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Free-network adjustment and sensitivity analysis are employed in the 
design of a deformation monitoring scheme. 

TURTLE MOUNTAIN AND THE FRANK SLIDE 

I N THE MORNING HOURS of 29 April 1903, above the 
town of Frank in the Crowsnest Pass of southern 

Alberta, the eastern side of the summit of Turtle 
Mountain broke free and plummetted into the 
valley below. This major rockslide avalanche, which 
was named the Frank Slide, contained some 90 mil- 
lion tons of rock and is one of the largest known to 
have occurred in the past few thousand years. Parts 
of the south side of the town of Frank were buried 

is worth noting in the figure that the height differ- 
ence between the Crowsnest River and the south 
peak of Turtle Mountain is close to 1000 m, and also 
that the eastern extremeties of the slide debris are 
at elevations of 50 m or so above the elevation of 
the river. 

The fundamental structural characteristic of 
Turtle Mountain which contributed to the slide ap- 
pears to be that the top of the mountain consists of 
a tightly folded anticline, with steeply sloping bed- 
ding planes on the eastern limb. The slide mass, 
which was in places over 100 m thick, initially 
moved downward along these bedding planes. For 
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by up to 30 m of debris and 70 people were lost. As 
a result of the 100-second slide, about three square 
kilometers of the valley floor were covered by 
rubble to an average depth of 14 m. The volume of 
broken limestone which moved down Turtle Moun- 
tain is estimated to have been about 30 million cubic 
metres (Cruden and Krahn, 1978). 

The appearance of the slide scar and rock debris, 
which are shown in Figure 1, gives a stark reminder 
of the mammoth dimensions of the Frank Slide. It 

* Presented paper, 49th Annual Meeting of the Amer- 
ican Society of Photogrammetry, Washington, D.C., 13- 
18 March 1983. 

PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING, 
Vol. 49, No. 11, November 1983, pp. 1551-1559 

further details on the geological and geotechnical 
aspects of the Frank Slide, the reader is referred to 
Cruden & Krahn (1978) and Beaty (1975). 

Today, 80 years after the landslide, there are still 
concerns about the stability of Turtle Mountain. 
Most attention is centered on a five million cubic 
metre rock wedge comprising the south peak, which 
may fall eastwards. A map of this area is illustrated 
in Figure 2, and a photograph of portions of the 
potentially unstable pyramid block is shown in 
Figure 3. Outlining the wedge on the west side is 
a major fissure, Crack 1 in Figures 2 and 4, one of 
many gaping cracks in the broken rock of the moun- 
tain top. 
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FIG. 1. Oblique aerial view of the Frank Slide, Crowsnest 
Pass, Alberta (photo courtesy of C. Beaty, University of 
Lethbridge). 

from the south. 

IN-SITU MONITORING AT THE SOUTH PEAK 

The history of displacement monitoring on Turtle 
Mountain dates back to the early 1930s when crack 
surveys of the crown of the Frank Slide were carried 
out. Since then, a number of further surveys have 
been undertaken, with the most recent being an in- 
situ monitoring program designed to detect crack 
movements at the margins of the rock wedge on the 
south peak. Two TM 71 Crack Motion Detectors are 
employed to monitor dilation and shear effects in 
one gaping crack. These measurements are supple- 
mented by extensometer and leveling data between 
bolts driven into the rock on opposite sides of Crack 
1 on the west side of the south peak. The steep sides 

OBJECT TARGET PONTS 
0 CAMERA STATIONS 

- W E L L E D  Inn W I M  DISPLACEMENTS FOR MODEL IV 

FIG. 2. Map of the south peak area of Turtle Mountain 
showing object target point and camera station locations. 

of the peak area are certainly less than ideal for spirit 
leveling, as is indicated by the position of the 
rodman in Figure 4. Complete details of this pro- 
gram are given in Cruden et al. (1982). 

Whereas the current monitoring scheme is ca- 
pable of detecting crack motion to a high accuracy- 
0.1 mmlyear for the TM 71 gauges and about 1 mm 
for the leveling and extensometer observations-it 
does have two main drawbacks. The first is that the 
area being monitored is fairly small in relation to 
the area covered by the five million cubic metre 
rock wedge. Thus, any movement that does not take 
place across Crack 1 is unlikely to be detected; i.e., 
the measuring scheme effectively examines only the 
hypothesis that Crack 1 is the boundary of the un- 
stable zone. The second drawback is that, if hazardous 
movements occur to the extent where failure is an- 

FIG. 4. A portion of Crack 1 on the west face of the south 
peak. 
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ticipated, it will no longer be safe to occupy the 
south peak area and carry out measurements. 

