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1. SCOPE

This document describes a practical system for a user to determine observer-to-aircraft distances. These observer-to-
aircraft distances can be either closest point of approach (CPA) distances during field measurements or overhead distances
during acoustic certification tests. The system uses a digital camera to record an image of the subject aircraft. A method of
using commercial software to obtain the distance from such an image is presented. Potential issues which may affect

accuracy are discussed.
2. REFERENCES

21
There are no referenced

2.2 Definitions

Applicable Documents

publications specified herein.

CPA: closest point of ap;l)roach of the object to the camera — this is the minimum distance betwee

SPL: sound pressure leyv
2.3 Terminology

DIGITAL CAMERA: a ca
IMAGE: a representation
PIXEL: a picture elemen
3. INTRODUCTION
3.1 Theory

The technique of image
isosceles triangles is equ

angles of the isosceles tfiangles are equal. Indmage scaling, the first isosceles triangle has the di

to the object as the heigh
the digital camera/lens ¢
the image is the base of
from the lens to the imag

a)

-

mera that records and stores digital images
of an object captured and stored by a digital camera

; the composite of all pixels comprises an image

scaling relies on the geomettic principle that the ratio of the lengths of
al to the ratio of their heights. “Similar” in this context has the geometrig

t of the triangle and the known length of the object as the base of the trig
pmbination is the height of the second isosceles triangle and the length
this second triangle. Note that this definition of the focal length as height
e is not the‘foeal length of the lens. The geometric principle is represents
U,

I

h observer and object

the bases of two similar
meaning that the vertex
stance from the observer
ingle. The focal length of
of the recorded object in
of the isosceles triangle
d in Equation 1.

(Eq. D)

where:
f

= focal length of

r

the digital camera/lens system

= distance from the digital camera lens to the object (also known as the slant range)

', =length of the recorded object in the image

b

= length of the object normal to the line of sight

Where the length of the object remains constant and the distance between the object and the observer varies, the focal
length of the camera/lens system remains constant while the length of the recorded image of the object varies in proportion
to the distance between object and observer.
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The units used to quantify the physical length of the object and the physical distance between object and observer must be
the same. Likewise, the units used to quantify the camera/lens focal length and the length of the recorded object in the
image must be the same. However, the camera system units do not need to be the same as the physical distance units.
This, in combination with the concept of a calibration image, allows the use of image pixels as the unit of dimension within
the camera system. Such a calibration image, taken of an object which has a known length ({,,) at a known distance (r),
enables the focal length (f) to be found in units of the length of the recorded object in the image (I’,,). Correct methods of
capturing a calibration image are discussed in Section 4. For the calibration, rather than assuming the focal length of the
camera system is known, the focal length (in pixels) is calculated from a calibration image, where the other three parameters
are either known (l,,r) or determined (I',). This method allows direct counting of the pixels on the recorded image,
eliminating the need to convert from pixels to some other unit of length. Figure 1 below shows an example of the geometry
of the aircraft/camera system.

Application of this method of determining distance is discussed in two separate sections below. In 3.2, the usage is assumed
to be a field measurement where the user must determine the CPA of the aircraft. In 3.3, the usage is assumed to be an
acoustic test where the user must determine the height of the aircraft above the ground as it passes over a microphone
position.

- U
FE——  h
— AT
3
ln
Slant Distance = v
')’u_
Focal Length = f
ll
\ = ] A

Pixels

Figure 1 - Basic photo-scaling geometry
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3.2 Field Measurements - Aircraft Lateral to the Observer

When the observer is lateral to (i.e., to the side of) the aircraft and the aircraft is at the CPA, the observed aircraft has no
optical foreshortening. Optical foreshortening distorts the observed length of the object for those dimensions which are not
perpendicular to the line from the camera to the object. These effects are discussed in Section 7. In most field
measurements, the fuselage of the aircraft is the dimension of interest. With most multi-engine aircraft with wing-mounted
engines, the user can estimate the CPA by noting when the engine on the closest wing either blocks or aligns with the
observer’s view of the farther engine. For single engine aircraft, which generally have unswept wings, the user should
capture the image when the wings appear perpendicular to the fuselage. Issues with field measurements are further
discussed in Section 5.

