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(57) Abréegée/Abstract:

A method for assembling an aircraft includes determining a three-dimensional representation of a first aircraft structure and a
second aircraft structure using an optical positioning device. A predicted mate of the first aircraft structure and the second aircraft
structure Is generated from the three-dimensional representation of the first and second aircraft structures using a processor. The
method further Iincludes adjusting the predicted mate of the first and second aircraft structures to enhance performance
characteristics of the aircraft using the processor.
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SYSTEM AND METHOD FOR
ASSEMBLING AN AIRCRAFT

ADO I RACT O « N1 1O

A method for assembling an aircraft includes
determining a three-dimensional representation of a first
alrcraft structure and a second aircraft structure using an
optical positioning device. A predicted mate of the first
aircraft structure and the second aircraft structure is
generated from the three-dimensional representation of the
first and second aircraft structures using a processor.
The method further includes adjusting the predicted mate of
the first and second aircraft structures to enhance

performance characteristics of the aircraft using the

processor.

DALO1:447167.1
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SYSTEM AND METHOD FOR
ASSEMBLING AN AIRCRAFT

NICAL FIELD OF INVENTION
This 1nvention relates 1in general to the field of
aircraft manufacturing and, more particularly, to a system

and method for assembling an aircraft.

SAC KGR ) (Of . INVENT IO

Constructing an aircraft begins with assembling detail
parts 1nto alrcraft subassemblies. These aircraft
subassemblies are later positioned adjacent one another for
final assembly of the aircraft. Tooling fixtures are used
throughout the assembly process to prevent detail parts and
aircraft subassemblies from being located and assembled
incorrectly. FPFor example, one type of tooling fixture may
include fixed position stops that the detail fitting or
alrcraft subassembly seats against 1n order to position the
detall part or aircraft subassembly in three dimensions.
After locating the detail part or aircraft subassembly with
the tooling fixture, the detail part or aircraft

subassembly may be drilled or attached to mating aircraft

- structure.

In addition to tooling fixtures, detail parts and
aircraft subassemblies often include interface control
points to properly locate mating aircraft structure. For
example, one aircraft supplier may manufacture and supply
the wings of the aircraft while another aircraft supplier
may manufacture and supply the fuselage of the aircraft.
The wing and fuselage subassemblies may contain interface
control polints to prevent mislocating or misaligning the

wing subassemblies with the fuselage subassembly during

final assembly of the aircraft.
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Conventional tooling for aircraft assembly, however,
suffer several disadvantages. For example, variations in
tooling tolerances from one tooling fixture to another, and
variations from one detail part or aircraft subassembly to
another, prevent properly locating or aligning the aircraft
subassemblies during final assembly of the aircraft. As a
result, the assembled aircraft does not represent the
aircraft as designed. Additionally, conventional tooling
fixtures do not control or provide the ability to measure
performance or other global characteristics of the aircraft
during assembly. For example, variations between the left
side of the aircraft and the right side of the aircraft
will affect performance characteristics of the aircraft

such as range and fuel consumption.

MMARY OQOF THE INVENTIOI

Accordingly, a need has arisen for an improved
alrcraft assembly system and method that provides increased
control of performance characteristics of the aircraft
during assembly. The present 1invention provides an
improved aircraft assembly method and system that addresses
shortcomings of prior aircraft assembly methods and
systems.

According to one embodiment of the invention, a method
for assembling an aircraft comprises: determining a three-
dimensional representation of first and second aircraft
structures using an optical positioning device; generating
a predicted mate of the first and second aircraft
structures based on the three-dimensional representation of
the first and second aircraft structures using a processor;
and generating an adjusted mate to enhance at least one
performance charactefistic of the aircraft using the

processor.
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According to another embodiment of the invention,
a system for processing first and second aircraft
structures of an aircraft comprises: an optical

positioning system operable to generate a

three-dimensional representation o©f the first and second

alrcraft structures; a processor operable to generate a

predicted mate of the first and second aircraft
structures; and an adjustment system operable to adjust
the predicted mate to enhance at least one performance

P
pra——

characteristic of the aircraft.

The invention provides several technical advantages.

F
—

For example, 1n one embodiment of the 1nvention, the

system measures and controls performance characteristics

of the aircraft during assembly of the aircraft such as

roll moment and roll factor that result from wing sweep

differential, wing dihedral angle differential, and wing

twist differential between a left wing and a right wing.

Therefore, the system enhances performance

characteristics of the aircraft that affect aircraft

performance, such as fuel consumption and range. In the
same embodiment, the system measures and monitors
interface control points of the aircraft and can adjust

the interface control points to enhance the performance

characteristics of the ajircraft.

In accordance with one aspect of the present

invention there 1is provided a method for processing

first and second aircraft structures, comprising:

determining a three-dimensional representation of the

first and second aircraft structures using an optical

F

positioning device; generating a predicted mate of the

first and second aircraft structures using a processor
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and the three-dimensional representations of the first

and second aircraft structures; and generating an
adjusted mate of the first and second aircraft structures

to enhance at least one performance characteristic of the

ailrcraft by manipulating, 1n an electronic format, the
three-dimensional representation of the second aircraft
structure relative to the three-dimensional

-~

representation of the first aircraft structure using the

processor.
In accordance with another aspect of the present

inventlion there 1s provided a method for processing

an assembled structure, comprising: disposing a first
structure on a flrst support; disposing a second
structure on a second support; generating a

three-dlmensional representation of the first structure
using an optical positioning system; generating a
three-dimensional representation of the second structure
using the optical positioning system; generating a
predicted mate of the first structure relative to the
second structure using the three-dimensional computer
representations of the first and second structures; and

generating an adjusted mate of the first and second

1

structures to enhance a performance characteristic of the
assempled structure by manipulating, 1n an electronic
format, the three-dimensional representation of the
second structure relative to the three-dimensional
representation  of the first structure using  the
processor.

