to reduce these costs 1s to find a way to get the job done in fewer
man-hours.

3. TRAINING

Costs 1nvolved in training crews to an acceptable level of proficiency
and then maintaining that level are a significant fraction of the total life-
cycle costs of a particular aircraft. The more complex aircraft require a
correspondingly higher training cost. For many airxrcraft types, a decision
was made to design the aircraft for a one-man crew partly because of the
increased training costs that would result from a two-man crew. Productiv-
ity increases (in terms of the amount of instruction time necessary to bring
a new crew member up to an acceptable level of proficiency) are difficult
to achieve; however, some auxiliary training equipment can reduce costs in
other ways.

4. INSTRUCTORS

Instructor time refers to expenses for personnel directly involved in
pilot training. This aincludes both airborne and ground instruction. In-
structor costs, like other personnel costs, are relatively fixed.

5. EQUIPMENT TIME

Various auxiliary equipments are needed to facilitate the training
process. Special trainer aircraft and simulators are often used instead
of the more costly option of running extra flight operations. Simulators
allow training in various unusual situations that might not be expected to
come up for hundreds or even thousands of actual flight hours, or would be
too dangerous to practice in actual flight (e.g., emergency procedures).
As computer technology improves through the rest of this century, simulators
may be expected to be used for increasingly higher percentages of total
flight training.

6. CREW MEMBER PAY AND BENEFITS

Crew member salary and standard military benefits are an obvious
compcnent in the operating costs for the aircraft. Since personnel costs
per flight officer are fairly fixed, there are powerful incentives favoring
a single man crew, in spite of the higher effectiveness and lower average
workload present in a two-man aircraft.

7. PENSION AND SURVIVORS BENEFITS

The allocation for pension costs 1s a significant percentage of total
crew salaries. Even though this expense 1s not realized for many years,
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1t requires a continuous allocation of funds. 1In view of the high personal
risk taken by the crew of a high-performance military aircraft, survivors'
benefits in the form of life and disability insurance payments must be
accounted for as well.

8. AIRCRAFT-RELATED COSTS

Costs related to the acquisition of the aircraft are included by this
category. They include costs for the airframe, propulsion system, avionics,
armaments, and support equipment. Innovations that make some part of the
aircraft less expensive or unnecessary can reduce the cost of the aircraft.

9. AIRFRAME COSTS

This category encompasses the initial cost of the airframe, including
fuselage, wings and supports, slats and flaps (1f applicable), control sur-
faces, and cockpit accommodations. This is the basic structural frame of
the aircraft.

10. PROPULSION SYSTEM

This category covers costs of aircraft engines, fuel storage and
delivery systems, and controls for those systems. Costs of these systems
depend heavily on the design selected. Designs with lower initial pur-
chase prices might have to pay a penalty in fuel consumption, maintenance
costs, performance, or reliability.

11. AVIONICS

All cockpit instrumentation is included in this category. It covers
electronic and electromechanical instruments for monitoring flight attitude,
engine performance, and support system performance. It also includes arma-
ment systems electronics for identifying and locking on to specific targets,
navigation and communications functions, and all cockpit displays. Generally
speaking, any system that provides the pilot with information on the progress
of his flight or on activity in nearby airspace would be in this category.
Costs for this equipment should decrease as electronic and computer technol-
ogy make possible more capability for less cost and less onboard weight and
space.

12. ARMAMENTS

Airframe structures and controls associated with the firing of weapons
fit into this category, but for the purposes of this study not the weapons
themselves. It includes missile mounting hardware and firing mechanisms.



13. SUPPORT EQUIPMENT

Ground-based or ship-based support equipment may be considered an
aircraft-related cost even though the equipment is not part of the aircraft
1tself. This includes takeoff and landing equipment, navigational aids,
and towing vehicles. To some extent those functions can be transferred
into the cockpit, but to do so usually requires lower performance or higher
costs.

14. FUEL COSTS

Fuel is a major operating cost. Fuel consumption can be decreased by
decreasing weight or increasing the fuel efficiency of the aircraft. Methods
for doing so are discussed in the text of the report.

15. MAINTENANCE

Maintenance costs can be divided into several subcategories. Whether
the maintenance is scheduled or the result of a failure, personnel are re-
quired to analyze and isolate the problem and replace the proper parts.
This requires test facilities, possibly special stations set up strictly
for maintenance purposes, and an inventory of spare parts.

The primary way to reduce maintenance costs lies in the design of the
aircraft. Use of modular designs permits rapid repair of faulty subsystems.
The design can be structured to accommodate specialized troubleshooting pro-
cedures that can quickly isolate a bad component. Conversely, a poor design
can result in costly difficulties in repairing a failed component because
of interdependencies or access problems.

16. RELIABILITY ISSUES

System reliability determines the overall level of unscheduled main-
tenance. Reliability can be increased by using higher gquality components
or by performing more extensive, more frequent scheduled maintenance.
Either of these solutions could have an adverse effect on costs.

Analyzing system reliability is a very complex undertaking, and is far
beyond the scope of this project. For the purpose of this analysis, it is
only necessary to note that component and system reliability affect both
scheduled and unscheduled maintenance. Any innovation that improves system
reliability will decrease maintenance costs.

17. PERSONNEL COSTS
Technicians are needed to perform any maintenance procedure. Their

productivity can be increased by providing special equipment or procedures
that help the technician do the job better. Like other people-related costs,




costs for maintenance specialists are fairly inflexible and high compared

to other non-personnel categories. Efficient maintenance operations require
backlogging the work so that the technician's time is fully utilized; how-
ever, that can lead to unacceptably long shop times.

18. TEST EQUIPMENT AND FACILITIES

Special tools and test equipment are usually required to perform the
maintenance function. Space for maintenance purposes must be allocated
near the storage area of the aircraft. The magnitude of the resources
required depends on the complexity of the aircraft being maintained, the
number that must be maintained, and the reliability of those aircraft.

19. SPECIAL MAINTENANCE FACILITIES

For unusual or complex repairs, separate facilities may have to be
established. For example, a particular component may be so reliable that
a local repair facility for that component will seldom be used. However,
there may be enough failures throughout the entire service to justify such
a facility. In such a case, the maintenance crew will replace the bad
module from its stock of spares and send the defective unit to the central
facility for repair. The cost of staffing and equipping such facilities
must be allocated over all hardware in the field that would be maintained
by those facilities.

20. SPARES

Spare parts inventory is a major maintenance cost. As the maintenance
structure becomes more centralized, the failure rate becomes more predict-
able and the number of spares required in the system goes down. However,
that can lead to longer delays in repairs. Determining the number and
location of maintenance centers and the level of spares inventory required
at each is a common problem. Various stochastic analysis techniques are
available to aid in designing an optimal maintenance structure.

21. NAV/COM/IFF

Navigation and communications functions are a vital factor in mission
accomplishment. Armament accuracy depends in part on the accuracy of the
navigation system. Backup navigation systems provide the capability to
cross check primary system data. Communications with the mission command
center will help ensure a coordinated, effective effort. Navigation and
communications avionics represent a significant fraction of the total in-
vestment in the aircraft and the available space in the cockpit.



21.1 Navigation Systems

The onboard navigation systems are used for a variety of functions.
Primary and backup systems, such as INS, Omega, or GPS, are used to pinpoint
the absolute and/or relative position of the aircraft. Other systems give
position relative to fixed navigational aids.

21.1.1 Primary Navigation Systems

Most military aircraft use an inertial navigation system (INS) as their
primary system. Though expensive, INS i1s self-contained, very accurate, and
functional at any aircraft altitude. Its principal drawback is that its
accuracy decreases over time; therefore, 1t must be periodically updated
through readings from a different system. The accuracy of an INS is highly
dependent on the characteristics of the gyros that measure deviations of
the platform orientation. A rate of accuracy degradation of one to two
nautical miles per hour of use is typical; however, some INSs being devel-
oped for use in military applications have demonstrated rates of accuracy
degradation as low as 0.08 nautical miles per hour, using electrostatically
suspended gyros.

Omega 1is a hyperbolic radio navigation system that utilizes sky waves
transmitted from eight ground stations scattered around the world. Since
each station has an operating range of about 500 nautical miles, coverage
1s nearly worldwide. Statistical studies conducted in the North Atlantic

show that rms positional accuracies of one to two nautical miles are possible.

However, military applications generally require greater accuracies; there-
fore, Omega 1s best suited as a backup system and as an updating system for
INS.

The NAVSTAR Global Positioning System (GPS) 1s a proposed space-—based
radionavigation system that is intended to provide accurate navigation and
position information to all properly equipped users. The fully operational
system will enable continuous worldwide navigation, regardless of weather
conditions. Current concepts are based on an l18-satellite constellation --
a reduction from the 24 in the original specification. Using signals from
four satellites a user can obtain three-dimension positions (latitude,
longitude, and altitude), determine time, and derive velocity. Current
plans call for exclusive military use of the precision code which, in the
context of an 18-satellite constellation, enables predictable positioning
accuracy of 25 meters (0.013 nautical miles) horizontally and 30 meters
vertically (95 percent probability). The high degree of accuracy makes
GPS suitable as either a primary or backup system.

21.1.2 Secondary Navigation Systems

Tactial air navigation (TACAN) is the military version of VOR/DME.
It provides the pilot with bearing and range information with reference to
another station within line-of-sight. The station may be on the ground,
on a ship, or even on another aircraft. Its performance characteristics
make it suitable as a backup system for INS updates or as a tracking system.




The automatic direction finder (ADF) provides bearing information with
respect to a fixed ground station. Readings are subject to distortion from
the airframe itself and from magnetic disturbances. Consequently, ADF is
suitable only for homing to a station. 1Its poor absolute accuracy makes it
a poor choice even for backup operations.

The instrument landing system (ILS) is used for precision landings at
airports or on ships. It becomes a necessity in poor weather, when ceiling
and visibility are low. ILS provides bearing and range information like
VOR/DME or TACAN. It also provides glideslope information for precision
approaches.

In addition to their navigation uses, avionics must provide the capa-
bility for command, control, communications, and identification functions.
Secure voice and data communications are required with other aircraft and
with the tactical command center. Reliable identification of radar targets
as friend, foe, or neutral i1s also vital.

21.2 Message Security

Voice and data messages to and from an attack aircraft must be sent in
such a way as to assure their reception by the intended receiver and prevent
their interception by the enemy. Achieving those goals can involve elaborate
channel security and cryptographic techniques.