THE NEED FOR A PHOTOGRAMMETRIC MONITORING 

SCHEME 

As a precise non-contact measuring tool, analyt- 
ical photogrammetry is ideally suited to the task of 
deformation monitoring. Over the past decade or 
so, reported applications of close-range photogram- 
metry have included the monitoring of rock faces 
and earth walls (Allam, 1975; Torlegird and Dau- 
phin, 1975; Veress et al., 1980; Robertson et al., 
1982), mining subsidence (Armenakis and Faig, 
1982), and landslide areas (Erlandson and Veress, 
1975; Negut, 1980). 

In comparison to other deformation monitoring 
systems, photogrammetry offers a few unique ad- 
vantages. In cases where structures are loaded to 
failure, or where hazardous movements are ex- 
pected, the non-contact feature of photogrammetric 
measurements is particularly beneficial. Further, 
there are few limitations on the number of object 
points employed. One extensometer reading yields 
a single distance (or change of distance) observation, 
and a point in a surveying network needs to be "tied 
in" by physically setting up an instrument or target 
over that point. However, it is immaterial as far as 
the photogrammetric data acquisition system is con- 
cerned whether there are 10 or 100 targetted points 
at which movement is to be measured, so long as 
all points are imaged on a sufficient number of pho- 
tographs. Thus, a comprehensive picture of the en- 
tire deformation pattern can be built up simply by 
setting out a sufficient number of targets, and no 
extra field measurements are required. Another fea- 
ture of photogrammetric networks for deformation 
monitoring-about which a number of misconcep- 
tions remain in the surveying community-is that 
there is no need for independently surveyed control 
to absolutely orient the photogrammetric block. An- 
alytical photogrammetry is essentially a stand-alone 
monitoring technique, which can rigorously incor- 
porate additional surveying observations should 
they be available. 

At the invitation of the provincial department of 
the environment, Alberta Environment, a prelimi- 
nary investigation was undertaken to ascertain the 
practicability of using analytical photogrammetry to 
monitor the South Peak of Turtle Mountain. This 
study, the results of which were reported by Fraser 
(1982b), was conducted without the benefit of a site 
visit to the mountain top. Basically, two imaging 
geometries where considered: a convergent config- 
uration using helicopter borne photography (of 200- 
mm focal length), and a "normal" low-level aerial 
geometry comprising 100 percent overlap of the 
target array and 152-mm focal length photography. 
Simulations employing free-network adjustment 
and sensitivity analysis indicated that in the case of 
both geometries subcentimetre point displacements 

could be detected between two measuring epochs. 
On visiting Turtle Mountain, however, it was found 
that the steepness of the sides of the south peak (see 
Figure 3) effectively ruled out the more expensive 
convergent imaging geometry as a practical propo- 
sition. Thus, attention was directed to the "normal" 
geometry, the object target array was redesigned, 
and a number of deformation models were formu- 
lated for use in a sensitivity analysis. The purpose 
of this paper is to demonstrate, through rigorous 
analysis techniques, that low-lewel aerial photog- 
raphy, analytically restituted, provides a photo- 
grammetric network which is sensitive enough to 
detect subcentimetre deformation movements on 
Turtle Mountain. In addition, an explanation is 
given as to why a free-network approach is war- 
ranted, and the theory of network sensitivity anal- 
ysis is briefly explained. 

NETWORK DESIGN AND DIAGNOSIS 

A photogrammetric network shares many 
common features with three-dimensional surveying 
networks in Euclidean space. It is, therefore, not 
surprising that techniques employed in the design, 
diagnosis, and optimization of monitoring networks 
in surveying are in many instances applicable to 
photogrammetry. For example, the problems of 
zero- and first-order design are directly applicable 
to photogrammetric networks, although the second- 
and third-order design problems are simplified to a 
considerable extent. Moreover, aspects of statistical 
quality and accuracy can be evaluated according to 
standard methods by reference to the precision, re- 
liability, and sensitivity of the network. (Recent re- 
views of these aspects, as they relate to monitoring 
networks in engineering surveying, are given by Al- 
berda (1980) and Niemeier (1982).) Prior to exam- 
ining the precision and sensitivity of the proposed 
photogrammetric monitoring network, it is useful 
first to examine aspects of the network geometry. 