In a field measurement, the user of the camera system usually tracks the aircraft with the camera system until the user
determines that the aircraft is at the CPA. This tracking of the aircraft with the camera is also referred to as ‘panning’. When
the aircraft is at the CPA, the user records the image.

Figure 2 below shows a potional-view of afield measurement.-The aircraft-is lateral to the ghserver while f|y|ng level. The
observer tracks the aircraft with the camera until the aircraft is at the CPA as determined by themthods discussed above.
At the CPA point, the oljserver records the image. The CPA distance can then be determined from the recorded image
using the techniques dis¢ussed in 3.1.

raft

Figure 2 - Notional geometry for field measurement
3.3 Acoustic Tests - Aircraft Over-Flying the Observer

For over-flights during acoustic tests, the distance between the aircraft and the observer can be determined at a known
aircraft position relative to the observer. Over-flights will typically use the wingspan of the aircraft, rather than the fuselage
length, for I',, and [,,; the methods for determining the distance are the same. Acoustic flight test issues are discussed in
more detail in Section 6.
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In an acoustic test, the user of the camera system usually mounts the camera system at a fixed position close to the
microphone location under the expected flight track. The camera is usually pointing vertically up. When the aircraft is at the
overhead position relative to the camera system, the user records the image. In this case, the wingspan of the aircraft is the
aircraft dimension which is perpendicular to the observer.

Figure 3 below shows a notional view of an acoustic test. The aircraft is over-flying the observer/camera while in a climb.
The observer waits until the aircraft is overhead as determined by the methods discussed above. At the overhead point, the
observer records the image. The overhead distance (Zow in the Figure 3) can then be determined from the recorded image
using the techniques discussed in 3.1.

Camera

g

Microphone

Figure/3-=Notional geometry for acoustic test

3.4 Components of the Image Scaling:System

In order to properly perfgrm the determination of distance between aircraft and observer using the¢ method provided in this
document, an image-scaling system comprised of hardware, software and specific procedures is required. The components
of such an image scaling system are:

a. A digital camera withaTixed or focking focal length Iens - fixed 1ocal lengths are recommended;

b. Image-processing software that allows for identification of individual pixels in an image by row and column (XY)
coordinates;

c. Calibration of the system using the method described in Section 4;
d. Procedures and methods described within this document; and

e. A conscientious operator or operators, to carefully execute the steps in the procedure.
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4. CALIBRATION

The calibration of the image scaling system is used to determine the focal length of the digital camera/lens system.
Equation 1 is used, but instead of an unknown distance from the observer to the object of interest, an object of known size
at a known distance is used to solve for the focal length (f) in the equation by measuring the length of the recorded object
in the image.

4.1 Setup

The image scaling system should be set up so that the image processing software can be used with images recorded on
any and all digital camera/lens combinations that will be used as part of the system. The operator must ensure that each
digital camera/lens system has been or will be calibrated. The user should ensure that the camera settings used during the
calibration are the same as those used in the aircraft distance determination measurements. If possible, the user should set
the camerato an un-compressed (“raw”) image with the highest pixel count available for the camera. This minimizes possible
issues with data compression and allasmg these issues are discussed in 7 4. Note that the focal length f used in this context
is not the focal length of thelens alallals of the lens will result in
errors.

To calibrate a digital camera/lens system, the operator should choose as a calibration target an
with a known dimension that can be captured in the camera image. This feature should beeasily di
and should be visually olpvious, preferably with high-contrast compared to the image-background.
a distance between easily discernable objects in the image. The camera should begplaced at a know
to the target, far enough from the object to include the full known distance Wwithin the camera
requirement of an infinitg@ focus setting. That is, the distance between camera and object should
the image of the object ig sharp with the lens set to infinite focus. If possible,the calibration image
an object of approximatgly the same size and at the same distance as those expected during t

object that has a feature
5cernible from the image,
The target could also be
n distance perpendicular
image, and to meet the
be large enough so that
5hould be recorded using
he test. An alternative to

choosing an existing object of the proper size is to create one (e.gshigh-visibility highway traff
known distance apart). @Pnce such a calibration target and cameralocation have been establis
record several images ol the target to ensure the process produces at least one satisfactory ima
should be centered in thg recorded image. The calibration targét'should be in the same camera axi
image during the flight te

¢ safety cones placed a
hed, the operator should
je. The calibration target
5 as the expected aircraft

berator must ensure that:
Histance from the camera
The digital camera system should.employ a fixed focal length lens. Zoom lenses have variab

give unrepeatable rgsults when<processed. A zoom lens with a locking focal length could b
length were used for|the calibration and field measurements; however, a fixed focal length len

le focal lengths that may
e used if the same focal
s is recommended.