21.2.1 Channel Scrambling

One way of increasing security of the carrier channels 1s to scramble
the signal. This requires additional equipment to electronically encode
and decode the signal at both ends of the communication circuit. Further-
more, scrambling alone does not prevent jamming of the frequency. It is
often desirable to broadcast the signal over a wide spectrum or over multiple
frequencies to minimize that problem.

21.2.2 Cryptography

Message security can be improved still further through the use of
cryptographic techniques. Unlike electronic scrambling, cryptography in-
volves using a code to substitute an apparently meaningless message for a
meaningful one. Coders and decoders would still be required. Any innova-
tions in the security or complexity of the code that could be achieved
without a corresponding increase in the cost of coding and decoding equip-
ment would enhance communications security.

21.3 1Identification, Friend, Foe, or Neutral

Identification of friendly, enemy, and neutral aircraft is accomplished
through equipment that sends a coded signal to a target. The nature or
absence of a reply is interpreted as an identification of a friend, a foe,
or a neutral. IFFN equipment 1is subject to being exploited 1f captured by
the enemy; for this reason, the counter-signal codes are changed frequently.



22. PERFORMANCE AND ENERGY MANEUVERABILITY

The performance area typically receives the most attention during the
design phase of the aircraft. In order to be an effective aircraft in a
combat environment, the aircraft must have the capability to maneuver under
high g-loads. A powerful engine is necessary to allow the aircraft to
climb or to accelerate away quickly if necessary. BAnother important aspect
of the performance category is range. In a situation where the aircraft
must fly from an aircraft carrier to the battle area, engage in combat, and
return, range is an important considexation. For most of the trip, the
aircraft will be flying in a normal cruise configuration. The less fuel
spent in getting to and from the battlefield, the more will be available
for combat operations.

Energy maneuverability includes factors that enhance or limit the
speed and maneuverability of the aircraft. Fuel efficiency is not an im-
portant consideration in designing for maneuverability.

22.1 Drag Polars

The inherent efficiency of the airframe can be characterized by a
series of constants known as the drag polars. These constants specify lift
and drag parameters from which various performance parameters can be cal-
culated. Reduction of drag enhances aircraft performance.

22.2 Weight

Weight has an obvious effect on the maneuverability of the aircraft.
A heavier aircraft requires more power to propel it through the air, cannot
climb as quickly, and is less responsive in any kind of maneuver. The weight
includes not only the airframe weight but also the weight of any externally
mounted weapons or cargo. Externally mounted hardware also adds an addi-
tional moment of inertia that amplifies the G-loads on the wings in a turn-
ing maneuver.

22.3 sSpeed

Aircraft speed is a tradeoff for maneuverability. The energy produced
by the engines can be used to accelerate the aircraft or to turn 1t. 1In
either case, drag must be overcome. The price paid for a high G-load turn
capability will be a reduction in the maximum attainable speed.

22.4 Engine Thrust

The engines produce energy needed to provide thrust force. All other
things being equal, a higher thrust engine 1s desirable because it permits
higher cruise speeds, more maneuverability, or both. However, a more power-
ful engine generally implies more weight and drag and consequently less
range for the equivalent amount of fuel.




22.5 Range

Range and maneuverability are, to some extent, conflicting goals. A
design that optimizes one of these two goals would not be very effective
with respect to the other. For a high-performance military aircraft, com-
bat maneuverability is probably the more critical goal for mission accom-
plishment. A shortcoming in the range capability can be addressed by means
of auxiliary fuel tanks, mid~air refueling, or other means.

22.6 Fuel Capacity

Standard fuel tanks are usually located in the wings and on the ex-
terior of the fuselage. Typically, they are modular, self-contained units
with all the internal plumbing necessary to deliver fuel to the engines
at the proper rate. Most aircraft also have an interface provided for mid-
air refueling. 1In addition, all aircraft have the capability to carry
auxiliary fuel in tanks mounted either on the fuselage or, more typically,
under the wings in place of ordnance. Some auxiliary tanks may be jetti-
soned when their fuel has been exhausted; this results in a considerable
decrease in drag and thereby increases range still further.

22.7 Time-on-Target

Time-~-on-target refers to that phase of the mission during which the
aircraft is actively engaging in combat. A typical mission might involve
a long cruise to the combat area, a rapid dive to a lower altitude, 15 to
30 minutes of combat activity, climb back to altitude, and a cruise back
to base. A disproportionately large percentage of total traip fuel is spent
during the brief combat period, because of the fuel-inefficient rapid climbs
and descents and to the high-speed, high-performance maneuvers. By the
end of the time-on-target phase, the ordnance load and presumably the aux-
1liary fuel load would have been spent, and the aircraft would then be able
to return to its base 1in a relatively clean configuration.

22.8 Fuel Efficiency

The final factor affecting aircraft range is the fuel efficiency of
the aircraft itself. This 1s affected by the aerodynamic design, the gross
weight, and the typical flight speed. Unlike modern civil transports, most
military high-performance aircraft were not designed to optimize fuel
efficiency.

Reducing aircraft weight 1s one way to improve fuel efficiency, but 1f
such a weight reduction 1s achieved by compromising the structural strength
of the airframe so that less load can be withstood, the reduction may be
counterproductive. Similarly, reducing engine size or weight may improve
fuel efficiency but sacrifice performance. The weight of the payload
(ordnance, fuel, and crew) is also an important factor since it typically
amounts to about 50 percent of the maximum gross weight of the aircraft.
External ordnance must be shaped so as not to cause an i1nordinate amount
of extra drag. Innovations that make lighter payloads possible would in-

crease range. Weight considerations are a major factor in the design decision
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for a one-man versus two-man crew. Providing space for the extra crew
member requires extra weight in the airframe and extra fuel to carxy that
weight. Even though the fuel capacity may be larger in order to accommodate
the same range, the combat efficiency of the aircraft could suffer.

Mission speed also affects fuel efficiency. The airframe is designed
to handle the maximum stresses likely in a combat situation, but for most
of the trip the aircraft will be in a relatively low-speed cruise. Flying
at supersonic speeds or using afterburners results in high fuel penalties
that cut down on range. Unless time 1s critical, it 1s best to conserve
the performance capabilities.

23. ARMAMENT SYSTEMS

Weapons delivery is the most important capability in a high-performance
military aircraft. Without the credible threat of firing ordnance at an
enemy target, the aircraft i1is a negligible threat. Therefore, a great deal
of development effort goes to support the armament systems on the aircraft.

Once the aircraft has fired all its ordnance, there is little more it
can do other than fly back to its base and re-arm. Therefore, it 1s desir-
able to load the aircraft with as much ordnance as possible. However, as
the load increases, more fuel is required to transport it to the combat
area, and the aircraft becomes less maneuverable so there is a practical
limit to the amount of ordnance that can be loaded onto the aircraft.

In addition, firepower is useless 1f the armaments cannot be accurately

directed at the proper targets. Armament accuracy i1is a function of the
pilot's skills and training and the avionics he has to work with.

23.1 Ordnance Load

The number and type of armaments that can be carried by an aircraft
determine 1ts combat effectiveness to a large extent. Any weight that can
be saved in the airframe, crew, or fuel can be used to support additional
armaments.

23.1.1 Number

For most aircraft the number of armaments that can be carried is
limited by the number of available stations on the fuselage and wings,
typically six to ten. There i1s generally room for one large missile at
each wingtip and four smaller missiles under the wings. Up to four addi-
tional stations may be found on the fuselage as well; usually these are
located on the underside (ventral) of the aircraft aft of the engine intakes.

23.1.2 Type

The type of weapon carried, such as missiles, must be optimized for
their targets. Air-to-air operation imposes different requirements than
airr-to-ground.
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In addition to the missiles, most aircraft are equipped with large
guns for which they can carry about 1,000 rounds of ammunition. Internal
weapons stations are also provided for carrying bombs.

23.1.3 Weight

Maximum ordnance load for high-performance attack and fighter aircraft
varies from about 7,000 pounds for the smaller, single~-seat aircraft to
about 16,000 pounds for the larger, often two-seat aircraft. Any airplane
carrying a full or nearly full ordnance load may be unable to carry a full
fuel load.

Most air-to-air missiles commonly used (Falcon, Sidewinder, Sparrow)
have a launch weight or 200 to 500 pounds each. The Phoenix missile, used
on the F-14A, has a launch weight of about 1,000 pounds. Most aircraft in
the high~performance class will run out of ordnance station space before
they exceed their maximum ordnance load. If any of the stations are used
for additional fuel tanks, however, the maximum external load can be reached.

23.2 Range

On-board missiles described in the preceding section generally have a
range of 15 to 25 miles. Less sophisticated bombs and ammunition have an
effective range of only a few miles. Range 1s limited not only by the phys-
ical limits of the ordnance but also by the range of the instrumentation
used in homing and tracking the intended target. The more advanced air-
craft have sophisticated radars capable of tracking small, high-speed tar-
gets very near ground level. Once fired, the missiles lock onto their
targets and are capable of following most evasive maneuvers of target air-
craft. A more detailed description of avionics used in the firing of
ordnance may be found in the next section.

23.3 Weapon Effectiveness and Accuracy

Every high-performance military aircraft is equipped with a large
complement of avionics designed to help identify enemy targets, track them,
and accurately launch ordnance at those targets. The accuracy of the
ordnance also depends in part upon the skills of the pilot and his training.
Training considerations are covered in a previous section under "cost."

24. DETECTION AND TRACKING RADARS

Both one-man and two-man high-performance aircraft are generally
equipped with tracking radars that can lock onto a target and display its
progress through the air. The radar has a slightly greater range when
scanning open skies (about 40 miles) than when scanning ground clutter
(about 30 miles), but in either case i1t has a greater range than the ord-
nance. Tracking information i1s fed to a central computer, which calculates
the proper trajectory for the missiles or other ordnance to be used.
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Several manufacturers have developed pulse~doppler radar, which now
constitute the majority of on-board radars in use. Each 1s tailored to the
operating characteristics of the aircraft on which it is installed. Depend-
ing on the extent to which the airplane is to be used in close combat, the
radar tracking system might have more elaborate output displays that re-
quire less pilot workload to successfully launch the ordnance.