NETWORK GEOMETRY 

In designing a photogrammetric monitoring net- 
work for Turtle Mountain, a few physical constraints 
apply. Low-level, slow-speed flying in the front 
ranges of the Rocky Mountains can be--and fre- 
quently is-a hazardous operation. This fact, cou- 
pled with the need to minimize image motion to an 
acceptable level, led to the selection of a minimum 
design flying height of 320 m above the south peak, 
i.e., an altitude of about 2480 m. A standard map- 
ping camera of 152 mm used at this height yields 
an image scale of about 1:2100. The network was 
designed around this photographic scale, such that 
there would be a six-fold coverage of each object 
point. Accordingly, the camera stations would be 
situated as shown in Figure 2. 

Also shown in Figure 2 are the locations of 24 
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object target points. As well as affording the detec- 
tion of outward motions at Crack 1, in accordance 
with the principal geotechnical hypothesis, the ob- 
ject points are positioned so that relative move- 
ments between different broken rock segments of 
the south peak can be detected. The actual posi- 
tioning of the object target points is a fairly arbitrary 
procedure at the design stage, and considerable 
point location leeway can be tolerated before the 
geometric strength and sensitivity of the photo- 
grammetric network are noticeably influenced. 

Until such time that a full diagnosis based on sim- 
ulated data is carried out, there can be no assurance 
that the  ~ h o t o ~ r a m m e t r i c  monitoring network " L, 

meets the accuracy criteria for which it was de- 
signed. However, having the preliminary geometric 
design does allow the ~hotogrammetrist to ascertain u - 
a coarse measure of the attainable object point po- 
sitioning accuracy. Such an overall accuracy indi- 
cator is provided by the formula 

where a, can be termed the mean standard error of 
the object point coordinates, S is the average scale 
number, u is a global estimate of the standard error 
of image coordinate measurements, and q is a factor 
whose magnitude is primarily dependent on the 
network geometry. For a "normal" six-photo im- 
aging configuration, with 100 percent overlap of the 
target array, a value of q of about 0.5 to 0.7 can be 
anticipated if the network is adjusted by the bundle 
method with inner constraints (Fraser, 1983). Ap- 
plication of Equation 1 to the network described, 
with q = 0.5 and u = r 2 . 5  pm, ~ i e l d s  a rough 
standard error estimate of about 2.6 mm. Given that 
the major design criteria is the detection of move- 
ments of 1 cm or more, this level of precision would 
indicate that the network design should be sub- 
jected to a full diagnosis, prior to any changes being 
made to the preliminary imaging geometry. 

PHOTOGRAMMETRIC ADJUSTMENT APPROACH 

Although it is more a problem of network design 
than diagnosis, the fixation of the zero-variance 
computational base, or datum, has a considerable 
impact on the precision of a minimally constrained 
photogrammetric adjustment (Fraser, 1982a). The 
dynamic nature of the network, coupled with the 
geology of the south ~ e a k  area, precludes the estab- 
lishment of a minimal object space control field (ei- 
ther arbitrarily assigned or independently surveyed) 
which can be considered stable over all measuring 
epochs. Thus, the deformation problem becomes 
one of "relative" motions and a free-network ad- 
justment procedure needs to be followed. 

A commonly adopted approach in the analysis of 
deformation measurements obtained by geodetic 
methods involves the use of the pseudo-inverse 
(Pelzer, 1979; Niemeier, 1981). This so-called 

"main" solution can be written for the self-cali- 
brating bundle adjustment as 

where 

is the vector of unknown ~arameters 
(object point coordinates, exterior ori- 
entation parameters, and additional 
parameters), 

A is the design matrix, 
P is the image coordinate weight matrix, 
Po is the weight matrix of the prior means 

of the parameters, 
1 and 20 are discrepancy vectors, and 
Q, is the cofactor matrix of the parame- 

ters. 