4.2 Processing

After recording images of the calibration target, these raw images from the digital camera should be downloaded to a
processing computer. A stored image can be opened in the image processing software. The calibration image size in pixels
(I',,) should be determined. This pixel size can be determined as the hypotenuse of the right triangle defined by the pixels

of the calibration image. That is, I', = \/(xz —x1)% + (¥, — y1)? where (x1, y1) are the pixel coordinates of one end of the

calibration object and (x2, y») are the other end. As discussed above, only the f variable in Equation 1 is still unknown at
this point and can be found using the other three known values.

5. AIRCRAFT CPA DISTANCE DATA COLLECTION

The field setup of the image scaling system requires knowledge of the physical characteristics of the aircraft of interest (i.e.
the length of the wings or fuselage), and properly setting up the features of the digital camera. As mentioned in 3.2, field
measurements normally involve the user tracking the aircraft with the camera system to determine the CPA when the image
should be recorded. This section describes the setup of a digital camera system and logging the data during the collection
process.
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5.1 Digital Camera Setup and Lens Choice

The approximate location and size of the objects of interest should be known in advance so that the operator can choose
the proper camera/lens system to use. If the objects of interest are relatively large and the distances are small, a camera/lens
system with a relatively small focal length (e.g., a fixed focal length lens of 50 mm) may be appropriate. If the objects of
interest are relatively small and the distance is large, then a camera/lens system with a relatively large focal length (e.g., a
fixed focal length of 200 mm) may be more appropriate. Lenses with large focal lengths may be difficult to use in the field
as a larger lens is difficult to manually hold steady while panning for the aircraft and there may be difficulty finding a rapidly
moving object in a small field of view (which is usual for a camera with a large focal length lens).

Each digital camera has its own settings for determining the quality of the stored image. ALL calibration images and field
measurement images should use matching settings which retain the most information in the images. The operator should
ensure the camera has sufficient image storage ability for the required amount of work in the field. Some cameras have the
ability to capture multiple images per second — this feature may be advantageous for fast-moving aircraft.

5.2 Separate Data Logging

Often, different operatorg perform different tasks in the image scaling process; one operator-may] only be assigned to use
the digital camera to capture the images in the field, while a different operator may use)the doftware to find the slant
distances. To allow the operators who process the images to perform their work correetly, the cdmera operator(s) should
record information in a measurement log, including the digital camera settings and information associated with each image
(e.g., image ID, aircraft fype, approximate time of CPA or overflight, etc.). Appendix”A includes an example of a field log
sheet for the recommenfed information. An electronic text log may be convenient, but if a paper log is used, an image
should be captured of the log sheet by the digital camera, so that other operators can coordinate the information on the log
sheet with the recorded aircraft images during processing.

6. MEASUREMENT OF AIRCRAFT HEIGHT AT OVERHEAD

—

Acoustic flight tests requjre knowledge of the following informatiofi*about the aircraft during the tes
¢ the distance from thg aircraft to the microphone at thexgverhead point

¢ the lateral angle of the aircraft at the overhead point

e the speed of the aircfaft along the flight path

The height and lateral ppsition at any pointialong the flight track can also be found using the methods discussed in this
section.

6.1 Distance and Latefal Angle.from the Aircraft to the Microphone at the Overhead Point

Determining the distancq froim-the aircraft to the microphone at the point where the aircraft passep over the microphone is
similar to the determinatipnZof the distance at the CPA. A common method used to determine the pircraft’s location relative
to the microphone is to include a known visual reference in the image of the aircraft pass-by. For certification flight tests,
this known visual reference is often a wire suspended parallel to the ground between two poles, in a direction perpendicular
to the flight path of the aircraft. The poles should be high enough so that the wire is in focus when the aircraft is also in
focus. With the camera directly under the wire, the known position of the aircraft occurs when the aircraft is in line with the
wire, which occurs when the aircraft is directly overhead. The point directly under the wire can be determined by suspending
a plumb bob from the wire. An example of a layout of this type is given in Figure 4. In this and the following figures, the
subscript ‘0’ is used to denote the distance projected onto a horizontal plane at the height of the wire. Also, the suspended
wire can include markings to either side of the center which will allow easy determination during the test of whether or not
the lateral angle criterion for the flight test is met.