25. HEAD-UP DISPLAYS

Head-up displays are displays of flight attitude and target and weapons
status projected into the pilot's field of view as he looks out the front
window of the aircraft. Such displays allow the pilot to maintain visual
contact with the aircraft's environment, including wing-men and targets,
while still being able to monitor the status of critical systems. The
removal of the need to look from the outside to the instrument panel and
back can give the pilot an "edge" of several seconds in assimilating needed
information. In critical situations, this small advantage can to decisive.

26. TURNAROUND

As dascussed earlier, a fighter or attack aircraft spends only a short
time actually engaged in combat activities. 1In order to achieve maximum
effectiveness, the aircraft must be capable of being refueled and re-armed
quickly upon return to 1its base, so that it can return to combat activities
in the target areas.

26.1 Refueling and Maintenance

Obviously, the rate at which the aircraft can reach refueling facili-
ties on the airport, be connected to the fuel supply tank, have fuel pumped
into its tank, and disconnect from the supply tank has a direct bearing on
turnaround tame. This is also true of other aircraft service items such
as oi1l, other fluids and consumables, and any repairs that must be made
to return the aircraft to service. The latter point refers to minor re-~
pairs that can be effected on the flight line by adjustment or replacement
from spares immediately on hand. It 1s unlikely that any major damage could
be repaired in the time-frame of a typical battle.

26.2 Re=-Arm/Re-Configure

Upon return to base, the aircraft must be either re-armed with the same
type ordnance as was expended, or reconfigured and armed with a different
type ordnance. The speed and ease with which this can be done has a major
effect on turnaround time.

26.3 Inspection
During turnaround, the aircraft must be inspected for damage and the

proper functioning of its systems. Delays in this function add to the time
before the aircraft returns to combat.
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26.4 Space Considerations

Turnaround facilities tend to be localized, both on carriers and land
bases. If insufficient facilities are available for the number of aircraft
to be serviced, congestions and delays will result. Space must be available
to park extra aircraft until service facilities are available.

27. SURVIVABILITY

In order to complete their missions, the aircraft must survive the
flight to the combat area and the attack on its target. It 1s, of course,
very highly desirable for the aircraft to survaive the post-attack phase,
and the flight back to its base. At least, the pilot should be able to
survive, both for humanitarian reasons and to preserve his skills, abilities,
and training. There are a number of factors having to do with the aircraft
design that materially affect the ability of the aircraft and pilot to sur-
vive in a hostile environment.

27.1 Nuclear

In a nuclear battlefield, the aircraft will be subjected to thermal
and nuclear radiation, physical shock, and a powerful electromagnetic pulse.
The ability of the aircraft to remain functional and to protect the pilot

in this environment is a key element of survivability.

27.2 Aircraft Speed, Maneuverability, and Rate of Climb

Combat aircraft must be prepared for attack from the ground or from
the air. Maneuverability, speed, and rate of climb are key factors in
survavability. Beaing able to out-turn or out-climb an opponent gives a
decisive advantage. It is also desirable to be able to out-run an adversary,
1f necessary. These aircraft performance factors can prove decisive in a
hostile environment.

27.3 Electronic Counter-Counter Measures

Cn the modern electronic battlefield, much reliance is placed on
sensors and electronic systems of all types. Their ability to continue to
operate in a hostile electromagnetic environment enhances the survivability
of the aircraft.

27.4 Armor

An aircraft that can absorb ordnance strikes without damage to flight-
or mission-critical systems or injury to the pilot 1is inherently more sur-
vivable than an aircraft without such protection.

27.5 Crew Size

In aircraft with more than one crew member, there are extra hands, eyes,
and minds to watch for threats, monitor and operate systems, and deal with



damage. In extreme cases, a second pilot can complete the mission in the
event the first pilot is injured or killed.

27.6 Ejection Seat

The survival of the pilot often can depend on his ability to get out
of a damaged aircraft and parachute to the ground. At high speeds, an
ejection seat 1s required for this. The effectiveness, reliability, and
survivability of the ejection/parachute system 1tself are principal factors
in pilot survivability.

28. SUMMARY

This section has presented in qualitative performance-tree form the
individual elements that make up performance of the goal of mission accom-
plishment for high-performance military aircraft. The tree structure can
be used as described in previous chapters to help create system concepts
that will enhance aircraft performance or to analyze the effectiveness of
proposed concepts.




APPENDIX C

COsST MODELS

1. INTRODUCTION

In Tasks 2 and 3, ARINC used several available parametric cost models
to evaluate system concepts and determine potential benefits or to estimate
probable development and production costs. The models discussed here are
the American Airlines parametric operating cost model (Reference 34), two
different RAND Corporation aircraft airframe cost estimating models (Ref-
erences 42 and 43), and the General Dynamics-Convair Vehicle Design Evalu-
ation Program (Reference 41).

2. AMERICAN AIRLINES PARAMETRIC OPERATING COST MODEL

The American Airlines model (Reference 34) consists of a set of para-
metric equations developed in a study for NASA to determine commercial air
transport aircraft operating costs as a function of aircraft design charac-
teristics. It can be used to assess the effect of different designs and
the effect of advanced technology on existing and future aircraft. This
model includes more cost categories than the standard Air Transport Asso-
ciation (ATA) 1967 model, permitting more accurate descriptions of aircraft-
related operating costs. For example, the costs associated with flight at-
tendants and aircraft servicing are included in this model, but are not in-
cluded 1n the ATA model. These and other cost categories that are added to

the ATA model account for nearly 25 percent of aircraft-related operating
costs.

The American Airlines model 1s particularly useful in determining op-
erating costs and benefits because the extensive data base used in developing
the model provides a significant number of data points as references. Amer-
1can Airlines used the operating-cost data base accumulated on jet aircraft
since 1958. In addition, the company used the Boeing Service Experience Re-
tention Files, which include data on all Boeing aircraft in airline service.
This data base permitted and facilitated an extensive regression analysis.

Input data for the parametric equations consist of aircraft design
characteristics and requirements, as well as some design requirements of
auxiliary equipment. Data inputs include aircraft purchase price, seating
capacity, maximum gross weight, average flight time, airframe weight, number
of engines, number of electrical generators and their rating in kilovolt
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amperes (kVA), the number of inertial navigation systems, the air-flow
capacity of the air conditioning package, and the flow capacity of hydrau-
lic pumps.

The output of the parametric equation model is the aircraft-related
operating costs, in 1976 dollars, per trip for the different cost categor-
ies. The maintenance costs are further divided into labor costs and mate-
rial costs for each of the ATA Specification 100 Codes. Dividing by the
average flight time will yield the aircraft-related operating costs as cost
per flight hour, a more useful form for our purposes.

3. RAND MODEL #1

RAND Model #1 was originally developed by the RAND Corporation in 1966
(Reference 42) and revised in 1971 to provide consistent, accurate cost esti-
mates of airframe costs. The model that was developed considered several
variables, such as weight, speed, wing loading, wetted area, and aspect ratio,
but found that only weight and speed were significantly correlated to war-
rant consideration. The revision in 1971 added additional information to
the data base and made the model more objective, but the model still used
arrcraft weight and speed as the controlling factors in producing the cost
estimates.

The original model included data from 25 aircraft; several more were
added in the 1971 revisions. A variety of aircraft, all military, were in-
cluded 1n the model, although the cargo aircraft used are similar to the
commercial air transport aircraft being studied in our effort. These air-
craft include a variety of problems that are representative of development
and production problems encountered in the aircraft industry.

Inputs to the computer model consist of basic aircraft performance and
manufacturing parameters. Specific inputs include gross takeoff weight;
airspeed; maximum production rate; number of engines; engine thrust; engine
and avionics research, development, and test and evaluation (R,D,T&E) costs;
avionics costs for first unit; and desired airframe profit.

The model output consists of detailed cost breakdowns based on produc-
tion run and production rate. Specific outputs are airframe R&D costs, air-
frame production costs (both unit and cumulative), engine production costs
(both unit and cumulative), and total aircraft production costs, with or
without R, D, T&E costs.

4. RAND MODEL #2

RAND Model #2 (Reference 43) was developed in 1976 as a result of a
Defense Department request to review and update RAND Model #1l. The review
examined other variables that might better explain airframe development and
production costs, or that could be combined with several variables to des-
cribe program costs accurately. The impact of advances in manufacturing
technologies and materials on cost-estimating methodologies was also examined.




The resulting parametric model concluded that weight and speed are still
the two items of major significance, although other variables could produce
minor impacts.

The data base developed for this model consisted of development and
production data for 31 aircraft produced since 1945. Six of the aircraft
with first-flight dates earlier than 1952 were deleted because of data-reli-
ability problems. The remaining aircraft included five attack aircraft, two
trainers, three bombers, five cargo aircraft, and ten fighter aircraft. Cost
data obtained were categorized according to the design effort and whether
they represented engineering, tooling, manufacturing, or quality control.

Inputs to the parametric equations consist of airframe unit weight,
maximum speed, and the number of test aircraft. The parametric equations
used can be categorized according to aircraft grouping or total sample:
Group 1 1s small slow aircraft, Group 2 1s small fast aircraft, and Group 3
1s large slow aircraft.

The output of the parametric equations is the number of hours needed
to design and manufacture an airframe, the cost of materials, and the total
costs. Specific outputs include engineering hours, tooling hours, manufac-
turing labor, manufacturing materials, cost, quality-control hours, flight-
test costs, and total program costs.

5. GENERAL DYNAMICS VEHICLE DESIGN EVALUATION PROGRAM

The General Dynamics model (Reference 41) 1s the result of a series
of Air Force and NASA contracts to develop a computer model that would per-
form preliminary design analysis and trade-off studies on commercial trans-
port aircraft. The model we are considering was developed for the NASA
Langley Research Center in 1977. It consists of an aircraft vehicle sizing
routine and a cost—-analysis routine, and it determines first-unit manufac-
turing costs, total program costs, and return on investment.

The model was developed originally from statistical data on several
aircraft, with a statistical basis being used to determine vehicle sizes
and weights. Detailed cost data were available to establish the necessary
relationships between aircraft design characteristics and development and
production costs. In addition, a total program cost model was developed
that uses cost-estimating relationships and learning curves as well as in-
ternally generated cost elements.

Input data consist primarily of key system design parameters that
affect overall mission performance. Depending on the level of detail, spe-
cific inputs include gross takeoff weight, payload, speed, range, landing-
field length requirements, wing loading, span, sweep, taper, aspect ratio,
takeoff-field length requirements, climb requirements, slenderness ratio,
and fuel requirements. Where nonmandatory inputs are desired but are not
available, they are calculated internally by model subroutines.