In applying Equation 2 in the context of defor- 
mation monitoring, the basic restriction on the 
weight matrix Po is that it should be insufficient to 
yield zero variance for the seven datum parameters. 
From a practical point of view, Po can generally be 
omitted from Equation 2 if it serves only to impose 
a loose prior constraint on the parameter estimates 
i. Indeed, for a large range of variance values in 
(Po)-'-the condition being that individual vari- 
ances are not "too small"-the estimates 8 and Q, 
are invariant (Fraser, 1980). The pseudo-inverse 
yields a solution whereby ll%ll and the trace tr Q, are 
both a minimum. Geometrically, this condition can 
be interpreted as fixing the datum coordinate 
system origin at the "center of gravity" of the pho- 
togrammetric network (as defined by both exterior 
orientation parameters and object target point co- 
ordinates), maintaining average network orienta- 
tion, and holding the mean scale as fixed. One im- 
portant feature of this free-network approach is that, 
so long as the same provisional exterior orientation 
parameter values and the same provisional object 
space coordinates are adopted at each measuring 
epoch, it is possible to apply tests for departures 
from network congruency (Pelzer, 1971, 1980; Nie- 
meier, 1981). 

Unfortunately, whereas the adoption of the same 
provisional parameter values is generally practicable 
in a photogrammetric network incorporating terres- 
trial camera stations which can be relocated, it is 
not necessarily possible if aerial camera platforms 
and different cameras at each measuring epoch are 
employed. In the Turtle Mountain investigation, 
which utilizes photography from an aircraft, the pro- 
visional exterior orientation parameters of the first 
measuring epoch may be inappropriate for subse- 
quent epochs because of changes in camera station 
geometry, and a possible change in the camera se- 
lection. For this reason it is desirable that the net- 
work datum be defined only in terms of the provi- 
sional object target point coordinates. 

In addition to requiring the zero-variance com- 
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putational base to be defined only in terms of the The simulated photogrammetric monitoring net- 
target point coordinates, an optimization of the vari- work for Turtle Mountain was adjusted according to 
ance of the parameter estimates is generally also Equation 5 and the overall accuracy attained is in- 
sought. These two criteria are met by obtaining the dicated by the results listed in Table 1. In the table 
solution for the vector of object point coordinates the mean standard error Cc is simply computed from 
$2, whereby 

11*211 = minimum C~ = ($ tr ~ $ 2 ) )  'I2 (6) 

and (3) 

tr Qi2) = minimum. 

The matrix cr;QJ2) is the covariance matrix corre- 
sponding to the object space XYZ coordinates, with 
ui being the variance factor. If there are p target 
points in the network, f 2  is a 3p x 1 vector and Q,(2) 
will have a rank R of 3p - 7. The conditions stated 
above can be satisfied by subjecting the target point 
array to three rotations, a scale change, and three 
translations, all differentially small. This approach 
is referred to as the method of inner constraints 
(Meissl, 1969; Blaha, 1971), and it has been applied 
in close-range photogrammetry by Fraser (1982a) 
and Papo and Perelmuter (1980,1982). The most 
straightforward technique for implementing inner 
constraints (relating only to i2 involves "bordering" 
the normal matrix (ATPA + Po) with a Helmert 
transformation matrix G, where AG = 0. Note that 
the same restrictions apply to Po as were outlined 
previously. For an object point j, the appropriate 3 
X 7 matrix G, is given as 

The transformation matrix G is then incorporated 
into the photogrammetric normal equation system 
in the following manner: 

ATPA, + Py ATPA, ATPAz 

A:PA3 + P: A:PA2 
S P A ,  + Pi 

symmetric 

where subscripts 1, 2, and 3 refer to the exterior 
orientation parameters, the object point coordi- 
nates, and the additional parameters, respectively; 
and k is a 7 x 1 vector of Lagrangian multipliers. 
The "bordered" normal matrix of Equation 5 is non- 
singular and thus a solution for the parameters, 
along with the minimum-trace covariance matrix 
u;QJ2), can be obtained via a standard Cayley in- 
verse. 

where p is the number of object target points. The 
RMS value s, is obtained in the usual manner from the 
square root of the meaned sum of squared differ- 
ences between the true and adjusted coordinate 
values. As mentioned, for the simulation conducted 
an a priori value of u = 2.5 p,m was set for the 
normal random deviate generator used in the per- 
turbation of the true image coordinates. 

