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Tests of an
Airborne
Tilt-Indicator

The system will permit a
significant increase in the
measurement accuracy of tree
variables from large-scale
photographs
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Froxtiseiect Photograph of the aireraft's reflec-
tion in the waterand coded ADL-1 output on lower
richt-hand corner.

(Abstract on next page)
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ETERMINATION OF TREE nEGr one ol the

most important variables in the computa-
tion ol Torest iny citory statistics, has been the
subject of many research studies. So far, the
main concern has been the effect of isolated
factors, such as the photographic scale, the
focal length of the camera, the instrument
used for the evaluation. ete., upon the meas-
urement of the ditferential parallax (Nielsen,
1971). Interactions of these Lactors have not
received the attention they deserve. Also tilt,
recognized by Tohmson (1962), Sehut and van
Wijk (1965), Brun (1972), and Aldred (1973)
as one of the main sources ol errors in the
photogrammetric determination ol tree
height, has been Lrgely neglected by the
user of acrial photographs. The tilt problem
has become inereasingly important with the
use of Laree-scale and particularly, small-
format (TO-num) acrial photographs. At the
Forest Nanagement Institute (e, the tilt
problem has heen approached in two ways,
One, by using a gvro-stabilized camera
mount which keeps the camera within =0.5
degrees ol vertical 90 percent ol the time
(Hall'), The other approach is the use ol a
gyro-stabilized recording svstem such as the
Airborne Tilt-Indicator designated ADL-]
(Airhorne Data Logaer) which measures the
angles of Tongitudinal and Tateral tilt and dis-
plavs the output into the secondary opties of

U Hall, 1 Operational trial of A-28 stabilized
vertical camera mount.” Unpublished manuseript,

the camera. These data, recorded on the
picture frame, permit analvtical corrections
to e made to eliminate the effect of tilt.
The aim ol this paper is to stummarize the
elfect of Tongitudinal tilt upon the determina-
tion of tree heights, and to present test results

of the ADL-1.

Ereecr or Tror s tue
Dererssarios or Tree Hucirs

Schut and van Wijk (1965) analyvzed the
distortion of parallax caused by tilt, and dem-
onstrated that the error depends on the
formulas that were used to compute tree
height, Among other values, they used the
following:

1 (Nving height above

aronnd) = 150 m
B (distance between ex-
posure stations) = 42 m
[ ocal Tength of
caumerit) = 100 m
dp (differential parallax) = 3818 m

Pt (absolute parallax of
top ol tree) =
Ph o tabsolate parallax of
hase of tree) =

31.8158 m

25 mn.

The formulas analyvzed were:

H dp _
I T (1)
Bf dp
h PPl (2)
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I dp
BfIH) + dp

h = (3)

where i is the height of a tree. For the values
given above, all three formulas give a tree
height of 18 m.

If the right-hand photograph is assumed
tilted one degree towards the left-hand
photograph (Figure 1), the maximum errors
computed were:

Formula 1: +1.0 m or +53.6%

Formula 2: +2.3 m or +12.8%

Formula 3: —0.2 m or —1.1%.

These errors consider parallax only. How-
ever, camera tilt also affects the determina-
tion of flving height and photographic base.
Although the distortion of flving beight is
negligible (especially if measured with the
radar altimeter), the distortion of the photo-
graphic base is more serious. The distance B
between stations nsed in the formulas above,
cannot be measured (unless the technique of
fixed-hase photography is used). B is either
measured on the ground or caleulated from
measurements on the photographs (for ex-
ample, using wuars stereotope digitizer sys-
tem, on the lett-hand photograph). In both
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These examples demonstrate that tilt can-
not be neglected, The stabilized camera
mount is a significant improvement, but for
the two examples given, 0.5 degrees
of longitudinal tilt still means a possibility
ol about =3 percent and =6 percent
error respectively in the determination of
tree height.