The ‘0’ plane mentioned in the prior paragraph is required to define the angles between the camera and the aircraft. These
angles are used to provide position information in the X and Y directions. If this information is not required, then the slant
distance from the aircraft to the camera can be found using the methods previously discussed.
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Figures 4 through 6 use a right-hand coordinate system. The aircraft is shown traveling in the positive X direction (from a
negative X position to a positive X position); the direction of the aircraft through the wire/camera system is independent of
the direction of travel. The aircraft is arbitrarily shown with a negative Y position. The methods discussed here assume the

aircraft has no roll component.

JZ-axis

| Y-axis
yO
‘ HA— *

| z0

e

Figure 4=<Wire graphic for acoustic test, profile view schematic

In Figure 4, the following|are the vertical dimensions:

h, = height of the poles and-wire abave the ground (not shown for clarity)

h. = height of the camera above the ground (not shown for clarity)
z, = height of the wire above the camera; z, = h,, — h,

z = height of the aircraft above the ground

In Figure 4, the following are the horizontal dimensions:

b = aircraft wingspan

y = horizontal off-set distance of the aircraft from the camera

v, = horizontal off-set distance of the aircraft projected onto the horizontal plane at the wire
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A plan view of the geometry given in Figure 4 is shown in Figure 5. Figure 5 is a schematic view from above both the camera

and the aircraft.
Y-AXIS
—>

?. — o b(—axis

M

S VAR

Figure 5 — Wire graphic for acoustic test, plan view schematic
In Figure 5, the following|are the horizontal dimensions:

x = flight path off-set djstance 6f the aircraft from the camera

y = horizontal off-set djstance of the aircraft from the camera (also shown in Figure 4)

x, = horizontal flight path distance of aircraft projected onto the horizontal plane at the wire
yo = horizontal off-set distance of aircraft projected onto the horizontal plane at the wire (also shown in Figure 4)

Rc = Slant distance between camera and object

Ry =+/x0% + y,2 (not labeled for clarity)
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The notional image captured by the camera for the geometry presented in Figure 4 and Figure 5 is given in Figure 6. Note
that the right and left wings are reversed from Figure 5, since the image is of the underside of the aircraft.

y-axis

X-axis Vi

f—

ol

Figure 6'=Camera image schematic for acoustic test
In Figure 6, the subscrip{ ‘i’ indicates¢image’. The following are the image dimensions in units of gixels:

x; = horizontal flight path| distance of aircraft in the image from the wire

y; = horizontal off-set disfance of aircraft in the image from the origin

b; = wingspan of the aircraft in the image

The distances x, and y,(and therefore R,) are found using the photo-scaling methods discussed in this document. The
angle from the camera to the aircraft is:

R
y = tan™! (Z—O) (Eq.2)
0

The equation above uses the distances from the projected system; the angle from the camera to the aircraft is the same in
the projected system and the actual test. The slant distance from the camera to the aircraft, R, is:

b
b; cosy

R.=f (Eq.3)
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The focal length f is found from the calibration methods discussed in Section 4. The ground projection of the slant distance

IS:

The actual distance to th

The actual distance to th

The height of the aircraft

r = R.siny
e aircraft from the camera in the x-direction is given by:

__ Rccosy

f

e aircraft from the camera in the y-direction is given by:

y = [r2 — x2

above the ground can be determined:

Xi

(Eq.4)

(Eq.5)

(Eq.6)

z= R.cosy + h,

The slant distance from the origin to the aircraft can be determined:

Note that if hc = 0, then R
7. ACCURACY

The image scaling techn
image is captured incorr
this section may occur. N
not be sufficient to provi
generally not be known {

R = \x?+y%+ 72

ique can be reliable and accurate when-~conscientiously and properly p
bctly (for example, too early or too late relative to CPA or overflight), un
lote that this section discusses accuracy, but the methods discussed in
le corrections to a poorly captured image — the methods of this section
p the user. This section is only.intended to provide the users with an un

associated with uncertainty of the process.

