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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 

tion in the wate~  and codecl ADL-1 output on lower 
right-hand corner. 

ETEK\II \  \TlO\ 01: 'l'l<EE l l E I ( ~ 1 l T .  Olle Of t h e  
D 1 1 i o s t  i~rrl)orta~rt \itriid)les i l l  tlie cornpl1t.1- 
tion offorest i ~ ~ \ . e n t o r y  statistics, has been  t h e  
su l~ jec t  of many research stl~clies. So f k ,  tlre 
~ilaiil  C O ~ I C C ~ I I  Iriis 1)een t h e  effect of isolated 
factors, such as t h e  photographic scale, t h e  
focal length of t h e  camera, t h e  i~rs t rument  
used  tbr tlie eval t~at ion,  etc.,  upon t h e  meas- 
u rement  of'tlie differential parallax ( N i e l s e ~ i ,  
1971). Interactions of these filctors have not 
received the  attelltioil they cleserve. Also tilt, 
recogllizrd I)y Johnson ( l962) ,  Schut  a n d  van 
Wijk (1965). Rrlun (1972), and Aldred (1973) 
as one  of tlre main sources of errors in  the  
p h o t o g r a m m e t r i c  d e t e r m i n a t i o n  of  t r e e  
height,  Iias I ~ e e n  Iargel!? iieglectetl 1)y the  
user  ofat,rial l,liotograplia. T h e  tilt pro1)lem 
h:~s I)ecomc, i11cre:~singly important with the  
use  of large-scale n ~ ~ t l  particularly, small- 
fbrmat (70-mm) aerial photographs. At t h e  
Forest \ Ian: lgerne~~t  Illstitr~te (FLII ) ,  t h e  tilt 
prol)lem has I ~ e e n  approaclietl in  two ways. 
O n e ,  I,!. u s i n g  a gyro-st:ll)ilizetl ca lnera  
~ i i o u n t  wllich kt,eps the  calnera witllin t 0 . 5  
degrees of' \ .ertic;~l 9 0  percent  of the  t i ~ i l e  
(Hall1). Tlic other  al,l)roacIi is tlie use of a 
gyro-stitl)ilized recording system s t ~ c h  as t h e  
A i r l ~ o r ~ ~ e  Tilt-Intlicator dcs i rna ted  ,411L-1 

tlie canlera .  T h e s e  data ,  recorded  o n  t h e  
p i c t ~ ~ r t s  f i .a~ne,  permit  analytical corrections 
to l)e ~ n a d e  to el iminate  the  effect of tilt. 

T h e  a i ~ i i  of this paper  is to summarize t h e  
effect of longi t t~dinal  tilt upon t h e  tletermina- 
tion of t ree heiglits, and  to present  test results 
of the  AD1,-I. 

S c l r ~ ~ t  :urd \.an Wijk (196Fj) anal>.zetl tlie 
distoltion of parallax caused I)y tilt, a n d  d e ~ l i -  
ol ls t rated tha t  t h e  e r ror  d e p e n d s  o n  t h e  
fb rmt~las  that \verc ~ ~ s e d  to c o m p ~ ~ t e  t ree  
height.  Among other  \ . a l ~ ~ e s ,  they used tlie 
f o l l m v i ~ ~ g :  

11 (fl1.i ng Iieiglrt al)ove 
grou~rtl) = 150  m 

R (tlistance I )e twee~i  ex- 
l ~ o s ~ r r e  stations) = 4 2 m  

.f (fi)cal lengtlr of 
ca~i iera)  = 100 m 

tll,  (tli tt'errntixl l~aral las)  = :3.818 m 
Pt  (~i l )solute  paral1;lx of 

top of' trc'e) = .31.818 m 
P b  (;il)solute parallas of' 

I)ase of' t ree)  = 28 nl1.7 

(Ai r l~ornc  I la ta  Logger) which ~rieastu-es tlre 
al,gles ()t.longitlldinal iuld laterill tilt a l ld  dis- fi)rlncllas klnal!.zed were:  

plays the  out1111t i ~ ~ t o  the  secondar)- optics of H dl)  
11 = 7 

1 I-Iall, J .  "Operatioilal tl.ial ot‘ A-28 st;tl)ilized 
vertical c;tniera mo~uit." Un~t~l)lisIied man11sc1-ipt. 
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where 11 is the height of a tree. For the values 
given above, all three formulas give a tree 
height of 18 111. 

If the right-hand photograph is assumed 
tilted one degree  towards the  left-hand 
pho tog~ iph  (Figure l ) ,  the maximum errors 
computed were: 

Formula 1: +1.0 m or +5.6% 
Formula 2: +2.3 m or + 12.8% 
For~nula 3:  -0.2 m or -1.1%. 
These errors consider parallax only. How- 

ever, camera tilt also affects the determina- 
tion of flying height and photographic base. 
Although the distortioil of flying height is 
negligible (especially if measured with the 
radar altimeter), the distortion of the photo- 
graphic base is more serious. The distance B 
between stations used in the formulas above, 
cannot Ile measured (unless the technique of 
fixed-base photography is used). B is either 
measured on the ground or calculated from 
measurements on the photographs (for ex- 
ample, using F\II.\ stereotope digitizer sys- 
t em,  on the left-hand ~ho tograph) .  In both 

These examules demonstrate that tilt can- 
not bc nenlected. The stabilized can~era 
mount is a sigilifica~~t improvement, but for 
t h e  two examples  given,  & 0 . 5  degrees  
of longitudinal tilt still means a possibility 
of about  k 3  pe rcen t  a n d  k 6  pe rcen t  
error respectively in the determination of 
tree height. 