Other technical advantages will be readily apparent

to one skilled in the art from the following figures,

descriptions, and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

pr——

For a more complete understanding of the present

invention and the advantages thereof, reference 1s now
made to the following descriptions taken in connection
with the accompanying drawings in which:

FIG. 1 is a plan view of a system for assembling an

aircraft i1n accordance with the present invention;
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FIGURE 2 1s an 1isometric view of a control point
assembly constructed 1in accordance with the present
invention;

FIGURE 3 1llustrates a computer representation of an
adjustment system according to the present invention;

FIGURES 4A and 4B illustrate a flow chart of a method
to assemble an aircraft according to the present invention;
and

FIGURE 5 1llustrates a flow chart of a method for
aligning aircraft coordinate systems in accordance with the
present invention.

HE INVENTIC

FIGURE 1 1llustrates a plan view of a system 10 for
assembling an aircraft in accordance with the present
invention. In the embodiment illustrated in FIGURE 1, a
left wing section 12 and a right wing section 14 are shown
iln proximity for assembly along a center line 16 of the
aircraft. Left wing section 12 and right wing section 14
are often referred to as aircraft subassemblies. In
another embodiment, left wing section 12 and right wing
section 14 may also be assembled to a center box (not
shown) of the aircraft. 1In a center box type of aircraft,
support structure resembling a box is positioned along the
center line 16 and extends outwardly on each side of the
center line 16 toward outer edges of a fuselage of the
alrcraft. The center box provides mounting structure for
attaching left wing section 12 and right wing section 14 to
opposite sides of the fuselage of the aircraft.

As 1llustrated in FIGURE 1, left wing section 12 and
right wing section 14 include a plurality of trailing edge
fittings 18, a plurality of leading edge fittings 20, and
a plurality of fuselage fittings 22. Trailing edge
fittings 18, leading edge fittings 20, and fuselage

T4 -y s
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fittings 22 are used for attaching to or mating with other
ailrcraft subassemblies. Thus, the locations of the
trailing edge fittings 18, leading edge fittings 20, and
fuselage fittings 22 are critical for the proper assembly
of the aircraft. Trailing edge fittings 18, leading edge
fittings 20, and fuselage fittings 22 may be referred to
generally as interface control points of the aircraft.
Left wing section 12 is supported by a plurality of
pedestals 24 and right wing section 14 1is supported by a
plurality of pedestals 26. Pedestals 24 and 26 are
positioned beneath left wing section 12 and right wing
section 14, respectively, such that the outermost edges of
left wing section 12 and fight wing section 14 are
unsupported, thereby reflecting a substantially 1G loaded
position of left wing section 12 and right wing section 14
during assembly. For example, outboard edge 28 of left
wing section 12 and outboard edge 30 of right wing section
14 are unsupported during assembly to reflect the position
left wing section 12 and right wing section 14 will have
after final assembly of the aircraft. Thus, outboard edge
28 of left wing section 12 and outboard edge 30 of right
wing section 14 remain unsupported during aircraft
assembly, thereby providing the ability to view and inspect
left wing section 12 and right wing section 14 for various
perférmance characteristics, such as roll factor and roll
moment that result from wing sweep differential, wing twist
differential, and wing dihedral angle differential between
left wing section 12 and right wing section 14, prior to
assembling or mating left wing section 12 and right wing
section 14. '
System 10 for assembling an aircraft includes an
optical positioning system 32, a processor 34, and an
adjustment system 36. Optical positioning system 32

generates a three-dimensional representation or predicted

e,
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mate 38 of left wing section 12 and right wing section 14
prior to assembling left wing section 12 and right wing
section 14. Processor 34 comprises a computer,
workstation, mini-computer, mainframe or other computing
device associated with a display 98 and a volatile or non%
volatile memory 99. Processor 34 performs transformation
functions on three-dimensional data obtained from optical
positioning system 32 for manipulating right wing section
14 to enhance performance characteristics of the aircraft
prior to assembling left wing section 12 and right wing
section 14. Adjustment system 36 allows graphical and
physical manipulation of right wing section 14 in order to
achieve the desired performance characteristics of the
aircraft prior to assembly. Optical positioning system 32,
processor 34, and adjustment system 36 will now be
discussed in greater detail.

Optical positioning system 32 includes optical
positioning devices 40 and 42 and a plurality of reflectors
44 attached at various locations along left wing section 12
and right wing section 14. In one embodiment, reflectors
44 receive and return optical signals; however, other
suitable devices for receiving and returning a signal, such
as electromagnetic, acoustic or other forms of energy, may
be used. As 1llustrated in FIGURE 1, reflectors 44 are
attached along a leading edge 46 and a trailing edge 48 of
left wing section 12 and a leading edge 50 and a trailing
edge 52 of right wing section 14. Additionally, reflectors
44 are attached to trailing edge fittings 18, leading edge
fittings 20, and fuselage fittings 22. In one embodiment
of the invention, optical positioning devices 40 and 42
include three-dimensional position finding 1lasers for
determining the location of each reflector 44. An example
of a suitable optical positioning device 40 and 42 is

manufactured by LEICA under the part No. LTD500; however,
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other suitable electromagnetic, acoustic, or optical
positioning devices may be used for determining the three-
dimensional position of each reflector 44.

In operation, left wing section 12 and right wing
section 14 are positioned on pedestals 24 and 26 at a
predetermined location with respect to a final assembly
configuration. For example, an inboard edge 54 of left
wing section 12 and an inboard edge 56 of right wing
section 14 may be located at a predetermined distance from
center line 16. Although left wing section 12 and right
wing section 14 may ultimately be assembled at center line
16, left wing section 12 and right wing section 14 may be
positioned at any predetermined distance from center line
16 or other suitable orientation for creating predicted
mate 38 of left wing section 12 and right wing section 14.