From Table 1 it can be seen that the accuracy of 
the  photogrammetric point positioning, as ex- 
pressed by the estimators Fc and sc, is well within 
the subcentimetre range. Further, there is a basic 
correspondence between the value of cC obtained 
by means of Equation 6 and the coarse estimate 
computed by Equation 1. In addition to yielding 
XYZ coordinate standard errors of a few millimetres, 
the network displays very homogeneous precision 
from point to point, as expressed by the ratio All& 
of the largest, A,, over the smallest eigenvalue, &, 
of the cofactor matrix QJ2). Such homogeniety of 
object point precision tends to be a feature of pho- 
togrammetric adjustments which employ partial 
inner constraints. This characteristic impacts on the 
variances of quantities which are derived as func- 
tions of the adjusted object space coordinates. For 
example, regardless of the separation of any two 
target points in the network, a distance standard 
error of about 2.5 to 3.5 mm is obtained. In terms 
of proportional accuracy, the average distance stan- 
dard error is about 1 part in 60,000 of the target 
array diameter. 

ADDITION OF SURVEYING OBSERVATIONS 

Whereas point-to-point precision in the simulated 
network is very homogeneous, the anticipated dis- 
crepancies between accuracies in planimetry and 
height were evident. The mean standard error in 

Mean standard error 5, ? 0.0022 m 
RMS value s, of XYZ object 

point coordinates 2 0.0023 m 
Square root of the ratio XI/Xs5 

of the largest over the smallest 
eigenvalue of Qi2) 2.7 

RMS value s , ~  of image 
coordinate "measurements" 22.2 p,m 
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planimetric coordinates was computed to be = 

+ 1.9 mm, while a value aZ = + 2.8 mm was ob- 
tained for the Z-coordinate precision. In an effort to 
improve the heighting accuracy, it was decided to 
incorporate leveling data and redundant scale con- 
trol in the network to supplement the photogram- 
metric point positioning. These data are routinely 
obtained as part of the existing monitoring program, 
though extensometer and spirit level measurements 
would of course cease if movements accelerated to 
hazardous levels. 

Current crack motion measurements (Cruden et 
al.,  1982) center on Crack 1, and the surveying data 
from this program which have been incorporated in 
the photogrammetric network comprise a level trav- 
erse between the points 19 to 24, shown in Figure 
2, and the distances 19-20, 20-21, and 23-24. Height 
difference observations between two adjacent target 
stations were assigned standard error values of + 1 
mm, as were distance measurements. These eight 
surveying observations on the "stable" side of the 
main fissure were then adjusted simultaneously 
with the photogrammetric data, the normal equa- 
tions taking the general form 

where the subscript g refers to the terrestrial sur- 
veying observations. For details of the algorithmic 
approach adopted for this combined adjustment, the 
reader is referred to Fraser (1982~). 

Perhaps the most significant feature of the addi- 
tion of distance and leveling data in the monitoring 
network was that to a large degree there was an 
insignificant overall improvement in object point 
precision. The standard errors of the Z coordinates 
of target points 19 to 24 improved by up to 1.5 mm, 
but the mean value 6 was reduced by only 0.2 mm. 
In planimetry there was a half-millimetre improve- 
ment in the Y-coordinate standard errors of points 
19, 20, 21, 23, and 24 (measured distances ran 
roughly in the Y direction). In view of the minimal 
influence of the leveling and distance observations 
on the accuracy of the designed photogrammetric 
network, it was decided not to supplement the ae- 
rial photographic data with any terrestrial measure- 
ments. 

SENSITIVITY ANALYSIS 

Of crucial importance in deformation analysis is 
the sensitivity of the photogrammetric network to 
critical deformations. Under the assumption that 
there is prior information regarding the magnitude, 
direction, and extent of expected deformations, the 
network design must be such that these deforma- 

tions can be detected at a certain confidence level. 
Measures of deformation are relative in nature, i.e., 
they are usually functions of positional differences 
which have occurred between two or more mea- 
suring epochs. It is, therefore, not surprising that 
the covariance matrix U;Q,I" plays a key role in as- 
sessing how sensitive a network is to the detection 
of systematic point displacements which are likely 
to occur under formulated deformation models. 