The model output consists of aircraft design and performance charac-
teristics and development and production costs. Specific output includes
aircraft performance characteristics such as CL’ CD, wing area, thrust-to-

weight ratio, fuel capacity, aircraft geometry, weight and balance data,
engineering costs, tooling costs, material costs, manufacturing costs, first-
unit production costs, and total program costs.
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APPENDIX D

ARCEM RUN INSTRUCTIONS

1. INTRODUCTION

This guide provides all the information needed to use the ARCEM
computer program. It is configured to show the first time user step-by-
step how to run the program, and to provide a reference for the experienced
user to help in resolving problems or questions encountered in running the
program.

This computer program 1s the final step in the overall ARCEM method-
ology. The earlier parts of the process are manual and conceptual in nature,
and are described in detail in the ARINC Research Report titled, "NASA
Controls and Guidance Program Planning Support: Final Report.” This sec-
tion of this document will describe the earlier parts of the methodology
only as they relate to the inputs required for the use of the ARCEM computer
program.

The ARCEM methodology is a structured way of generating and prioritiz-
ing technical concepts in such a way as to maximize the degree to which the
goals addressed by the concepts are attained. The full methodology con-
tains information on the generation of concept ideas and data to support
their analysis in terms of benefits and costs. The key concern in the anal-
ysis 1s the relationship between the specific concept ideas and the generic
and enabling technologies that must be available in order for the concept
to be possible or practical. The ARCEM computer program portion of the
methodology orders the concepts by benefit-to-cost ratio, including the
effect of generic technology costs, and computes the cumulative benefit-to-
cost ratio of implementing the concepts in varying numbers.

The first step i1n using the ARCEM Program is to £11ll out the work form
shown in Figure 4-1 in Chapter Four. The form provides spaces for the name
of the concept, the benefit of the concept, the unit costs of the concept,
the generic technologies required, and the costs of the generic technologies.
In filling out the generic technology matrix, the user should write a "O"
(zero) to denote the case in which a generic technology i1s not required,
and a "1" (one) to denote the case in which a generic technology is
required. Thus, the work form will consist of concept benefits and costs
and a matrix of 1l's and 0's, annotated with the names of the concepts and
generic technologies. The data on the form can be entered directly into



the ARCEM Program with a minimum of keystrokes. Figure 5-10 in Chapter
Five shows example data entered on the form.

2. PROGRAM DESCRIPTION

The ARCEM Program 1s configurated to accept concept benefit and cost
data, perform the ratio computation, and to present the results in both
tabular and graphic form. The computation can be performed with the data
in the order in which they are entered, or with the data sorted into
descending benefit-to-cost ratio order. The order of the concepts can
also be changed at any time to judge the effect of performing the concepts
in a different order. ARCEM 1is configured to accept up to 100 concepts
and 20 generic technologies for analysis. However, a maximum of only 25
concepts can be plotted graphically. When more than 25 concepts are being
analyzed, only the first 25 are plotted, while results for all concepts are
presented in tabular form.

Data can be entered for analysis in two ways: manually by means of
the keyboard, or automatically from a previously created disk file. Data
entered by the keyboard can be stored on disk for later retrieval. This
allows use of a set of data over several computing sessions without the
necessity of manually re-entering the data each time. To aid the user,
complete editing capabilities are included in the program. The value of
any of the input parameters can be changed, and concepts can be added or
deleted. The present ordering of the concepts, along with the present
values of the benefit, cost, and generic technology matrix can be displayed,
with a hard copy output available allowing later reference to the data.
Hard-copy print-out 1s also available at the end of the sorting routine,
showing the sorted order of the concepts, and at the end of the computing
routine, showing the results in a table and a bar graph.

3. RUNNING ARCEM

The ARCEM Program i1s configured to run on a TRS-80 Model III Micro-
computer. A minimum of 48K of random access memory and one disk drive are
required. Also required 1s a light-pen input device. The program is con-
figured to use the unit made by the 3-G Company, Inc. If hard copy print-
out 1s desired, a TRS-80 Line Printer VII i1s required.

Throughout this document, the symbol "<ENTER>" will be used to denote
the action of pressing the key on the computer keyboard marked "ENTER."
The user will understand that the word "ENTER" 1s not to be typed ain.

With the computer, light-pen, and printer set up according to the
manufacturer's instructions, power should be applied first to the prainter,
then to the computer (the light-pen has no separate on-off switch). There
should be no dask in the drave at the time of turn-on; switching transients
could overwrite valuable data or even the operating system. After turn-on,
the red select light on the disk drive will light for about five seconds.
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When this light goes out, open the disk drive door and carefully insert the
ARCEM disk, with the label side up and read notch toward the back of the
drive. Gently press the disk into place until it seats in the drive, and
close the drive door. Press the recessed orange reset key at the upper-
right of the keyboard. The computer will read the disk operating system
(DOS) from the disk and in about five seconds present initialization data
and prompt the user for the correct date. Entry of the date in the speci-
fied format (MM/DD/YY) is mandatory. After entering the date, press the
<ENTER> key. The system will now prompt for the present time. Since the
system clock 1s not used by ARCEM, thais option can be bypassed by pressing
<ENTER>. The system wi1ill now respond with "TRSDOS READY." This indicates
that the DOS 1s now initialized and 1is ready for commands.

Enter the following command:
BASIC <ENTER>.

This engages the BASIC interpreter and prepares the computer to run the
ARCEM Program. The BASIC interpreter prompts for two pieces of informa-
tion: number of files and memory. Answer each of these prompts by press-
ing the <ENTER> key. The BASIC interpreter will now respond with "READY,"
and a prompt, ">", followed by a flashing cursor. Enter the following com-
mand exactly as shown below, including gquotes:

RUN "ARCEM" <ENTER>

The computer will then load the ARCEM Program from disk and begin execution.

4. ENTERING DATA

ARCEM will present a title page, followed by the main menu, offering
six options. If this 1s the first time a program has been executed since
the computer was turned on, all options except "INPUT" are locked out, since
no action can be taken until data have been entered. Select "INPUT" by
gently touching the tip of the light pen to the cursor next to the word
"INPUT." The light pen works by detecting the light from the cursor with
a photo-transistor; no pressure on the pen 1is required, and may damage the
pen or the screen face. A light touch 1s called for. The program identi-
fies the selected cursor by flashing all the cursors in sequence. When
the flashing 1s detected by the light pen, the program identifies which
cursor has been selected, and the program then branches to the desired
section.

The input routine presents the user with three options: "KEYBOARD
INPUT," "DISK INPUT," and "RETURN TO MENU." Selection of the last option
returns the program to the main menu. This feature will be found in all
of the sections of the program; the option to return to the menu is always
available. This allows the user to escape from an erroneously selected
option without altering data already entered. Selection of "KEYBOARD
INPUT" allows input of data through the keyboard. The program prompts for



the number of concepts to be entered. Consult your work sheet and enter the
number of concepts to be analyzed, followed by <ENTER>. (Remember that con-
cepts can be added or deleted at any time during use of the program.) The
program then prompts for the first concept. The concept name, benefit, cost,
and technology line can be entered directly from the work form, as in the
example below:

NAME 100 50 10110

The concept name can be any seven letters or numbers, and should be chosen
to act as a mnemonic for the concept under analysis. The benefit and cost
numbers may be in any units, but they must be in the same units, such as
thousands of dollars, or hundreds of thousands of dollars.

The technology line is the row of the technology matrix for the con-
cept being entered. The 1l's and 0's denote generic technologies that are
needed or not needed, respectively. During the entry of the technology
line, only the "1" and "O" keys are active; all other keys are locked out
to avoid the accidental entry of erroneous data. Follow entry of the line
of data by pressing the <ENTER> key. The program will then prompt for the
next concept. When all concepts have been entered, the program will prompt
for entry of the generic technology costs. After entering each cost from
the work form, press the <ENTER> key. It 1is not necessary to enter the
number of generic concepts, since the program computes that quantity from
the technology line data previously entered. Following entry of the last
technology cost, the program will indicate that the data have been entered
and return to the main menu. While entering data manually, 1f an error
1s detected before the <ENTER> key has been pressed, 1t can be corrected
by simply backspacing with the back-arrow key, located on the right sade
of the keyboard, just above the <ENTER> key.

If the disk file input, rather than keyboard input, has been selected,
the disk input routine will prompt for the name of the disk file. This is
the name that was assigned to the file at the time 1t was created (see
section on saving data to disk). Enter the name, followed by <ENTER>. The
program will attempt to read the designated file from the disk. If the
file 1s found, the program will notify the user that the file has been
loaded and return to the main menu. If the file i1s not found, an error
message will appear, and the user will be asked to re-enter the file name.
If this occurs, check to see that the file name you entered was the correct
one and that the correct disk i1s in the drive. Upon successfully loading
the file, the program returns to the main menu.

5. LISTING DATA

After completing the input section of the program, review the data that
have been entered by means of the "LIST" routine. From the main menu,
select the "LIST" option with the light pen. The concept data will be
listed as they were entered. If the listing contains more than 10 lines,
the program will pause at every tenth line. To continue listing, touch




the light pen to the continue command. After reviewing the concept listing,
use the light pen to select the "NEXT PAGE" option. That causes the program
to list the generic technology costs. As you review those data items, note
the concept or generic cost number of any erroneous data items. They can

be corrected through the use of the edit routine. After reviewing all data
1tems, use the light pen to select either "PRINT-OUT" or "RETURN TO MENU."
The print-out option provides a hard copy of the concepts and generic tech-
nology costs on the printer before returning to the menu.

6. EDITING DATA

To edit data fields 1n a concept, to change a generic technology cost,
to add, delete, or re-order the concepts, select the "EDIT" option from the
main menu with the light pen. Within the edit routine there are four edit
options: editing concepts, editing generic technology costs, deleting
concepts, and re-ordering concepts, A fifth option is return to menu.

If you wish to change the values of the benefits or costs of a con-
cept, or wish to change the technology line for a concept, then select the
"EDIT CONCEPTS" option with the light pen. The program will prompt for
the number of the concept you wish to change. Enter the number of the con-
cept to be changed, and press <ENTER>. The program will display the pres-
ent values of the various parameters and prompt for changes, starting with
the concept name. If you wish to change the name of the concept, simply
enter the new name, then press <ENTER>. If you do not wish to change the
name, press <ENTER> without entering a new name; the name will remain
unchanged. The program will prompt for changes to the next field, benefit,
and so on. Each time, if you wish to change a field, type in the new
value, then press <ENTER>. To bypass a field without changing the value,
press <ENTER> alone. If you wish to enter a new technology line, you must
enter the entire line, even 1f only one element is changed; you cannot
edit individual elements of a technology line. Following the last change
option, the technology line, the corrected concept is displayed. Select
"RETURN TO MENU" to continue processing.