Arrsorse Tior-Inpicaton

The ADL-1 was described at the Aerospace
Electronics Symposinm, Saskatoon, 1973.2
Briefly, the syvstem consists of a gvroscope,
two opto-electronic measuring units, the
logic and the display. The opto-electronic
measuring units, one for longitudinal tilt and
one for lateral tilt, consist of a series of light-
emitting diodes each, which are placed ex-
actly opposite to an t'l;l!u] number of photo
transistors. These units are mounted one on
the main chassis and one on the longitudinal
axis gimbals of the gyvroscope and are, there-
fore. related to the (moving) longitudinal and
lateral tilt axes of the aireraft (or camera). A
gap between light-emitting diodes and
photo-transistors permits free movement of
two coded masks which are mounted one on
the longitudinal and one in the lateral axes

Apstiact. Distortions of parallax and photographic base caused by tilt
introduce significant errors in the photogrammetric determination
of tree height. An airborne system to measure and record tilt at the
instant of photographic exposure was tested. Longitudinal tilt was
measured to an accuracy of 0.3 degree 95 percent of the time. It is
concluded that, for photogrammetric values typically used in large-
scale aerial photography applied in forest inventories, this accuracy

is satisfactory.

instances. this distance is distorted (Figure 1),
For the values given, the distortion is

tan 15 x {1 = 0.0175 x 150 = 2.625 m.
Thus B becomes
42 — 2.625 = 39.375 m or, at the scale given.
b’ (photo base) = 39.375:1500 = 26.25 mm.

Introducing this value into the formulas, all
three give approximately the same result, i.e.
Formula 1 will not be aftected, in Formula 2
there is a certuin amount of compensation
and thus the error decreases and for Formula
3 the error increases.

For the following more typical set of
values— I = 300 m, f = 150 mm, b = 224
m, fe= 20 m, and 70-mm nominal format—
the error forone degree of Tongitudinal tilt on
the right-hand photograph is about 12 per-
cent, computed with any of the formulas and
forany position of the tree within the model.

gimbuls of the gyvroscope and thus, are related
to the axes of the vertical gvroscope. Any
change in the relative position between the
stable gyvroscope axes and those of the mov-
ing aireraft (or camera) promote a change in
the code. The electronies provide holding
cireuits to ensure that the code changes only
if the sensoris exactly in the center of a code
line. The output is fed to another set of light-
emitting diodes which are photographed
through the secondary optics of the camera. A
holding civenit freezes the reading just hefore
the shutter reaches the secondary optics.
avoiding a code change during exposure.
The system has a range of 7.5 degrees in

2 Nielsen, U. 1973, “A new system for recording
aireralt attitude”. Canadian Aeronautics and
Space Journal | 19(10): 525-527.
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Fic. 1. Base distortion caused by tilt of the right-
hand photograph.

any direction. Resolution is 6 minutes of arc
within the range of =6 degrees, and 30 min-
utes of are tor the rest of the range. These
limits are specilic to the svstem tested.

In Figure 2, the system is installed in an
aircralt. The gyvroscope with the built-in
measuring units is mounted on a platform
firmly attached to the camera mount. The
camera and the gyroscope chassis thus form
one rigid unit. The logic unit is not shown.

The Frontispiece is an example of the
coded readout of the svstem and the image of
the aireraft’s reflection. A table is used to
convert the binary code to lateral and lon-
gitudinal tilt readings.

This system can be obtained from Presen-
tey Engineering Products Limited in Ottawa,
at a cost ol approximately $15,000 to $20,000
depending on specifications.

TesT PROCEDURE

In order to test the system, a simple tech-
niguetodetermine longitudinalandlateral tilt
of photographs was used. For this purpose,
the system was flown and operated over
smooth water and the reflection of the aircraft
was photographed. The water surface acts as
a horizontal mirror, i.e., the reflection ol the
camera in the water alwavs coincides with
the nadir (Sayvn-Wittgenstein and Aldred,
1967). [ the optical axis if vertical at the time
of exposure, the reflection will also coincide
with the principal point of the photograpl.
Deviations from this position permit casy

caleulation of longitudinal and lateral tilt.
The following two factors introduced svs-

tematic errors in the measurements:
® The exact location of the principal point was
not known (measurements were related to
approximately located fiducial marks):

Fic. 2.

The ADL-1 and camera system mounted
in an aireraft, Note that the p|;|.lf'=|r11l holding the

gvroscope is lifted.

e The accuracy ol alignment of the lens axis
and the \t'll'li(‘u] gyroscope axis was not
known (theyv were assumed to be parallel).

Several lines were flown, one with the air-
craft in normal attitude. a second with in-
duced longitudinal and a third with induced
lateral tilt angles within the range of the sys-
tem. and a fourth with both tilt angles
changed simultaneously. Photographs were
obtained at the rate of one frame per second.