Once left wing section 12 and right wing section 14
are 1in a fixed position, reflectors 44 are attached to
predetermined or pre-targeted locations 58 of left wing
section 12 and right wing section 14. Pre-targeted
locations 58 on left wing section 12 and right wing section
14 are stored in memory 99 so that optical positioning
system 32 can acquire and determine the approximate
locations of reflectors 44. For example, reflectors 44 may
pe attached to 1interface control points on left wing
section 12 and right wing section 14 to assist properly
locating other aircraft structure in subsequent aircraft
assembly operations. Additionally, reflectors 44 may be
located along the leading edges 46 and 50 and trailing
edges 48 and 52 of left wing section 12 and right wing
section 14, respectively. Optical positioning system 32
uses pre-targeted locations 58 to direct optical signals
from optical positioning devices 40 and 42 to the
approximate locations of reflectors 44. One 1mportant

technical advantage of the present invention is the
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placement of reflectors 44 at or near the wing tips to
determine more accurate performance characteristics of the
aircraft, such as roll moment and roll factor resulting
from wing sweep differential, wing dihedral differential,
and wing twist differential between left wing section 12
and right wing section 14.

Once reflectors 44 have been attached to left wing
section 12 and right wing section 14, optical positioning
system 32 begins acquiring three-dimensional coordinate
information for each reflector 44. Optical positioning
devices 40 and 42 emit optical signals toward pre-targeted
locations 58 stored in memory 99 to determine the three-
dimensional profile of left wing section 12 and right wing
section 14. Optical positioning system 32 uses pre-
targeted locations 58 stored in memory 99 to direct the
optical signals toward the approximate locations of
reflectors 44. Optical positioning devices 40 and 42
search or scan pre-targeted locations 58 with an optical
signal until each reflector 44 is located to within an
acceptable accuracy. Thus, each reflector 44 may be
located in a zone corresponding to pre-targeted locations
58, thereby eliminating a requirement to precisely locate
each reflector 44 on left wing section 12 and right wing
section 14.

Optical positioning devices 40 and 42 locate and
determine a three-dimensional coordinate for each reflector
44 attached to left wing section 12 and right wing section
14. Physical characteristics of left wing section 12 and
right wing section 14 may prevent a single optical
positioning device from viewing every reflector 44. Thus,
in the embodiment illustrated in FIGURE 1, optical
positioning device 40 acquires each reflector 44 visible
from the leading edge areas of left wing section 12 and

right wing section 14, and optical positioning device 42
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acquires each reflector 44 visible from the trailing edge
areas of left wing section 12 and right wing section 14.
Thus, 1in the embodiment illustrated, optical positioning
device 40 generates a forward three-dimensional dataset 60
and an aft three-dimensional dataset 62 of left wing
section 12 and right wing section 14 for storage in memory
99.

Each entry 1in datasets 60 and 62 comprise an
identifier for reflector 44 and its approximate coordinates
in three-dimensional space. System 10 then correlates
forward three-dimensional dataset 60 and aft three-
dimensional dataset 62 to generate predicted mate 38 of
left wing section 12 and right wing section 14. In one
embodiment, system 10 correlates forward three-dimensional
dataset 60 and aft three-dimensional dataset 62 using a
plurality of control point assemblies 64 attached to left
wing section 12 and right wing section 14. FIGURE 2
1llustrates an embodiment of control point assembly 64,
which includes three optical reflectors 66, 68, and 70
attached to a control point fitting 71. Control point
fitting 71 includes a fitting base 72 and a plurality of
mounts /3. Reflectors 66, 68 and 70 are coupled to mounts
73 in a manner to allow selective adjustment of the
orientation of reflectors 66, 68 and 70 in three degrees of
freedom. For example, reflectors 66, 68 and 70 may be
magnetically coupled to mounts 73; however, other suitable
methods of coupling reflectors 66, 68 and 70 may be used to
provide three degrees of freedom. Additionally, all
reflectors 44 may be attached to left wing section 12 and
right wing section 14 in a similar manner.

Optical reflectors 66 and 70 are positioned on control
point fitting 71 at a predetermined control point distance
/4 from optical reflector 68. Control point distance 74 is

stored in memory 99 and, as will be discussed below, is
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used to correlate forward three-dimensional dataset 60 with
aft three-dimensional dataset 62. In one embodiment,
distance 74 between reflectors 66 and 68 equals distance 74
between reflectors 68 and 70; however, distance 74 between
reflectors ©6 and 68 may be a different wvalue than
distance 74 between reflectors 68 and 70.

Reflector 68 1is oriented on control point fitting 71
to recelive an optical signal from one of the optical
positioning devices, for example, optical positioning
device 42. Reflectors 66 and 70 are oriented on control
point fitting 52 to receive an optical signal from a second
optical positioning device, for example, optical
positioning device 40. Optical poSitioning' device 472
determines a three-dimensional coordinate of reflector 68
and designates reflector 68 as a control point 76. Thus,
control point 76 1s established for aft three-dimensional
dataset 62. Optical positioning device 40 determines
three-dimensional coordinates of reflectors 66 and 70.
Using control point distance 74 stored in memory 99,
optical positioning system 32 determines the equivalent
location of control point 76 for forward three-dimensional
dataset 60 and aligns forward three-dimensional dataset 60
with aft three-dimensional dataset 62. In a particular
embodiment, in which distance 74 between reflectors 66 and
68 equals distance 74 between reflectors 68 and 70, the
equivalent location of control point 76 comprises the
midpoint of a line drawn in three-dimensional space between
the position of reflectors 66 and 70. Additionally, the
above described process of aligning independent coordinate
systems 1s applicable to other applications where an
obstruction to a line of sight exists.