The ADL-1 was described at the Aerospace 
Electronics Symposium, Saskatoon, 1973.2 
Briefly, the syste~u consists of a gyroscope, 
two opto-electronic measuring units, the  
logic and the display. The opto-electronic 
nleasuring tunits, 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 equal number of photo 
transistors. These units are ~nounted one on 
the main chassis and one on the longitudinal 
axis gi~nl,als of the gyroscope and are, there- 
fore, related to the (moving) longitudinal and 
lateral tilt axes of the aircraft (or camera). A 
gap be tween  l ight-emitt ing diodes  a n d  
photo-transistors permits free movement of 
two coded nlasks which are mounted one on 
the longitudinal and one in the lateral axes 

ABSTRACT Di~tor t ions  of parallax und plzotographic base caused b y  tzlt 
introduce stgnificicc~nt errors zn the plzotogrammetric determination 
of tree height. An  nirborne system to  measure and record tilt at  the 
instant of photographic exposure u;ar tested. Longitudinal tzlt was 
measured to  an  accuracy of k0.3 degree 95 percent of the t ime.  I t  is 
concluded tlzc~t, for photogrammetric calues typically used in large- 
scale ueriul l~lzotography apr~lied 111 forest tnzientories, this  accuracy 
is satisfactor!/. 

instances, this tlist~ince is distortect (Figure 1). 
For the values given, the distortion is 

tan lo x H = 0.0175 x 150 = 2.625 111. 
Thus B becomes 
42 - 2.625 = 39.375 111 or, at the scale given. 
h' (photo base) = 39.375:1500 = 26.25 mm. 

Introducing this value into the for~nulas, all 
three give approximately the same result, i.e. 
Formula 1 will not be affected, in Formula 2 
there is a certain arno~mt of compensation 
and thus the error decreases and for F o r m ~ ~ l a  
3 the error increases. 

For the  following more typical se t  of 
values- H = 300 m, f = 150 mm, 1) = 22.4 
lnln, 11 = 20 m, and 70-mm ~ lomi~ la l  format- 

giml)als ofthe gyroscope and thus, are related 
to the axes of the vertical gyroscope. Any 
change in the relative position between the 
stable gyroscope axes and those of the mov- 
ing aircraft (or camera) promote a change in 
the code. The electronics provide holding 
circuits to ensure that the code changes only 
if the sensor is 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 ofthe camera. A 
holding c i r c ~ ~ i t  freezes the readingjust before 
the shutter reaches the secondary optics, 
avoiding a code change during exposure. 

The system has a range of 7.5 degrees in 

the error fi)r one degree of lo~lgitudi~lal tilt on 
the right-hand photograph is about 12 per- 2 Nielsen, U. 1973. "A new system for recording 
cent, compt~ted with any of the fom~ulas and aircraft attitude". Canadian Aeronautics clnd 
for any position of the tree within the model. S j ~ c ~ c e  Jottrnal, 19(10): 525-527. 



TEST O F  AN AIRBORNE TILT INDICATOR 

I- e-I 
FIG. 1. Base distortion caused by tilt of the right- 
hand photograph. 

any directio~:. Resolution is 6 minutes of arc 
within the range of &6 degrees, and 30 min- 
utes of arc for the rest of the range. These 
liinits are specific to the system tested. 

In Figure 2, the system is installed in an 
aircraft. The gyroscope with the built-in 
measuring units is mounted on a platform 
f i rmly a t t ached  t o  the c a m e r a  mount. The 
camera and the gyroscope chassis thus form 
one rigid unit. The logic unit is not shown. 

 he-~rontis~iece is an example of the 
coded readout of the system and the image of 
the aircraft's reflection. A table is used to 
convert the binary code to lateral and lon- 
gitudinal tilt readings. 

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

In order to test the system, a simple tech- 
nique to determine longitudinal andlateral 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 of the 
camera in the water always coincides with 
the nadir (Sayn-Wittgenstein and Aldred, 
1967). If the optical axis ifvertical at the time 
of exposure, the reflection will also coincide 
with the principal point of the 
Deviations from this position permit easy 
calculation of longitudinal and lateral tilt. 

The following two factors introduced sys- 
tematic errors in the measurements: 

The exact location ofthe principal point was 
not known (measurements were rel:~ted to 
approxilnately located fiducial marks); 

FIG. 2. The ADL-1 and camera system mounted 
in an aircraft. Note that the platform holding the 
gyroscope is lifted. 

The accuracy of alignment of the lens axis 
and the  vertical gyroscope axis was not 
known (they 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. 