Resvirs

The average differences hetween the com-
puted tilt and the ADL-1 readings were as-
sumed to be the combined bias caused by
residual misaliecnment of fiducial marks and
of optical and gvro axes. For the longitudinal
tilt, this bias was 1.24 degrees; for the lateral
tilt. it was 0.81 degree. These svstematic
errors were then subtracted from all differ-
ences. Results are listed in Table 1. The max-
imim errors are found under the colnmns
labeled Extremes. The standard deviations
were computed for the ditferences between
calibrated and ADL-1 measured tilts.

The standard deviations for all differences
Are:

Longitudinal tilt 0.17 degree
Lateral tilt 0.20 degree.
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Tasre 1. Excows or ADL-1 iy DEGREES
roir Four DIFrERENT FLIGTs

Range of Errors ADL-1 in degrees

tilts in

degrees Longitudinal Lateral
No. of
photos Long. Lat. Extremes® s.d. Extremest s
16 0.5 1.5 0.2/0.4 0.17 0.6/0.2 0.21
30 3:5 1.6 0.3/0.3 016 0.5304 023
30 1.5 92 0.3/0.3 0.15 0203 0.4
13 36 11.2 0504 026 0503 021

#First value for nose down, second lor nose up.
fFirst value for left wing down, second for left
wing up.

Discussiox oF REsvrrs axn Coxcrursions

Tilt is one of the major sources ol errors in
the photogrammetrie determination ol tree
height. The use of a gvro-stabilized camera
mount is an improvement but, for very large-
scale and small-format aerial photographs,
still insulficient. A further disadvantage of
the mount is its size and weight, which com-
plicate installation in small aiveratt.

The ADL-1 is casy to install and results are
more accurate. The theoretical error of this
svstem is slightly lTess than 0.1 degree. Be-
cause  measurement is taken at the
avroscope's axes gimbals and no analog-to-
digital conversion takes place, accuracy de-
pends only on the accuracy of the gyvroscope
itself. Aireraft accelerations should not canse
significant errors. Sudden changes in aireralt
attitude are normally very fust, i.e., onc ortwo
seconds. If, during this time, the mercury in
the switches of the erector circuits is dis-
placed due to the acceleration force, the
avroscope is brought off the vertical position.
But, as this change in position is slow (about
0.1 degree per .‘i('t_l'(lll(“, the error introduced
is not significant.

The test provided the following results:

* For longitudinal tilt. a syvstematic error of
1.24 degrees (nose up) and a standard de-
viation of the differences between cali-
brated and ADL-1 measurements of 0.17
(l(’;_"l'{'{':

* For lateral tilt, a systematic error of (.81
degree (left wing up) and a standard devia-
tiom of 0.20 degree.

If the svstematic errors are removed, the
readings of the ADL-1 syvstems are within
+0.34 and =040 degree for longitudinal and
lateral tilt respectively 95 percent ol the time.
With the civen data, this translates into a max-
imun tree-height error of abont £2 feet or £3
percent, which is satistuctory for forest-
inventory purposes. The svstematic errors
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are attributed to misalicnments of fiducial
mirks (reference of calibration measure-
ments) and of vertical axis of gyro-scope in
relation to optical axis.

A factor which may contribute to the ran-
dom errors obtained is the limited accuracy of
the calibration measurements, The film ob-
tained for the test was badly underexposed,
making the image of the reflection of the
plane in the water sometimes barely discern-
ible. This caused some uncertainty and con-
sequentlyan errorin the determination of the
position of the camera on the image. It is
estimated that the measurement accuracy of
the distance from the assumed principal
point to the image of the camera reflection
wits about 0.3 mm, which translates into
slightly over =0.1 degree of tilt. Otherwise,
however, the reflection technigue used to de-
termine the actual longitudinal and lateral tilts
present at time ol exposure, is extremely
simple and effective. The measurements of
the ADL-1 svstem can be related directly to
both tilt ungles of the aireralt if the camera is
aligned so that the edge of the filim is parallel
to the longitudinal axis of the aiveralt (no cor-
rection for drift).

It is concluded that the ADL-1 system will
permit a significant inerease in the measure-
ment accuracy of tree variables from large-
scale photographs, Furthermore, the system
will also find application in other fields
where photogrammetric techniques are ap-
plied. and where the ground control required
for the orientation of the photographs is insuf-
ficient or does not exist,
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