Also stored in memory 99 is a design dataset 78 that
reflects an as designed three-dimensional representation of

left wing section 12 and right wing section 14 in a
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designed coordinate system. Once forward three-dimensional
dataset 60 and aft three-dimensional dataset 62 are
aligned, optical positioning system 32 transforms forward
three-dimensional dataset ©60 and aft three-dimensional
dataset 62 using design dataset 78 to the three-dimensional
design coordinate system. The result of the transformation
is an as-built geometry 80 that reflects a three-
dimensional representation of 1left wing section 12 and
right wing section 14 1n the design coordinate system. As
an example, the design coordinate system may be a set of
three orthogonal axes positioned on center line 16 with a
y—axis extending 1n an outboard direction and an x-axis
extending in an aft direction. As-built geometry 80 is
stored in memory 99. As will be discussed below, as-built
geometry 80 1is used to compare left wing section 12 with
right wing section 14 to generate predicted mate 38.

Processor 34, using as-built geometry 80, generates a
left wing three-dimensional coordinate system 82 and a
right wing three-dimensional <coordinate system  84.
Processor 34 aligns left wing three-dimensional coordinate
system 82 with right wing three-dimensional coordinate
system 84 and generates predicted mate 38 of left wing
section 12 and right wing section 14. One important
technical advantage of the present 1invention is the
generation of predicted mate 38 1n an electronic format
using processor 34. This allows assembly modifications and
adjustments to be performed electronically before any
physical adjustments or assembly 1s performed.

As will be discussed 1n greater detall in conjunction
with FIGURE 3, processor 34 compares predicted mate 38 to
design dataset 78 and generates a computer representation
86. Computer representation 86 displays interface control
points of the aircraft and performance characteristics of

the aircraft, such as wing sweep differential, wing'
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dihedral angle differential, and wing twist differential
between left wing section 12 and right wing section 14. As
will be discussed below, adjustment system 36 is used to
enhance performance characteristics of the aircraft and
maintain 1nterface control point coordination with other
alrcraft structure during assembly of the aircraft.

FIGURE 3 1llustrates computer representation 86 of
predicted mate 38. Computer representation 86 includes
interface control point information for trailing edge
fittings 18, leading edge fittings 20, and fuselage
fittings 22. Additionally, computer representation 86
includes performance characteristics of left wing section
12 and right wing section 14 such as wing sweep
differential, wing dihedral differential, and wing twist
differential.

As 1llustrated in FIGURE 3, tolerance ranges for
interface control points on trailing edge fittings 18,
leading edge fittings 20, and fuselage fittings 22 reflect
forward, aft, 1inboard, outboard, upward, or downward
mislocation of fittings 18-22. Computer representation 86
1s an 1lnteractive representation of predicted mate 38.
Thus, adjustment system 36 allows graphical manipulation of
right wing section 14 with respect to left wing section 12
to control or alter the interface control points and
performance characteristics of the aircraft prior to
assembling left wing section 12 and right wing section 14.

For example, each interface control point illustrated
in FIGURE 3 1is associated with an interface control
tolerance block 88. Right wing section 14 may be
graphically moved a desired amount in an attempt to bring
all mislocations of interface  control points on trailing
edge fittings 18, leading edge fittings 20, and fuselage
fittings 22 within acceptable tolerance limits. Tolerance

blocks 88 may contain drop down menu-type options for
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changing the location of interface control points or may
contain other suitable methods for adjusting the locations
of the interface control points. For example, a particular
tolerance block 88 may be selected in order to move a
particular 1interface control point within an acceptable
tolerance range.

Performance characteristics of the aircraft may be
altered 1n a simllar manner by graphically moving right
wing section 14 to a desired location. For example, as
l1llustrated i1in FIGURE 3, performance characteristics of the
alrcraft may be shown in a performance characteristics
table 90. A particular performance characteristic, such as
wing sweep angle, may be altered by selecting the desired
characteristic and changing the value of the
characteristic. Each time right wing section 14 1is
graphically repositioned, processor 54 determines and
stores an adjusted mate 92 based on the desired position of
right wing section 14. Interface control points and
performance characteristics of the aircraft may be altered
repeatedly and iteratively prior to physically moving right
wing section 14. 1In this manner, system 10 positions right
wing section 14 to optimize interface control points and
performance characteristics of the aircraft.

Another technical advantage of system 10 is the
ability to designate certain 1interface control points as
acceptable while designating other interface control points
for rework using computer representation' 86 of predicted
mate 38. For example, if all except one interface control
point on trailing edge fittings 18, leading edge fittings
20, and fuselage fittings 22 fall within acceptable
tolerance ranges, the one fitting containing the out of
tolerance 1interface control point may be removed from the
aircraft and reworked. 1In one embodiment of the invention,

as 1lllustrated in FIGURE 3, computer representation 86
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l1llustrates the amount and direction the interface control
point is out of tolerance. Computer representation 86 may
also 1ndicate out of tolerance conditions in other suitable
manners, such as color coded tolerance ranges or blinking
interface control point locations. Computer representation
86 provides precise measurements regarding specific
directions the interface control point is out of tolerance.
For example, 1f the interface control point is out of
tolerance 0.025 inches in the aft direction, the fitting
may be reworked in a manner to bring the interface control
point 0.025 inches forward. Thus, assembling left wing
section 12 and right wing section 14 may proceed while the
interface control point 1is rfeworked. After rework, the
reworked fitting may be reinstalled onto the aircraft in
the reworked fitting's original location.