To edit a generic technology cost, select that option with the light
pen. The program will prompt for the number of the generic technology to
be edited. Enter the number and press the <ENTER> key. The program will
display the current value, then a prompt for the new value. Enter the new
value and press the <ENTER> key. The program will display the corrected
value. Enter additional corrections or select "RETURN TO MENU" to continue
processing.

If you wish to delete a concept, select "DELETE CONCEPT" with the light
pen. The program will prompt for the number of the concept to be deleted.
Enter the number and press the <ENTER> key. The program will name the
deleted concept to confirm that the proper concept was deleted. Erroneously
deleted concepts may be restored by using the "EDIT CONCEPT" option. Select
"RETURN TO MENU" to continue processing.



If you wish to change the order of the concepts, select "CHANGE ORDER"
with the light pen. The program will prompt for the number of the concept
you wish to move and the number of the position you wish 1t to occupy.
Enter the two numbers, separated by a comma, and press the <ENTER> key.

The program will list the concepts in the new order. If you wish to have
a hard copy print-out of the list, select "PRINT-OUT" with the light pen.
Otherwise select "RETURN TO MENU" to continue processing.

Anytime you engage the editor, the concept list automatically reverts
to the unsorted ordering prior to accepting the prior edit command; that
1s, the order in which the concepts were before the last sort. This allows
the user to work with the concepts in a known or preferred order, and then
observe the effects of his changes as the revised data are sorted.

7. SORTING

The sort routine allows for the optimal ordering of the concepts. It
answers the question, "In what order should I implement these concepts?"
The sort routine examines the benefits and costs of each concept, including
the costs of required generic technologies, and ranks them in order of
descending benefit-to-cost ratio.

In order to use the sort routine, simply select the "SORT" option from
the main menu with the light pen. No input parameters are required. The
program notifies that the sort routine is engaged and displays the number
of sort iterations left to be performed. The sort routine 1is the longest
of the ARCEM routines; 1t can take several minutes to run 1f a large number
of concepts and generic technologies are being sorted. The display of the
number of i1terations left to go provides an indication of the amount of
time required for the sort to be completed.

When the sort 1is completed, the program will provide a listing of the
concepts in their sorted order. 1If you wish to have a print-out of the
list, select the "PRINT-OUT" option with the light pen. Otherwise, select
the "RETURN TO MENU" option to continue processing.

8. COMPUTING

The compute routine calculates the cumulative benefit-to-cost ratio
of the concepts as they presently exist. If the sort routine has been run
since the last input or edit of data, the concepts will be analyzed 1in
their sorted order. Otherwise, they will be analyzed in their order as
entered or edited.

To engage the compute routine, select "COMPUTE" from the main menu
with the light pen. No 1input parameters are required. The program displays
the message "WORKING" to inform the user that the computations are taking
place. When the calculations are completed, the program displays a list of
the concepts, along with the cumulative benefit-to-cost ratios associated
with doing those concepts. The ratio shown with, say, the fifth concept,
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1s the cumulative ratio for the first five concepts. It 1s the benefit-
to-cost ratio that would result from implementing the first five concept
i1deas. If a hard copy print-out of this list is desired, select the "PRINT-
OUT" option.

The "GRAPHICAL OUTPUT" option causes the program to draw a bar graph
showing the cumulative benefit-to-cost ratio as a function of the number of
concepts performed. Benefit-to-cost ratios greater than 12 cannot be dis-
played graphically; in such cases, a message to that effect 1is displayed,
and the program returns to the main menu. If a hard copy print-out of the
bar graph 1s desired, select the "PRINT-OUT" option with the light pen.
Otherwise, select the "RETURN TO MENU" option to continue processing. The
print-out of the bar graph can take up to 10 minutes for cases with large
numbers of concepts.

9. SAVING CONCEPT DATA

The ARCEM Program provides for the storage of concept data on magnetic
disk. If you wish to save the set of concepts and generic technology costs,
select the "DATA TO DISK" option from the main menu.

The "DATA TO DISK" routine will prompt for a file name to be used.
Enter any combination of letters and numbers up to seven characters, then
press the <ENTER> key. The user may wish to choose the file name to act
as a mnemonic for the file it identifies. Alternately, the files can be
numbered sequentially or identified by the name of the file's originator.
The program will store the data and inform the user of completion. Select
"RETURN TO MENU" to continue processing.

10. PRESENT VALUE UTILITY

The present value utility program 1s a stand-~alone program designed
to aid the user in the preparation of data for computation with the ARCEM
Program. It will accept a series of cash flows and a discount rate and
return the present value of the series. Both uniform and non-uniform series
can be accommodated.

To use the utility program, execute the following command after engag-
ing the basic interpreter as described above:

RUN "UTILITY" <ENTER>

The present value utility program will present a menu with three
options: uniform value, non-uniform value, and end utility. Select una-
form value 1f the series of values 1is uniform from year to year; for
instance, a benefit of $100,000 a year for 10 years is a uniform benefit.

The program will prompt for the number of years over which the wvalue applies.
Enter the number of years and press <ENTER>. The program will then prompt
for the discount rate to be used in computing the present value. Enter the



discount rate desired, in whole numbers (e.g., 12 percent) and press
<ENTER>. Pressing <ENTER> without first entering a value will result in
the use of the default value of 10 percent. The program will compute the
present value, present the result, and then prompt for the next value.
Enter the next values to be computed and continue as before. When you have
completed calculation of all uniform cases, enter 0 to return to the menu.

A non-uniform series of values 1s one in which the values vary from
year to year. For instance, a benefit of $50,000 the first year, $75,000

the second year, and $100,000 the third year is an example of a non-uniform

series. For such cases, select the non-uniform option from the menu. The
program will prompt for the number of years to be considered, and the dis-
count rate to be used. Enter these as described above. The program will
then prompt for the various values year by year. Enter each of these,
then press <ENTER>. When all the values have been entered, the program
will compute the present value and present the results. Select "RETURN TO
MENU" to continue processing.

When you have completed all present value calculations, select "END
SESSION" from the menu and the utility program will terminate. At that
time, you may execute the ARCEM Program as described above or terminate
the computing session as described below.

11. ENDING THE COMPUTING SESSION

When you have completed all computations and wish to terminate the
computer session, first be sure that you have obtained all print-outs that
you require. Also be sure that you have saved to disk any concept data
you wish to retain. (When the computer 1s turned off, all data in the
computer's memory are lost.)

Having verified the above, open the disk drive door and carefully
remove the disk. Do not turn the computer off while a disk 1is in the disk
drive; switching transients could cause valuable data to be erased. Store
the disk 1n 1ts protective sleeve, away from sources of heat or magnetic
fields. Close the disk drive door, and turn off the computer. Finally,
turn the printer off.
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18 ‘DRIVER ROUTINE

20 CLEAR 100008:DIM N2£(100),BEMNC108),C3T(100).CGTC 1887, M1$¢ 10073,81¢10@>,C1{10893>,3
1£¢1685,Q{ 1085, CR( 1985, GC{ 20>, 23( 1005, 8( 180>

32 CLS:PRINTR1S4, "ARINC RESEARCH" PRINTR215, "COMCEPT EVALUATION" PRIMTE28T, "PROG

RAM" PRINT®473, "ARCEM" ' PRINTR7235, "¢(C> ARINC RESEARCH CORP" PRINTEV34."2551 RIVA

RD" PRIMTRESS, "AMNMAPOLIZ, MD., 21401°

49 FOR J= 1 TO 129Q@:NEXT J

50 F2=Q:F3=0Q

58 POKE 16916,0:CL3 PRINTR2S, "XXiMENUKKK" ' PRINT TAB(12), "THE FOLLOWIMG FUNCTIONS
ARE AVAILABLE "; ‘

78 FOKE 1£916.,0

39 ON ERROR GOTO 3489

3@ GOSUB 2200

188 PRINTR 276, " IMPUT"

11@ PRINT® 4@4,"EDIT"

120 PRIMTR 332,"LIST"

1329 PRINT® 296, "SORT"

148 PRINTR 424, "COMPUTE"

150 PRINTR 3SZ2,"ORTA TO DISC”

16@ PRINTE?T38, "SELECT DESIRED FUNCTION®

170 C(1)=272:CC20=4009:C{3=T28:CC4)m292: C(J)=420:C{§)m=348

120 NN=6:GOSUB 2880 =P IF Vv<>1 AND F3=@ THEN CL3 PRINTR26, "YXXXERROR¥kx".PRINT

CHR3{ 204 ), "NO DATR HAS BEEN ENTERED:G0 TOQ ",CHR#$(34),"INPUT",CHR#(34):FOR J=1 TO
10808 NEXT J:G0TO 48

128 ON ¥ GOSUB 21@ ,568 .11@@ ,136Q ,178Q ,2420

200 GOTO &2

210 ‘Y INPUT ROUTIME

22@ CLS PRINTER22, "x¥XINPUT ROUTIMEXX%" PRINTR286,"INPUT FROM KEYBOARD" PRINTR414

s "INPUT FROM DISC":PRINTE@S42,"RETURN TO MEMU"

220 NN=3:CC1)=282 C{2)=41@ C{3=523:GOSUB2809 :G0SUB288A :'OM P GOTO 248 ,2360 .

52

24@ CL3:FOR J=1 TO 20:GCCJ0=Q'NEXT J!'F2=0

250 PRINTER2Q, "XXXKEYBOARRD INPUTXXX" PRINT

268 PRINT"ENMTER NUMBER OF CONCEPTZS":PRINT"(@=RETURM TQ MENU3":IMPUT "MUMBER=",N:
IF M=@ THEM €0

270 IF N>108 QR H<Z THEM ZE8

280 CLS LMX=Q:F3=1 POKE 18916.2 ’‘SCROLL PRQTECT TOP 2 LINES

2298 PRINT"ENTER CONCEPTH#"

308 PRINT" MAME BEMEFIT COST TECHNOLOGY LINE"

212 FOR %=1 TO N

320 PRINTE31. 4,

33@ IF XK<{=14 THEN SC=X+1 ELSE 5C=13

340 FOR G=1 TO SC PRINTCHR3$(26), 'NEXT G'PRINTCHR$(23);

350 INPUT N$(XD

260 PRINT TABC1@) CHR$C2T;

373 IMPUT BEMCHY

3338 PRINT TABC 13> CHR3(27 ;s

398 INPUT CSTL{X)D

438 PRIMT TAB(27 Y CHR$(27),"? ",

41@ GO3UB 2528 ’‘BRANCH TGO TECH LINE INPUT ROUTINE

420 IF LENCSSCHOIPLMY THEN LMX=LENCSS$CRX))

438 PRIMT CHR$C137;

448 MEXT X

450 PRINT PRINT"DATA ENTERED" FOR J=1 TO 208 MEXT J:POKE 16316.1

4€Q CLZ PRINT"ENTER COSTZ OF GEMERIC TECHNOLOGIES"