7.1 Measurement of R
Errors made in measuri
visual interference occur
Such errors affect calcu

remains less than 0.5 dB,.

NOTE This error estim

ecorded Object in Image

g the size of the aircraft in the recorded image are usually a result of h
5 by some portion of the aircraft obscuring another portion of the aircraft
ated distance, but unless they exceed 6% the error in normalized soJ

hte-IS based solely on consideration of the inverse square law, where

£fo D Aton

(Eq.7)

(Eq.8)

erformed. However, if an
Certainty as discussed in
his section will generally
rely on angles which will
lerstanding of the issues

aste or situations where
that requires measuring.
nd pressure level (SPL)

a doubling or halving of

distance results

. hanea Ho S el n]] ket na-ath oy paal odt o oo o ff
ma CrranygeT o C U O U D AU oSprichtant ot SOud— attCToat o

ects are not considered.

The calibration method discussed in 3.1 assumes that the calibration image and the recorded image of the aircraft are in
the same axis of the camera. If the pixels in the camera system are not square, then the calibration image and the recorded
image must use the same axis for the methods of 3.1 to work.

7.2 Issues during Field Measurements

7.2.1  Orientation of Aircraft

An image taken when the aircraft is not perpendicular to the line of sight, i.e., taken too soon or too late, will give an
inaccurate CPA distance. This section discusses the magnitude of this type of uncertainty. Figure 7 presents a schematic
illustrating the terms used in this section.
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If the aircraft is not perpendicular to the line of sight, the aircraft will have a non-zero orientation angle (8), which is the angle
by which the actual position of the fuselage differs from being normal to the line of sight. The formulas for range based on

measurements when the orientation angle is known is shown in Equations 9 to 11.

where:

fl,cos@

l,=1l,cos0; r= -
In

[, =length of fuselage or wing of aircraft

6 = orientation angle

Correcting this to the minimum slant range gives Equation 10.

where:
Tymin= MiNimum slant ran
¢ = angle between the

If an assumption is mad
aircraft is centered in the

It is unlikely that 8 woulg
1dB in SPL by the inve
small values of 6 into ac

Note that the relationship

(Eq.9)

Vil | L
7T 1o COSUTOSY

Timin = T COS @ = 7
Un
je — the distance between the camera and the aircraft at the CPA point

line of sight and the normal vector from the observerto.the flight path

image, the two angles, 6 and ¢, are equal and’the relationship is shown
_ fl,cos*8

Tmin = ll
7

ever be as large as 20° forwhich the range correction would be apprd
se square law. Therefore| only negligible errors in field data should reg
ount.

a
21, sec»

b :sec(9+%)+sec(9—a = focost

2

)

(Eq.10)

P that the fuselage axis is oriented along the flight path (i.e., the aircraft is not yawing) and the

in Equation 11.

(Eq.11)

ximately 12% or around
ult from a failure to take

between the length-of the fuselage projected onto a plane which is normal to the line of sight (1,,)
and the actual length of the fuselage (I,)\is given by Equation 12.

(Eq.12)

NOTE: For all cases menfioned in this Section, the possibIe Inclination of the Tuselage to the Tign

path, even at low speed

with modern high-lift devices the angle rarely exceeds a few degrees during steady flight. This small inclination of
the fuselage should not have a substantial effect on the results.
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7 — Plan view schematic of range determination during field measurements
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7.2.2  Aircraft Off-Center in Image

The camera should be pointed so that its axis coincides with the line of sight. If it is not aimed properly (see Figure 8), the
aircraft will be off center in the recorded image by a distance d and will therefore be slightly longer, due to the increase in

projected distance.

OBJECT

)

LINE OF SIGHT

CORRECT IMAGE POSIT

Figure 8 — Effect of aiming camera incorrectly

A range formula (Equation 13) quantifying this effect can be derived using the small angle assumption that the cosine of a
right triangle is approximately equal to the long leg of the triangle divided by the hypotenuse of the triangle.

fln(1+-%;>uz flocos9(1+-%;)

Uy Uy

1/2

r =

where:
I'; =length of the off center aircraft in the image

d =displacement of the center of the recorded aircraft from the center of the image

(Eq.13)


https://saenorm.com/api/?name=772a3a178786170461802e785cdd95e8

SAE INTERNATIONAL AIR902™A Page 16 of 24

The amount of offset is limited by the pixel size of the digital camera’s image in the axis of the direction of the recorded
object. The off center distance d can be expressed as a fraction n of the focal length f, which allows a determination of the

effect on the sound level to be made, as shown in Equation 14.