Another technical advantage of system 10 1is the
abllity to alter the performance characteristics of the
alrcraft using computer representation 86 of predicted mate
38 prior to assembling left wing section 12 and right wing
section 14. For example, due to variations in
manufacturing left wing section 12 and right wing section
14, wing sweep differential, wing dihedral differential and
wing twist differential between left wing section 12 and
right wing section 14 may result in wunacceptable
performance characteristics of the aircraft. Right wing
section 14 may be graphically moved using computer
representation 86 1in order to improve the performance
characteristics. Additionally, if more than one wing
subassembly is available, left wing section 12 or right
wing section 14 may be removed and replaced with a new wing
subassembly that better matches its mate. Thus, system 10
provides greater flexibility of assembling aircraft than

conventional assembling systems.
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Once a location of right wing section 14 has been
determined using computer 'representation 86, system 10
lnitiates adjustment system 36 to physically move right
wing section 14 to the desired location. Adjustment system
36 includes a plurality of actuators 94 attached to right
wing section 14 for moving right wing section 14 to the
desired location; however, actuators 94 may be attached to
left wing section 12 instead of right wing section 14, or
actuators 94 may be attached to both left wing section 12
and right wing section 14 to adjust the positions of left
wing section 12 and right wing section 14 with respect to
one another. Each actuator 94 1is capable of three-
dimensional movement to provide six degrees of freedom of
right wing section 14. Additionally, actuators 94 may
include local feedbaék capability for accurate
determination of the positional change of right wing
section 14. Actuators 94 may include electrically powered
motors or may 1include other types of motors, such as
hydraulically or pneumatically controlled motors.

Once right wing section 14 has been physically moved
into the desired position using actuators 94, processor 34
generates and stores adjusted mate 92. Adjusted mate 92
may be based on computer representation 86 and the
projected move performed by actuators 94, or may be
determined by reinitiating optical positioning system 32 to
acquire new three-dimensional coordinates of reflectors 44.
Processor 34 also generates interface control point
tolerances and performance characteristics based on
adjusted mate 92. This information may be downloaded as a
report to an external communications medium 96, such as a
printer, fax machine, disk or other suitable output device.

Additionally, after positioning right wing section 14
using actuators 94, left wing section 12 and right wing

section 14 may be assembled. In one embodiment, left wing
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section 12 and right wing section 14 are held in place,
holes are drilled into left wing section 12 and right wing
section 14, and fasteners are installed joining left wing
section 12 and right wing section 14. Thus, system 10
provides increased measurement and control of interface
control points and performance characteristics of the
alrcraft prior to assembly of the aircraft than
conventional aircraft assembly systems.

In one embodiment of the invention, system 10 uses
CATIA design software, AXYZ control software associated
with optical positioning system 32 available from LEICA,
Windows 95 and Visual Basic 5.0 operating software
avallable from Microsoft, PTALK and PMAC control software
available from Delta Tau Data Systems and 930 Dialog
software available from Pacific Scientific associated with
actuators 94. These software packages can be readily
integrated by those having ordinary skill in the art.

FIGURES 4A and 4B illustrate a flow chart of a method
to assemble an aircraft according to the present invention.
Left wing section 12 and right wing section 14 are mounted
on pedestals 24 and 26 at step 100. System 10 positions
left wing section 12 and right wing section 14 on pedestals
24 and 26 to coordinate locations on left wing section 12
and right wing section 14 to receive reflectors 44 with
pre-target locations 58 stored in memory 99 at step 110.

Reflectors 44 are attached to left wing section 12 and
right wing section 14 at step 120. Processor 34 initiates
optical positioning system 32 to determine a three-
dimensional coordinate of each reflector 44 attached to
left wing section 12 and right wing section 14 at step 130.
Optical positioning system 32 designates a reflector 44 to
be acquired at step 140, and optical positioning devices 40
and 42 scan or search a zone corresponding to pre-target

location 58 for the designated reflector 44 until the
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designated reflector 44 is located at step 150. Optical
positioning devices 40 and 42 determine a three-dimensional
coordinate of a reflector 44 at step 160, for example, by
reading accurate angle resolves in the gimballed mount of
optical positioning devices 40 and 42. Optical positioning
devices 40 and 42 may operate independently of one another,
or may operate 1n a specified sequence of reflectors 44.
Processor 34 stores the three-dimensional coordinate for a
reflector 44 1n a dataset in memory 99 at step 170. For
example, a reflector 44 visible only to optical positioning
device 40 1is stored in forward three-dimensional dataset
60. Optical positioning system 32 determines whether
another reflector 44 needs to be acqulired at step 180. If
there 1s another reflector 44 to be acquired, the method
proceeds to step 140. If there are no more reflectors 44
to be acquired, the method proceeds to step 190.

Processor 34 aligns forward threé~dimensional dataset
60 and aft three-dimensional dataset 62 to generate as-
pbuilt geometry 80 of left wing section 12 and right wing
section 14 at step 190. As previously discussed, a single
optical positioning device may be unable to view all
reflectors 44 attached to left wing section 12 and right
wilng section 14. As 1llustrated in FIGURE 1, optical
positioning device 40 acquires reflectors 44 visible from
the leading edges of left wing section 12 and right wing
section 14, and optical positioning device 42 acquires
reflectors 44 visible from the trailing edges of left wing
section 12 and right wing section 14. 1In one embodiment,
using control point assemblies 64 and control point
distance 74 stored in mémory 99, system 10 aligns forward
three-dimensional dataset 60 and aft three-dimensional
dataset 62 to generate as-built geometry 80.

Processor 34 generates left wing three-dimensional

coordinate system 82 and right wing three-dimensional
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coordinate system 84 using as-built geometry 80 and design
dataset 78 stored in processor 34 at step 200. Processor
34 transforms as-built geometry 80 using design dataset 78
to generate left wing three-dimensional coordinate system
82 and right wing three-dimensional coordinate system 84 so
that left wing three-dimensional coordinate system 82 and
right wing three-dimensional coordinate system 84 may be
viewed 1in accordance with the aircraft design coordinate
system.