478 PRINT

438 FOR A=1 TO LMX

498 PRIMNT"COST QF GENERIC TECHMOLQGY #".¥;" *

500 INPUT CGTCX):GCCXOI=CGTC A3’ LOAD SHADOW COST VALUES

S1Q MEXT %

520 FOR J=t TO N

538 N1£¢JOaN$C ) Bl J¥=BENC I C1C(JI=CETCY) S18( JO=83(J)

S48 MEXT J

5=Q PRINT:PRIMT "DATA EMTERED" FOR J= 1 TO 200:NEXT J:RETURM



360
578

3Bg
S99

CLS ™ PRINTE22; "KX¥EDIT ROUTINEX %" PRINT/EDIT CONCEPTS ROUTINE
PRINT" WHICH 0O YOU WISH TO 007"

GOsSuB 2309
PRINTE28E, "EDIT CONCEPT", PRIMTE414,"DELETE COMCEPT", :PRIMTRZ42,"EDIT GEMERI

C TECH COSTS";:PRINT@SE70, "CHAMGE QRDER OF COMCEPTS" PRIMTR?S3, "RETURM TO MENU"

€00
518
€208
630
54@
£350
568
&7
630
£390
g1
710
720
730
748
7sa
760
773
730
vo0
300
3819
320
UMBE
330
RINT
340
350
3€8
gra
380
332
300
310
OEL
920
3539
740
350
36@
370
382
998
1000
1819
1220
1220
19048
1050
1660
10ve
168@
1930
1108
1110
11292
1138
1140
INTC

MNMa3:CC1I=282:0C22418 C(3)=538:C(4=668 C(Tia794 GOSUB 2283
ON P GOTO €20 .,310 ,303 ,3600 .68

CLS Fi=Q:F2=0

PRINTR23, "¥k*COMNCEPT EDITXKX" PRINT

INPUT"WHICH CONCEFT NUMBER DO YOU WANT TQ EDIT".HMNE

PRINT " # MNAME  BEMEFIT COST  TECHMOLOGY LINE"

IF NE>M THEN N=M+1 MNE=N

PRIMT ME;TABC4 ), NECHNE ), TRBC 18, BEMCME Y3 TABC2@ 35 CST(ME 7, TRBC 23 5, S$CHED
PRINT

IF Fi=1 THEM RETURM

PRINT"ENTER MEW COMCEPT #",HNE

PRINT

INPUT"NEW NAME=", NSCHE)

INPUT"MEW BENEFIT=",BEMCME)

INPUT"NEW COST=",CST(NED

INPUT"MEW TECH. LIME=",S$(MNE>

PRINT:PRINT"CORRECTED CONCEPT #",NE,":"

Fl=1:GOSUB €0 F1=Q

GOSUB 1062

PRINTERZZ3, "RETURM TO MENU", MNM=1:C(1)=335 GOSUB 230@ GOSUB 2880 RETURN
CLS: PRINT" XXXGENERIC TECHNOLOGY COST EDITAXX" PRINT

F2=0

PRINT"WHICH COST DO YOU WISH TO EDIT" PRINT"(O=RETURN TO MENUY":INPUT"COST N
R=", ¥

CLS: IF R>LMX THEM PRINT"¥XXTHERE ARE OMLY ".,LMX;" GENERIC TECHNOLOGIESXXX":P
1GOTO 320

IF ®=@ THEM GOSUB 106@ RETURM
PRINT"GENERIC TECHNOLOGY COST #",X, "=",CGT(XK)

INPUT"ENTER MEW COST ".¥
CGTC X ymy

PRINT

PRINT"MEW GEMERIC TECHHOLOGY COST #%.%: "=",CGTC(X)
PRINT:GOTO 320

CLS ' PRINTR22, "*¥*OELETE CONCEPT®XX" « PRINT: PRIMT"WHICK CONCEPT DG YOU WISH TG
ETE" ' F2=0
PRINT"¢Q=RETURM TO MEMUY";

IMPUT D+ON$aN$<D) ’SAYE MAME OF DELETED COMCEPRT

IF D=@ THEM €@

IF D=N THEM M£(D)="" BEN(D)=@:C3T(D>=3:35¢D J="" :Han~1:G0TO 10820
N1
FOR J=D TQ N
MSC JomNSC J+1 )
BENC J )=BENC J+1 )

03T JI=CETC L)

S$C JIn3SEC I+ D

NEXT J

PRINT PRINT"CONCEPT #",D;" NAMED ";CHR$(34),0N$,CHR$¢34);" HAS BEEN DELETED

GOSUB 108
GOSUB 3120 GOSUB 2833 GOTO &0
FOR J=i TO M
N1£CJoaNgC d) B1{ J0=BENCI 31 C1¢JO=CaTC U S18¢Jo=SeC U2
NEXT J
RETURN
CLS:POKE 16316,! ‘SCROLL PROTECT TOP LINE
MATRIA PRINTOUT ROUTIME
PRIMNT" # HMNAME BEMEFIT COST  TECHMOLOGY LINE"
FOR J=1 TO N
PRINT J,TABC4),MN3<J 3, TARBC 18I, BENC I TABC 192 CSTCJ Y TREC27 ), S U IF (Jr18)-
Jrid’=9 THEM GOSUB 1220




-5 MEXT-_LLPRINTRAZL, UNEXT.-PACE" . MNwi:C(1 12947 £OSUBR2892 (COSUA2989 POKE. 1631
6,8:CLS:POKE 16916,2

1160 PRIMT"GENERIC TECHNOLOGY COSTS “

1178 PRINT"S cosT"

1180 FOR J=1i TO LMX

1130 PRINT JTABC3);CGTCJD

12080 IF(J/100-INT{Jr1@)=8 THEMN GOSUR 1228

1210 NEXT J

1220 GOSUB 28@Q PRINTEB1S, "PRINT TABLES"; PRINTR344,"RETURM TAQ MEMU", NN=2:C{1)
=3812:C<2)=340:G0SUB 2830 ON P GOTO 1240 ,60

1220 GOSUB22G8 :PRINTR33S, "CONTIMUE", MM=i C{1)=332 GOSUB 2389 :PRINTE@S32.,"

", PRIMNT CHR#£{13), RETURM

1240 LPRINT CHR2£C(3@):LPRINT " # NAME BEMEFIT COST TECHNQLOGY LINE"
1236 LPRINT

12608 FOR J=1 TO N

1278 LPRINT JiTABCS NS U TABC 10 ) BENC YD, TREBC 195, C3TC U TABC 2855 83¢J2

1280 NEXT J

129@ LPRINT:LPRINT

1288 LPRINT"GEMNERIC TECHNOLOGY COST3S" LPRINT

1319 LPRINT " #  COST":LPRINT

1328 FOR J=1 TO LM¥

123@ LPRINT JsTAB{43;CGTC(J)

1340 NEXT J

1358 =0TC €0

13€8 F2s1 ‘SET FLAG TO INDICATE 3SORTED DATA

1378 *SORT ROUTIME

1320 MK=Q:8MX=0:CT=0 FOR J=1 TO LMX GC{JI=CGT(JYNEXT J

1390 FOR J=1 TO N GKJ)=@:NEXTJ PRINT CL3 PRINTR4Q7, "¥XkSCRTIMGXXK" PRINT@471,"1T
ERATION",

1408 FOR H=1 TO N

1418 PRINTR431,{N=-H);

1420 FOR J=1 TO M

1420 IF Q(J> = {1 THEN 1523@

1435 IF CST{J)<=Q THEN C3T(J>=.Q01

1448 CTaCT+CIT(J)D

1430 FOR K=1 TO LMX

1468 CT=CT+{VAL{MIDSCSSC I3, 1, 130 04GCCKD

1478 MEXT K

1430 BC=BEMNC(JI/CT

1420 IF BC<BMX THEN 13510

15060 T=J:BMx=EC

1518 CT=0

13538 NEXT J

1535 FOR K=i TO LMX IFCYALCMIDSCSECTI.K.1)330=1 THEN GCIKI=@'NEXT K ’REM 2ERQ Q
UT GEM.TECH. COSTS THAT HAVE ALREARDY BEEM RADOED

13408 MiIS{HI=NE(T)

155@ BiC¢HI=BEN(T)

156@ C1(H=C3T(T?>

1578 S13C(H =S T

1380 G¢T a1l BC(HI=BMX

1590 BM¥=@:Ta@ NEXT H:'CLS:PRINT"SORTED QRDER":PRINT PRINT" # COMCEPT" : PRINT
1600 FOR XK=t TO N
1619 PRINT XA;" "IN1SCHD

1620 IF (X/10=INT{x,/1@>=3 THEM GOSUB 1230

18230 NEXT X

16438 GOSUB 2300 :PRINTREG4, "PRINT TRBLE", :PRINT23I22, "RETURN TO MENU"; :NN=2:CC(1)m
S0Q:C(2)=322 GOSUB 2880 oM P GOTQ 1628 .60

1653 LPRINT CHR#<31):LPRINT"SORTED QOROER:":LPRIMNT:LPRINT" # CONCEPT" ' LPRINT
16608 FOR X={ TO N

1678 LPRINT X, TABCSI,M1¥C(K)

1688 NEXT RX:LPRINT

1638 GOTO <8

1720 °CUMULATIVE BENEFIT/COST ROUTINE

171@ ‘COMPUTE ROUTINE

1720 CLS:PRINTR4A7, "*XXWORKINGKXK"

1730 M¥=@:FOR J=1 TO LMX:GCCJI=COT(J) MEXT J CB=Q CC=Q



1748 FOR-H=L-TQ-H

1738 CB=CR+B1i(H)

17€8 CC=CC+Ci(H)