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

The standard deviations for all differences 
are: 

Longitudinal tilt 0.17 degree 
Lateral tilt 0.20 debree. 
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Rtrrtgc~ o {  Err-occ. ADL-1 i r i  tlegr-ee.9 
tilts i r t  
tlegr-c'es Lotlgitlidi)~(rl Loter(rl 

No. of 
photos Long. Ltrt. Extret~~es* s.rl. Ertrert~esf s.d. 

*First value for nose dow11, secontl for nose up. 
+First value for left wing down, seco~ltl for left 

wing up. 

Ti l t  is o n e  of t h e  major sources of errors in  
the  photogrammetric deternl i~lat ion of t ree  
height.  T h e  use of a gyro-stal~ilizetl camera 
llloullt is all i ~ n p r o v e m e n t  but,  fin very large- 
scale a n d  small-format aerial photographs, 
still ins~lfficient.  A further tlisildvantage of 
the  mount  is its size and weight,  which com- 
plicate installation in small aircraft. 

T h e  ADL-1 is easy to  install a n d  results are  
Inore accurate. T h e  theoretical error of this 
sys te~ l l  is slightly less tlrwn 0.1 degree.  Be- 
c a m e  m e a s u r e m e n t  is  t a k e n  a t  t h e  
gyrowol)e's axes gim1)als ant1 n o  analog-to- 
digital conversion takes place, accuracj7 cle- 
pends  only on  t h e  accuracy of t h e  gyroscope 
itself. Aircraft accelerations should not cause 
significant errors. St~dclen changes i n  aircraft 
attitude a re  normally very fast, i.e., o n e  or two 
seconds. If, during this time, the  mercury i n  
the  switches of t h e  erector circuits is tlis- 
placed d u e  to t h e  acceleration force, t h e  
gyroscope is llronght off'tl~e vertical position. 
But, as this change in position is slow (about  
0.1 degree p e r  second), t h e  error i n t r o d ~ ~ c e d  
is not significant. ' 

T h e  test provided t h e  following results: 
* For longitudinal tilt, a systematic error of 

1.24 degrees (nose up) and a standard de- 
viation of the diffkrences between cilli- 
brated and ADL-1 measurements of 0.17 
degree; 

t For lateral tilt, a syste~natic error of' 0.81 
degree (left wing up) and a stantlard tlevia- 
t i o ~ ~  of 0.20 degree. 

If' t h e  systematic errors are' removed,  the  
readings of t h e  ADL-1 syste~i ls  a re  within 
k0.34 and k0.40 degree  for l o l ~ g i t l ~ d i ~ i a l  ant1 
lateral tilt respectively 95 percent  of t h e  time. 
Wit11 t h e  give11 d i~ ta ,  this translates into w mas- 
im11m tree-height en-or ofal)out k 2  feet or k3 
p e r c e n t ,  \vhich is  satisf'ilctor)~ for forest- 
inventory 1)tIrl)oses. T h e  systematic errors 

are  a t t r i l~u ted  to misalignments of ficlucial 
1011 measure-  marks ( re fe rence  of ciilil)r t '  

~ n e n t s )  iintl of' \.ertical asis of gyro-scope i n  
relation to optical axis. 

'4 fllctor whicl1 may c o n t r i l ~ ~ ~ t e  to the  ran- 
tlom errors ol~tainet l  is the  limited accuracy of 
t h e  cali1)ration m e a s ~ ~ r e m e n t s .  T h e  film ol)- 
tainetl for the  test was I d l y  underexposed,  
making t h e  image of the  ref lect io~l  of the  
plane i n  t h e  water  sometimes barely discern- 
ible. This  c:~used some uncertainty and con- 
sequent ly an error i n  t h e  determination of the  
position of t h e  camera on  t h e  image. I t  is 
estimated that t h e  measurement  accuracy of 
t h e  d i s tance  froin t h e  a s s u m e d  
point to  the  image of the  camera reflection 
was allout k0.3 nnn, which translates into 
slightly over k0.1 degree of tilt. Otherwise,  
however ,  t h e  reflection technique used  to de-  
termine t l i e a c t ~ ~ a l  longitudinal and lateral tilts 
p resen t  a t  t ime  of exposure, is extremely 
s i ~ n p l e  a n d  effective. T h e  measurements  of 
the  ADL-1 system call b e  related directly to 
I)oth tilt angles of the  aircraft if t h e  camera is 
a l igned so  that  t h e  e d g e  of t h e  film is parallel 
to  the  longitudinal axis of t h e  aircraft (no  cor- 
rection for drift). 

I t  is concluded that t h e  ADL-1 system will 
p e n l i t  a significant increase in t h e  measure- 
ment  accuracy of t ree varia1)les horn large- 
scale photographs. Furthennore,  t h e  system 
wil l  a lso f ind  appl icat ion i n  o ther  f i e lds  
where  photogrammetric t e c h n i c l ~ ~ e s  a re  ap- 
plied, a n d  where  t h e  gro~und co~itrol  required 
for t h e  orientation of the  l>hotographs is insuf- 
ficient or does not exist. 
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