Processor 34 aligns left wing three-dimensional
coordinate system 82 with right wing three-dimensional
coordinate system 84 to generate predicted mate 38 of left
wing section 12 and right w.:Lng section 14 at step 210.
Display 98 generates computer representation 86 of
predicted mate 38 which illustrates interface control point
tolerances and performance characteristics of left wing
section 12 and right wing section 14.

System 10 determines whether right wing section 14
requlres positional adjustment to bring interface control
points of the aircraft within acceptable tolerances at step
240. If adjustment is required, right wing section 12 may
be graphically adjusted to a desired position. Computer
representation 86 displays interface <control point
tolerances based on the graphical move of right wing
section 14. If no adjustment 1is required, the method
proceeds to step 250.

System 10 determines whether right wing section 14
requires positional adjustment to enhance performance
characteristics of the aircraft at step 250. If adjustment
ls required, right wing section 12 may be graphically
adjusted to a desired position‘or automatically adjusted by
processor 34 to optimize interface control point tolerances
and performance characteristics of the aircraft. Computer

representation 86 displays interface performance
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characteristics based on the graphical move of right wing
section 14. If no adjustment is required, the method
proceeds to step 260. At step 260, 1if additional
adjustment of right wing section 14 is required, the method
proceeds to step 230. If no additional adjustment to right
wing section 14 is required, the method proceeds to step
270.

Processor 34 generates adjusted mate 92 based on
graphical changes in position of right wing section 14 at
step 270. Adjusted mate 92 reflects an optimization of
interface control ©point tolerances and performance
characteristics of the aircraft based on changes ih
position of right wing section 14 made to computer
representation 86. Processor 34 commands actuators 94 to
physically position right wing section 14 according to
adjusted mate 92 at step 280.

Processor 34 generates computer representation 86
reflecting adjusted mate 92 at step 290. Computer
representation 86 reflecting adjusted mate 92 may be
generated based on the graphical moves made to right wing
section 14, or may be generated by reinitializing optical
positioning system 32 to acquire new three-dimensional
coordinates for reflectors 44. Thus, the above described
process may be repeated any number of times to bring
interface tolerance control point tolerances and
performance characteristics within acceptable 1limits.
System 10 determines whether additional physical adjustment
to right wing section 14 1is required at step 300. If
additional adjustment is required, the method proceeds to
step 280. If no further adjustment to right wing section
14 is required, the method proéeeds to step 310.

Left wing section 12 and right wing section 14 are
joined or assembled at step 310. Processor 34 generates an

interface control report containing the tolerance ranges




10

15

20

23

30

CA 02270494 1999-04-29

20

and rework information of the interface control points on
left wing section 12 and right wing section 14 at step 320.
Processor 34 generates a performance characteristics report
at step 330 containing information regarding roll moment,
roll factor, wing sweep differential, wing dihedral angle
differential, wing twist differential, and other
performance measures between left wing section 12 and right
wing section 14. The 1information contained in the
interface control report and the performance
characteristics report will be based on adjusted mate 92 if
adjustments were made to the position of right wing section
14. If no adjustments were made to the position of right
wing section 14, the information contained in the interface
control report and the performance characteristics report
will be based on predicted mate 38.

FIGURE 5 illustrates a flow chart of a method to align
datasets created by independent optical positioning
devices, for example, aligning forward three-dimensional
dataset 60 and aft three-dimensional dataset 62 discussed
ln conjunction with FIGURE 2, according to the present
invention. Reflector 68 is located and oriented on control
fitting 71 to receive an optical signal from optical
positioning device 42 at step 350. Reflector 66 is located
and oriented on control fitting 71 at control point
distance 74 from réflector 68 to receive an optical signal
from optical positioning device 40 at step 360. Reflector
70 is located and oriented on control fitting 71 at control
point distance 74 from reflector 68 to receive an optical
signal from optical positioning device 40 at step 370.
Processor 34 stores control point distance 74 and
approximate locations of reflectors 66, 68 and 70 in memory
99 at step 380.

Optical positioning system 32 generates a three-

dimensional coordinate of reflector 68 using optical
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positioning device 42 at step 390. Processor 34 designates
the three-dimensional coordinate of reflector 68 as control
point 76 and stores the three-dimensional coordinate of
reflector 68 in aft three-dimensional dataset 62 in memory
99 at step 400. Optical positioning system 32 generates
three-dimensional coordinates of reflectors 66 and 70 using
optical positioning device 40 at step 410. Processor 34
stores the three-dimensional coordinates of reflectors 66
and 70 in forward three-dimensional dataset 60 in memory 99
at step 420.

Processor 34 determines an equivalent location of
control point 76 for forward three-dimensional dataset 60
using the three-dimensional coordinates of reflectors 66
and 70 and control point distance 74 stored in memory 99 at
step 430. For example, in an embodiment where control
point distance 74 between reflector 66 and 68 is equal to
control point distance 74 between reflectors 68 and 70,
processor 34 can calculate the equivalent location of
control point 76 as the midpoint along a line between
reflectors 66 and 70. Processor 34 aligns forward three-
dimensiocnal dataset 60 with aft three-dimensional dataset
62 using control point 76 from aft three-dimensional
dataset 62 and the equivalent location of control point 76
for forward three-dimensional dataset 60 at step 440.

Although the present invention and its advantages have
been described in detail, it should be understood that
various changes, substitutions, and alterations, can be
made thereln without departing from the spirit and scope of

the present invention as defined by the appended claims.
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CLATMS

1, A method for processing first and second aircraft

structures, comprising:

P
aaad

determining a three-dimensional representation of

the first and second aircraft structures using an optical

positioning device;

generating a predicted mate of the first and second

ailrcraft structures using a Processor and the

three-dimensional representations of the first and second

alrcraft structures; and

generating an adjusted mate of the first and second

ailrcraft structures to enhance at 1least one performance

characteristic of the aircraft by manipulating, in an
electronic format, the three-dimensional representation
cf the second aircraft structure relative to the
three-dimensional representation of the first aircraft

structure using the processor.

e
B

2 . The method o0of «c¢laim 1, wherein the step of

determining comprises determining three-dimensional

coordinates for the first and second aircraft structures

using a plurality of reflectors located on the first and

second alrcraft structures.