N
< ) ] = 201log;o[(1 + n?)'?]

ASPL = 20logo {1+ —
n = off center distance expressed as a fraction of the focal length

2

where:

(Eq.14)

An image 10% (where n = 0.1) off center relative to the focal length would give a difference in SPL of about 0.04 dB.

7.3 Issues during Acoustic Tests
Capturing an image of a
minimum distance in a fi
user is usually panning

Id test. Despite basic theoretical similarities, there are practical differer
ith the aircraft in the viewfinder of the camera; in an acoustic test, the can
the user must pick the ingtant at overhead to capture the image. Users should consider using-a re
the image during the acqustic tests to avoid unnecessary movement of the camera.

7.3.1 Aircraft Offset fram Overhead

An image taken before
rate of climb or descent

after overhead will give errors similar to those discussed in 7.2.1, with {
f the aircraft is unknown and so contributes to theuncertainty of the med
If the aircraft is offset to the side, and the camera is aligned so that itiis“in the expected alignmen
at the overhead point, then the offset of the aircraft lateral does not affect the range estimation. T
aircraft wingspan and thg camera-to-overhead distance is similar;to the triangle formed by the foca
image. An example scheématic is shown in Figure 9. A differeént way to consider this situation i
wingtip to its respective [mage is half of the isosceles triangle shown in Figure 1. If the aircraft h
effect is similar to the yayv component effect in the field - measurement case.

iscussion of determining
ces. In the field test, the
nera is typically fixed and
mote trigger for capturing

he added issues that the
surement.

t of pointing vertically up
he triangle formed by the
| length and the recorded
5 that the line from each
as a roll component, the
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Figure 9 — Schematic of offset aircraft during an acoustic test

7.3.2 Camera Offset from Vertical

The acoustic test camera should be aligned so that it is pointing vertically up. If the camera is not vertically aligned, the
errors are similar to the effects discussed in 7.2.2 and shown in Figure 8, where the camera is aimed incorrectly. In the
acoustic test case, the aircraft is assumed to be in the correct overhead position, but the recorded image is incorrect due to
the increase in the projected distance.

7.4 Digitization Issues

A digital image contains a finite amount of information. At the edges of the aircraft image this limitation can introduce
ambiguity in the pixel-based measurement. This ambiguity arises due to the pixels at the edges of the image not having
enough resolution to unambiguously determine which pixels define the end of the aircraft image. An example of this is
shown in Figures 10 and 11. Figure 10 shows an image of an aircraft where the fuselage (not the wings) is perpendicular
to the camera and so would be used for a CPA calculation. Figure 11 shows a detail of the tail of the aircraft.


https://saenorm.com/api/?name=772a3a178786170461802e785cdd95e8

SAE INTERNATIONAL AIR902™A Page 18 of 24

Figure 10 =~ Sample digital image from field measurement

In Figure 11, the trailing pdge of thethorizontal stabilizer shows this digitization effect (the same gffect can be seen on the
vertical tail and the fusdlage). Even’ though the image has high contrast between the aircraft and the background sky,
identifying which pixel defines¢the back of the horizontal stabilizer along the centerline of the aircraft is ambiguous. In this
case, the ambiguity is onply.azsingle pixel; however, if the contrast between the aircraft image anfl the background is low,
the ambiguity of which pixelL.defines the measurement point becomes greater.
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8. NOTES
8.1 Revision Indicator

A change bar (1) located

editorial changes, have lpeen made to the-previous issue of this document. An (R) symbol to the

indicates a complete rev
publications, nor in docu

PRE

Figure 11 — Detail'of prior image

sion of the document, including technical revisions. Change bars and (R
ments that contain editorial changes only.

n the left margin is farithe convenience of the user in locating areas wheie technical revisions, not

left of the document title
are not used in original
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