1778 FOR J=1 TO LMK

1738 CC=CC+(YALIMIDSCS13CHD, J, 1 )3 2%GEL U

1798 IF (VALC(MIDETC(S13C(HI, J,15))=1 THEM GC¢J)=0

130Q@ MEST J

1912 ’'COMPUTE CUMULATIVE RATIO

1829 CR(HI=CB/CC.IF INTC(CRC(HIIMKX THEW MX=IMT(CRCH3)
133@ MEXT H

1348 CLS.PRINT"RESULTS:CUMULATIVE B,C" IF F2s1 THEM PRINT"MOTE: CONCEPTS HAVE BE

EN SORTED” ELSE PRINT"MQTE: CONCEPTS HAVE ¥NOTX BEEN 3SORTED" PRIMT
1858 PRINT:PRINT"# CONCEPTS NAME CUMULRTIYE BrC"
18608 FOR J=1 TO M PRIMT JiTAB(142M1SCJ)TABC242,CRA YD
1878 IF (Jr/1@3=INT{Jr19=0 THEN GOSUB 1220

1380 NEXT J'GOSUB 2200 PRINTES16,"PRINT TRELE". PRINTE344, “GRAPHICAL QUTPUT",;
NN=2 C(13=212:C{(2)=940 GOSUB 2830 :'ON P GOTQ 2348 , 1330
1399 CLZ IF MX>12 THEN PRINT"THE MAXIMUM B/C IS GREATER THAN 12 AND CAMNOT BE PL
OTTED GRAPHICALLY" FOR J=1 TO 3908 MEXT J RETURMN

1508 TEMP=Q@:IF N>2T THEMN TEMP=N:MN«2T

1913 ‘PRINT YERTICAL AXIS

1920 FOR I=1@ TO 773 STEP &4

1930 FRINT 2 I,CHR$(131)

1940 MEXT I

1950 ’*PRINT HORIZONTAL AXIS

19€Q PRINTRY?I, STRINGE{33,176);

1370 ‘PRINT X-AXISZ ZCALE

138Q FOR I=1 TO M

1590 M=l

2008 IF 153 THEN M=( INTCI/1Q0)>

2910 SaINTC(49/(N=13)

2020 PRINT @343+ I-13%SI),M;

20328 AR=({I-/13=INT(1-10853%10:IF AR<1 AND AR{>ATHEN AR={
2040 IF 153 THEM PRIMT B (3@7+(<(I-1)XS73,AR

2830 MEXT I

20£Q MH=M¥+1’SCALE Y-AKIS

2872 IF MX=1 THEM I=12

2088 IF Mwal THEM I=S

20959 IF Mw=3 THEN I=d

2100 IF M¥=4 THEN I=3

2118 IF MxX=S THEHN I=4

21202 IF M¥=€ THEM 1=4

2130 IF MX=? THEN I=3

2149 IF MX=3 THEN I=3

2158 IF Mx>3 THEM 1=2

2160 IF MX>4 THEM L=l ELSE L={

2170 ’‘PRINT Y-AXIS YALUES

2188 FOR J=Q TQ 12 STEP 1

2198 PRIMT @ (E+(12-J3%E473,C(CU T YR )

2200 MNEXT J

2210 PRINMT @ 384, "BrCY,

2220 PRINT @ 30€,"# OF CONCEPTS",

2230 'ORAM BARS

2240 FCR Jat TO N

22208 LI=SINT(C(CRCUIKRIDALD:IF L1512 THEN LI=12

2260 FOR K=0 TO LI

227Q PRINT @ (720+{{J=~17%S)I=( 644, CHRSC 191 3

2280 NEXT K

2298 NEXT J

228Q IF TEMP <> @ THEN NaTEMP

2319 GosuB 2800

2329 PRIMTRI?3, "PRINTOUT";

2338 PRINTR1089, "RETURN TO MENU". :NN=2:C< 1)=3378:C{2)>=997 GUSUB 2880 :v=F:ON ¥V GO
TO 3130 .60

2340 CLS LPRINT CHR2(31)

235C IF F2=y THEM LPRIMT"MOTE: CONCEPTS HAYVE BEEN SORTED" ELSE LPRINT"NOTE: CONC




ERTS-HAVE - £MOT# 3EEN SORTED"
236@ LPRINT
2370 LPRINT " # NAME CUMULATIVE B/C* LPRINT
2380 FOR J=1 TO M
2390 LPRINT JiTREC4):M12C I, TABC 12D, CRL S
2490 MEXT J
241@ GOSUB 28068 PRINTE22S, "GRAPHICAL QUTPUT" PPINTE414,"RETURM TO MENU" C(1)=28
2 C{2o=410 NH=2 GOZUB 2383 OM P GOTOQ 1330 .60
2428 ‘FILE QUTPUT ROUTINE
2439 OM ERRCR GOTO 92
2440 CLS
24T3 CLS PRINTE24, "X¥XDISK QUTPUTRXX" PRINT PRINT PRINT"WHAT 00 YOU WISH TQ NAM
E THE QUTPUT FILE®?"
24€Q PRINT "(ENTER O TO RETURM TO MENUIY" PRINT
2473 INPUT "MAME=",A%
2438 IF As="@" THEN 50
2498 OPEM "0", 1,A%
2598 FOR J= {t TO N

T10 PRIMTH1, MECJ2, ", ",BEM(U ", ", CETCUS, ", ", S80I ", ", CaTEUD
5520 MEXT J
2520 CLOSE
23543 PRINT PRINT"THE CONCEPT FILE MAMED ",CHR${34);A%;CHR$(24)," HAS BEEN SAVED
TQ OISK"

o330 GOSUB 2120 GOSUB 23338 RETURM
23€@ 'FILE INPUT ROUTIME
5596 PL“ OM ERRCR GOTO 277Q

: x FOmy

, o § [ n -] " SILE 3
2230 230 ‘r‘*nvEé"%‘?‘é AEEURS Y RERNTPRAYTHIBITYRICH RARELRGAg0Y WIsH TO INP
“600 IF Ag="g" THEN &
2613 F2=0
2620 OPEN "I%,1,RAs
2620 J=J+t
<540 IF EOFCL1)> THEN 26870
2650 IMPUTH#1,MEC I, BEMC I, CSTCJ D, S8¢ U3, CGTCID
2660 GOTO 2630
2670 N=J-1:CLOSE:'LMX=Q
2630 FOR J=i TQO H
2638 X=LEM{33(J2)
2780 IF XOLMY THEN Lhxaw
2718 NEXT J '
g?:ﬂ PRIMNT:PRINT"THE CONCEZPT FILE MAMED ".,CHR#(343.,A%,CHRE(34)," HAS BEEN EMTERE
"
2720 FOR J=1 TO M
2740 H1$CJOaNEC I )1 BIL JI=BEMNC J Y1 CICJ3mCaTC U ) S13K J0=S8C )
2732 MEXT J
2TEQ GOSUB 21208 :'GOSUB 2338 RETURM
27VR CLOSE CL3 PRIMTE2Y. "XXAXERRORX%X" PRIMT PRIMT:PRINMT"THE CCNCEPT FILE NAMED *
LCHR2C 347 A%, CHRE(34); " IS NQT ONM THIS DIZK"
2708 PRINT PRIMT"CHECK THE FILE MAME AMD TRY AGRIN"
2798 PRINT PRINT FOR J=1 TO 1280 MCXT J RESUME 2%8@
2880 ‘CEFINE CURSCR CHARACTER
2818 C%=CHR%(131)
28928 'DEFIME BLANK CHARACTER
2820 Bg=" ¢
2840 ‘ACTIVATE LIGHT PEH
28%0 QUT 2TS, 4:REM MODEL 1 ACTIVATED
2868 QUT 206.2 REM MODEL 3 ACTIYATED
23790 RETURM