3. The method of claim 1, further comprising the step

of initiating a plurality of actuators coupled to the
second ailrcraft structure 1in response to the adjusted

mate.
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4, The method of claim 1, further comprising the step

of displaying a computer representation of the second

aircraft structure 1in response to the adjusted mate.

J. The method o¢f <c¢laim 1, wherein the step of

generating a predicted mate comprises the following steps

performed on a processor:

generating a first coordinate system for the first
alrcraft structure;

generating a second coordinate system for the second
alrcraft structure; and

aligning the first and second coordinate systems to

generate the predicted mate.

6. The method of claim 1, and further comprising

positioning the first and second aircraft structures for

assembly using the adjusted mate.

p—

7. The method of claim 1, wherein:

the first aircraft structure comprises a first wing
section;

the second aircraft structure comprises a second
wing section; and

the at least one performance characteristic

comprises a wing sweep differential, a wing twist

differential, or a dihedral differential Dbetween the

first and second wing sections.

8 . The method of <c¢laim 7, wherein generating a

- predicted mate comprises the following steps performed on

a processor:
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generating a first predicted mate between the first
aircraft structure and a center box; and
generating a second predicted mate between the

second alrcraft structure and the center box.

9. The method of claim 1, and further comprising
generating tolerance ranges for interface control points
on the first and second ailircraft structures in response

to the predicted mate using the processor.

10. The method of <c¢laim 1, and further comprising

generating performance characteristics of the aircraft

based on the predicted mate using the processor.

i

11. The method of <claim 1, wherein the step of
determining comprises:

determining, using a first optical ©positioning
device, a first portion of the three-dimensional

representation;

determining, using a second optical positioning

device, a second portion of the three-dimensional

representation; and

aligning the first and second portions to create the

three-dimensional representation.

12. The method of claim 11, wherein the step of aligning
COMpPrilses:

determining, using the first optical positioning

F
pr—

device, a three-dimensional coordinate 0O a first

reflector;
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determining, using the second optical ©positioning
device, three-dimensional coordinates of a second and third

reflector, the second reflector disposed a first

predetermined distance from the first reflector, the third
reflector disposed a second predetermined distance from the
first reflector; and

aligning the first and second portions o0of the

three-dimensional representation based on the first and

second predetermined distances between the first reflector

and the second and third reflectors.

13. The method of claim 1, and further comprising
supporting the first and second aircraft structures to
reflect a substantially 1G loaded position of the first and
second ailrcraft structures while determining the three-

dimensional representation.

14. A method for processing first and second structures,

comprising:

determining a three-dimensional representation of the
first and second structures using an optical positioning
system;

generating a predicted mate of the first and second
structures using a processor and the three-dimensional
representations of the first and second structures;

generating interface control point information for the
first and second structures based on the predicted mate; and
generating an adjusted mate for the first and second
structures to coordinate 1interface control points on the

first and second structures with 1nterface control points
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on another structure by manipulating, 1n an electronic
format, the three-dimensional representation of the

second structure relative to the three-dimensional

representation of the first structure using the
pProcessor.
15. The method of claim 14, further  comprising

physically manipulating the second structure using the

adjusted mate.

16. The method of <c¢laim 15, wherein  physically

manipulating comprises i1lnitiating an actuator coupled to

the second structure using the adjusted mate.

17. The method of claim 14, wherein determining

comprises determining three-dimensional c¢oordinates for

the first and second structures using a plurality of

reflectors located on the first and second structures.

18. The method of claim 14, wherein generating a
predicted mate comprises:

generating a first coordinate system for the first
structure;

generating a second coordinate system for the second
structure; and '

aligning the first and second coordinate systems to

generate the predicted mate.

19. The method of «c¢laim 14, further comprising

generating performance characteristics for the first and
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second structures Dbased on the predicted mate of the

first and second structures using the processor.

20. The method of claim 14, further comprising:

physically manipulating the second structure

relative to the first structure; and

generating another predicted mate of the first and

second structures 1in response to physically manipulating

the second structure relative to the first structure.

21. A method for processing first and second aircraft

structures, comprising:

H
p—

determining a three-dimensional representation of

the first and second aircraft structures using an optical
positioning system;

generating a predicted mate of the first ailrcraft
structure relative to the second aircraft structure using
a processor and the three-dimensional representations of
the first and second aircraft structures;

determining a performance characteristic of the

aircraft based on the predicted mate; and

manipulating, in an electronic format, the
three~dimensional representation of the second aircraft
structure relative to the three-dimensional

representation of the first aircraft structure to enhance

the performance characteristic.

22. The method of claim 21, further comprising

manipulating, 1in an electronic format, the second

alrcraft structure relative to the first ailrcraft

structure to enhance the performance characteristic.
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23. The method of claim 22, further comprising

physically manipulating the second aircraft structure

relative to the first aircraft structure using the

electronic format manipulation.

24. The method of <c¢laim 21, wherein generating the
predicted mate comprilises:

generating a first coordinate system for the first
aircraft structure;

generating a second coordinate system for the second
aircraft structure; and

aligning the first and second coordinate systems to

generate the predicted mate.

25. The method of claim 21, wherein determining the
three-dimensional representation comprises determining

three-dimensional coordinates for the first and second

alrcraft structures using a plurality of reflectors

located on the first and second aircraft structures.

26. The method of claim 21, whereiln:

the first aircraft structure comprises a filrst wing
section;

the second ailrcraft structure comprilises a second
wing section; and

the performance characteristic comprises a wing
sweep differential, a wing twist differential, or a
dihedral differential between the first and second wing

sections.
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27. The method of claim 271, further comprlsing

manipulating, in an electronic format, the

three-dimensional representation of the second aircraft

structure to maintalin coordination of an interface

5 control point on the second aircraft structure with an

interface control point on another aircraft structure.

28. The method of <claim 21, wherein generating the

predicted mate comprises generating 1interface control

point information for the first and second aircraft

10 structures.

29. A method for processing first and second structures,
comprilising:

determining a three-dimensional representation of

the first and second structures using an optilcal

15 positioning system;

generating a predicted mate of the first and second

structures using a processor and the three-dimensiona.

representations of the first and second structures;

determining a performance characteristic of the
20 first and second structures based on the predicted mate;
determining whether the second structure reqgquires

manipulation relative to the first structure to enhance

the performance characteristic; and
if manipulation of the second structure 1s reqguired,
25 manipulating, in an electronic format, the
three-dimensional representation of the second structure

v

relative to the three-dimensional representation of the

first structure to enhance the performance characteristic

using the processor.
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30. The method of claim 29, further comprising

generating an adjusted mate of the first and second

structures using the electronic format manipulation of

the second structure.

5 31. The method of claim 29, further comprising

generating a computer representation of the predicted

mate of the first and second structures.

32. The method of claim 29, further comprising:

determining 1interface control point information for

10 interface control ©points of the first and second

structures based on the predicted mate;
determining whether +the second structure requires
manipulation relative to  the first structure to
coordinate the 1interface control points of the first and
15 second structures with 1Interface control points of

another structure; and

if manipulation of the second structure is required,

manipulating, in an electronic format, the

three-dimensional representation of the second structure

20 relative to the three-dimensicnal representation of the

first structure using the processor.

33. The method of claim 29, further comprising
initiating a plurality of actuators coupled to the second
structure to physically manilipulate the second structure

25 using the electronic format manipulation.
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34. A method for processing an assembled structure,

comprising:

disposing a first structure on a first support;

disposing a second structure on a second support;

generating a three-dimensional representation of the

first structure using an optical positioning system;

generating a three-dimensional representation of the
second structure using the optical positioning system;

generating a predicted mate of the first structure
relative to the second structure using the
three-dimensional computer representations of the first
and second structures; and

generating an adjusted mate of the first and second

P

structures to enhance a performance characteristic of the

assembled structure by manipulating, 1n an electronic

o=
pr——

format, the three~-dimensional representation of the

second structure relative to the three-dimensional

representation of  the first structure using  the

Processor.

35. The method of claim 34, whereln disposing the second
structure on the second support comprises coupling the
second structure to an actuator, and further comprising
initiating the actuator to move the second structure to a

position corresponding to the adjusted mate.

36. The method of claim 34, further comprising:

generating a value of the performance characteristic

of the assembled structure using the predicted mate; and

determining a change in the wvalue of the performance

characteristic using the adjusted mate.
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37. The method of claim 34, wherein generating the
three-dimensional representations of the first and second
structures comprises:

positioning a plurality of sensors at pre-targeted

positions of the first and second structures;
emitting optical signals towards the pre-targeted

positions of the sensors; and

acquiring three-dimensional coordinate 1nformation

for the first and second structures from optical signals

reflected from the sensors.

38. The method of claim 34, further comprising
determining interface control point information for
interface control points of the first and second

structures using the predicted mate.

39. The method of claim 34, further comprising:
generating a tolerance range for an 1interface
control point corresponding to the first and second

structures using the predicted mate; and

manipulating, in an electronic format, the

three-dimensional representation of the second structure

relative to the three-dimensional representation of the
first structure to posilition the interface control polnt

within the tolerance range using the  processor.
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GRAPHICALLY REPRESENT INTERFACE CONTROL POINT
250 TOLERANCES AND WING PERFORMANCE CHARACTERISTICS

240

ADJUST
INTERFACE CONTROL POINT
TOLERANCE?

YES

FIG. 4B

ADJUST
PERFORMANCL
CHARACTERISTICS?

260

>

YES

GENERATE “ADJUSTED MATE™ THAT OPTIMIZES INTERFACE CONTROL
270 POINT TOLERANCES AND WING PERFORMANCE CHARACTERISTICS

COMMAND ACTUATORS TO
280 PHYSICALLY ADJUST WING

290 GENERATE NEW GEOMETRY

300 NO
310 JOIN WING HALVES
320 GENERATE INTERFACE CONTROL POINT TOLERANCE REPORT
330 GENERATE PERFORMANCE CHARACTERISTICS REPORT

END




CA 02270494 1999-04-29

FIG. 5

LOCATE AND ORIENT FIRST REFLECTOR 530

LOCATE AND ORIENT SECOND REFLECTOR
AT A PREDETERMINED DISTANCE 560
FROM FIRST REFLECTOR

LOCATE AND ORIENT THIRD REFLECTOR
AT A PREDETERMINED DISTANCE 370
FROM FIRST REFLECTOR

STORE PREDETERMINED DISTANCES AND 380)
APPROXIMATE LOCATIONS IN MEMORY
GENERATE COORDINATE OF FIRST REFLECTOR | -390
USING FIRST POSITIONING DEVICE

STORE FIRST COORDINATE IN MEMORY 400

GENERATE COORDINATE OF SECOND AND
THIRD REFLECTORS USING SECOND 410
POSITIONING DEVICE

STORE SECOND AND THIRD
COORDINATES IN MEMORY 420

DETERMINE EQUIVALENT LOCATION OF
COORDINATE OF FIRST REFLECTOR FROM
COORDINATES OF SECOND AND THIRD 4350
REFLECTORS AND PREDETERMINED DISTANCES

ALIGN COORDINATE SYSTEMS 140

END
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