288 GHT p, TINE
5 s E? 2
gﬁ FEQ”IM o WA-E “ﬁ%?ecum.cs, NENT JA

2913 'RESET FLIF FLOP

2520 OUT 20T, 4

2938 ‘SEE IF THERE I35 ANY LIGHT DETECTED
23940 IF INPC2555{123 THEN 2348

29%Q@ ‘3EE WHICH CURSOR I3 SELECTED

29€0 FDR P={ TO MM



Q97 FOR JB=1 TO 2

2980 ’‘TURN OQFF THE CURSOR AND CHECK

29938 PRINTECCP 3, B

300608 FOR JA=1 TO 2 MENT JA

SR18 OUT 2T3.4

3020 FOR JR=1 TO 2 MNENT JR

3030 IF INP{ISI>>122 THEN 31060

3040 ‘TURN ON CURSOR AMD CHECK

208 PRINTRC(P).,CS,

S0€0 FOR JR=1 TQ 2:NEXT JR

267 IF INP(2%534<123 THEMN 2104

3080 NEXT JB

3098 RETURM

3180 MEXT P

3110 G0TO 2839

3120 PRINTESZS, "RETURN TO MEMU" MN=1 C(1)=923 GOSUBZZ20Q RETURM
31328 CLZ PRINTR4O7, "kxXxPRINTINGKKX"

2143 PRINTR471, “(3-18 MINUTEZ"

313 EMP=Q: IF N>2T THEN TEMF=H:N=23

2140 LC=i:LL=3:LNsMX Fl=g

3161 IF MX=35 OR MX=6 THEN LN=§

3162 IF MX=? CR MKX=8 THEM LhN=38

3163 IF MX=9 OR MX=10 THEM LN=10

3164 IF M=1l QR MX=>12 THEM LM=12

3170 SPalNTL(C(467=CE8FNII/NY IF 2P=12 THEN SP=11l

3129 VE=a3XkI YT=vS+1 LPRINT LPRINT

31283 LPRINT CHR2(3@);"BrC"

3220 LPRINT

3210 FOR K=1 TQ 36

2229 IF LC=YT THEM LC=1

3228 IF LC=1 THEM GOSUB 3448 GOTO 3240 ELZE LA=32 LB=32

32248 LCalC+l

22%0 LPRINT CHR£C38),CHRE(LAY, CHRE(LB), CHRSL 133, CHREC( 23), CHR3C 203 CHREC 2ET 35
2260 FOR J=1 TO M

2270 IF KX 2E~( INT(CRCJIAVEI-L D) THEM BAR=2%Z ELZE BAR=123

3280 LPRIMT CHR2{135Y;CHRS$. 29), CHRSC SP ), CHREC 123), CHR2ZC 13 ) CHR${ 28 1 CHR¥( 6 3, CHR${
BAR Y,

329G NEXT J

3398 LPRINT CHR2(26)

3313 NEWT K

3322 LPRINT CHR2(39; "00",CHR3( 132 CHREC 23 ), ChRE( 230 5 CHREC 131 J; CHR$C 28 3 CHR$( 23
97, CHREC 131D

3208 LFRIMT CHR$C 13),CHR%{23),CHR2{ 132, CHR2{ 1281,

3240 CPagP-3

33506 FOR J=i TO N

2263 THa( INTC(J/1337 UN=J=¢TN¥19) *TENS AMD UMITS PLACES

2279 IF TH=9 THEM D1siJN+43:02=32 ELIZ D1=TM+48 D2=UN+43

2238 LPRIMT CHR2$(13),CHRE(28); CHRE( 3P ), CHREC 1283, CHR${ 38 ), CHR2( D1 5, CHR2{ 02,
3358 NEXT J

2402 LPRINT CHR$C(2E) LPRINT

2410 LPRINTCHR2{31), CHR®£C16);"21","NUMBER OF COMCERTS"

2420 IF TEMP <> O THEN N=TEMP

2430 GOTO €3

3440 LA=INT{LN/1935+43

3458 LB=INT ((LHI={IMT(LMA/1850%1Q5+43

3460 LN=LN-L

3470 RETURN

S480 ’‘ERRGOR TRAP

34308 CLS:PRIMTE2E, "t¥¥ERRORY®X"

2200 PRINMTRIS2, "AN ERROR COMDITIOM HAS OCCURRED. VERIFY INPUT DATA TO INSURE
THAT ALL BENEFIT., CQST, AMD TECHMOLOGY LIME ARGUMEMTSZ FRRE CORRECT AND MEAN
INGFUL (HOTE ALL COST YALUES MUST BE GREATER THAN ZERO"
3518 GOSUB 2120 GOSUB 2880 RESUME €@

S%20 Zs(¥i="" ‘TECH LIME INPUT ROUTIME

3530 RAAg=INKEYS

340 IF ARS=CHRZI( 13> THEM JT530




3TIY
3TEL
3578
3388
3T%e
3600
3510
3620

CONCEPT WHICH ¥OU WISH TO MOVE (FROM),

MOVE
3638
2648
g1
3668
3670
o)
€30
37
3712
3720
37306
3744
37S0

IF AALL>"1" AND ARLL>"Q" THEM 235230

PRINT AR,

SE( K I=SSC X I+ARST

GOTO 3330

RETURM

’EXCHANGE ROUTINE

F2=@

CLS:PRINTR22, "x¥XCHANGE ORDER kxx" PRINT PRIMNT PRINT"ENTER THE NUMBER OF THE

IT." PRINT

INPUT “FRCM.TO=",F,T IF FXN OR T>M THEN 3630

NTEaMS(F Y BT=BEM(F ) CT=CST(F J:STE=3S$(F)

IF F>T THEM 2€29

IF FLT THEN 3728

IF FaT THEM PRIMT"FROM AMD TQ CAMNOT BE THE SAME" GOUTO 3624
FOR J={F> TO {T+1> STEP -1

NEC JOmNEC J=1 2 BEMC J0mBEMNC J~1 5 CST(JI=CST(J~1) S#(JimSs(d~-1)
NEXT J

GOTO 237Z

FOR J=F TQ T-1
NE(#)-N$<J+1)*BEN<J>=8EN<J+1)xCST(J)-CST(J+1J'SS<J)-S$(J+1)
MEXT J

NEZCT )=NTS:BEN( T =BT C3T(T)I=CT S$(TI)=ET2

37€3 CLS:PRINT"THE CONCEPTE ARE MOW ORDERED AS FOLLGOWS " :PRINT:PRINT " #
PT MAME"

3773 FOR J=wi TO M

3728 PRINT J,M$(J)

3728 IF {Jr18)>=-INT(J/182=@ THEN GOSUB 1230

3808 HEXT J

33818 GOSUB 10€Q 'STORE YALUES FOR COMPUTRTION

323820 GOSUB 2129 :GOSUB 233890 : GOTO €@

AHND THE POSITION TO WHICH YQU WISH TO



10

e}
40
b
&0
78
a8
28

CLS:CLEAR

PRINTR18, "¥X4kPRESEMNT WORTH UTILITYikk"
PRIMT:PRINT"SELECT THE OESIRED FUMCTIOM *
PRINT®330, "UNIFORM BEMEFITS OR COSTS"
PRINT@473, "MOM-UNIFORM BEMEFITS OR COSTS"
PRINTREQE, "END UTILITY RUM"

CC10a346 C{(2)=2474:C{ 32602 N=3

GOSUB 479

GOSUB S350

APPLY"

APPLY"

139 ON P GOTO 118 .,220 ,468
118 *UNIFORM SERIES ROUTIME
120 cLS
138 PRINTE2L, "X&UNIFORM SERIESK%%"
142 PRINT PRIMT"EMTER DISCOUNT RATE TO BE USED (DEFAULT=18%)>"
145 I=1Q
1%3 INPUT"DISCOUNT RATE= ", I
162 I=1-100
172 PRINT"ENTER THE MUMBER OF YEARS OVER WHICH THE BEMEFIT OR COST WILL
130 INPUT"NUMBER OF YERRS= ",HM
190 Fu(CC 1+ I0NI=1 ¢ THC 1+1 30HD
280 PRINT"ENTER THE AMOUNT OF THE BEMEFIT OR COST (O=RETURN TO MEMHU)"
218 INPUT"AMOUNT= ",A
228 IF A=@ THEN 10
238 PU=AXF
240 PRINT PRINT"THE PRESENT WORTH IS'"; PRIMT USING"SE#u##s#%";PU
2%0 PRINT
268 GOTO 220
270 F=i/¢(1+ICH> RETURN
220 ’NOM-UNIFORM SERIES ROUTIME
298 CL3 CLEARR
20@ PRINT"EMTER THE HUMBER OF YERARS OVER WHICH THE BEMEFIT OR COST WILL
318 INPUT "MUMBER NF YERRS= “,M1
320 PRIMT"EMTER DISCOUNT RATE ¢DEFALLT=10%)"
338 Is10
340 INPUT"DISCOUMT RATE= ", 1
253 I=1.123
263 FOR N=i TO M1
379 PRINT "ENTER THE AMOUNT FOR YEAR #".N
238G INPUT "AMOUNT= ".A
339 GOSUB 270
400 PU=AXF
410 NPW=NPU+PU
420 NEXT M
428 CLS
443 PRINT"THE MET PRESEMT WORTH IS ", PRINT USING"SSHH#HH##",NPU
4%0 PRINT2926, "RETURN TO MENU" C¢1)=922:H=i GOSUB 479 GOSUB S5@ GOTO 10
468 CLS PRINTR4TS, "UTILITY ENDED" FOR J=t TO 200:NEXT J CL3 EMD
473 ’DEFIME CURSOR CHARACTER
432 CE=CHRSC131)
498 ’DEFINE BLANK CHARACTER
=G@ Bs=" "
S19 ’ACTIYATE LIGHT PEM
29 OUT 255,4 REM MODEL 1 ACTIVATED
=33 QUT 22€,2 REM MODEL 3 RCTIVATED
540 RETURN

S50 ’LIGHT PEM SCAM ROUTIMNE

228

S8a
590
609
619
628
&C0

' TR CURSORS

PO =T e G BHTETRR 13,08 MEXT I
'RESET FLIP FLOP

AUT 2%%.4

‘SEE IF THERE IS ANMY LIGHT DETELCTED
IF INPC2%%5<128 THEM 510

'SEE WHICH CURSOR IS SELECTED

FOR Pai TO M

E-10




640
650
€E09
673
€80
€58
700
710
7?20
T30
T4
TED
e

T3e

FOR 1I=1 T0 2

*TURN OFF THE CURZSOR AND CHECK

PRIMTRC(P,B%

FOR J=1 TO 2:NEKT J

QUT 255,4

FOR J=1 TO 2:MEXT J

IF IMP(2535>>123 THEN 770
TURM OM CURSOR AND CHECK
PRINTEC(PJ,CS

FOR J=i TQ 2 MEXT J

IF IMP(25534123 THEN 77
MEXT I

RETURM

MEXT P

GOTO 530

E-11
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APPENDIX G

GLOSSARY

Air Traffic Control System. The facilities and equipment that constitute
the system established and operated by the Federal Aviation Administration
(FAA). This system 1s designed to permit the safe and orderly flow of avi-
ation traffic between points within the system. The air traffic control
system also includes those private and publicly operated facilities which
are regqulated by the FAA.

Aviation Goal. An objective that the aviation industry, users, and as-
sociated government agencies should strive for.

Avionics. The electronic equipment used in aviation that is installed and
operated on aircraft. This equipment includes devices that guide, control,
display, and communicate with an aircraft and its flight crew.

Civil Aviation. Those aircraft whaich are not used for military purposes.
They include general aviation aircraft, air transports, cargo aircraft,
helicopters, business aircraft, agriculture aircraft, and utility aircraft.
For the purposes of this study, civil aviation will be limited to large
commercial transport aircraft used by the U.S. and major foreign airlines
in scheduled service.

Concepts. The technological approach that can be used to achieve a desired
capabilaity.

Controls. The ability to steer an aircraft on an arbitrary flight path.

In this study, controls are the surfaces and actuating and interconnecting
devices that react with an aircraft and 1ts environment. These surfaces
and devices include flaps, ailerons, elerons, flaperons, rudders, elevators,
horizontal stabilizers, vertical stabilizers, canards, slats, and landing
equipment.

Desired Capability. A specific aircraft characteristic that can be altered
to achieve a desired i1mprovement.

Flight Electronics. The electronic equipment used in aircraft that 1s as-
sociated with the operation and control of the aircraft. Flight electronics
1s a subset of avionics.



Human Factors. The techniques and technologies that address the human
interactions with an aircraft and the operating environment.

Improvement Area. A specific area of aviation performance in which improve-
ment will contribute to achievement of an aviation goal. For example, for
the goal of reduced operating costs, an improvement area 1is fuel usage costs.

Problem Areas. Groupings of specific problems in the aviation environment
that are encountered by aircraft and aircrews. The three problem areas
addressed in this study are operations, safety, and social interaction.
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