The concept of sensitivity analysis can be outlined 
in terms of a deformation analysis which employs 
tests for departures from congruency (Pelzer, 1971; 
1972; Leonhard and Niemeier, 1980). Alternatively, 
because they indicate the quality of conformance of 
observations to a network design, external reliability 
measures can be employed in a sensitivity analysis 
(Niemeier et al . ,  1982). Here, the former, compu- 
tationally more straightforward approach is adopted, 
and the discussion is limited to a two-epoch analysis. 
As a result of two photogrammetric network adjust- 
ments, one at each measuring epoch, the following 
object point coordinates and covariance matrices are 
obtained: U ~ Q , ( ~ ~ )  and 92(h, u;Q,('~), with a 
common variance factor a;. According to the global 
congruency test of Pelzer (1971) the null hypothesis 

is tested using the test statistic 

where 

and 
Q, z Qi", + Q!""' 

The parameter F is referred to as the mean gap, and 
in the photogrammetric context R(Qd) = 3p - 7. If 
the null hypothesi~ is correct, i.e., no point dis- 
placements occur, F follows the central Fisher dis- 
tribution. Essentially, the test of the null hypothesis 
asks the question: Are the two geometric networks 
congruent within the tolerance expressed by their 
respective precisions? If the null hypothesis is re- 
jected, then point movements are implied. 

Of more importance for sensitivity analysis is the 
alternative hypothesis 

where F is distributed according to the non-central 
F-distribution with non-centrality parameter 

The probability y = 1 - P that d will lead to the 
rejection of the null hypothesis H, at significance 
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level a is termed the power of the test with respect 
to the alternative hypothesis H,. For a specified 
probability a that H, will be rejected when it is true 
(Type I error), and a chosen probability P that H, 
will be accepted when not true (Type I1 error), a 
critical value of the non-centrality parameter o, can 
be computed as a function of a, y, and R(Qd). Nom- 
ograms for o,, for three power values, are given in 
Baarda (1968). For example, in the Turtle Mountain 
investigation values of a = 0.05 and y = 0.8 were 
selected, the appropriate critical non-centrality pa- 
rameter value being o, = 33.9 for R(Qd) = 65. 

For a given d, if o > w, the null hypothesis is 
rejected and thus it can be concluded that d rep- 
resents a detectable deformation at the probability 
levels a and p. The importance of the test of o in 
terms of sen~itivity analysis is that any so-called 
form vector d of modeled point displacements can 
be assessed in order to ascertain a just-detectable 
deformation. Let c be a scalar value; then if 

(cd)' Qf; (cd) 
c20 = = 00 

4 
the form vector cd represents a critical amount of 
movement, i. e., a just-detectable deformation. In 
designing a photogrammetric network of sufficient 
sensitivity to detect movements described by more 
than one likely deformation model, the photogram- 
metrist may need to consider a number of form vec- 
tors. In general, a network is least sensitive to a 
single point displacement and most sensitive to mul- 
tiple point movements. 

For the Turtle Mountain investigation, five defor- 
mation models describing anticipated patterns of 
point displacements were formulated and the cor- 
responding form vectors were constructed. Table 2 
lists the points subjected to movement according to 
each of these deformation models. Of the models, 
number V corresponds to the principal geotechnical 
hypothesis that the whole south peak block will 
move outwards, thus causing a dilation at Crack 1. 
The remaining models serve in an examination of 
the sensitivity of the proposed monitoring network 
to single and multiple point movements. The 10 mm 
point displacement vectors shown in Figure 2 cor- 
respond to model IV, and also include the antici- 
pated movements under models I, 11 and III. As an 
example of a form vector, consider Model I: 

TABLE 2. MAGNITUDES OF CRITICAL POINT MOVEMENTS 
CORRESPONDING TO THE FNE DEFORMATION MODELS (AT 

PROBABILITY LEVELS OF a = 0.05 AND = 0.8) 

Magnitude 
of Critical 

Number of Points Movement 
Models Subjected to Movement (mm) 

I 1 (pt. #14) 17 
11 1 (pt. #13) 16 

I11 2 (pts. 14 and 15) 13 
IV 6 (pts. 11 and 13-17) 9 
V 18(pts.1-18) 9 

Table 2 lists the magnitudes of critical movements 
for each of the deformation models formulated. As 
anticipated, the network is least sensitive to single 
point movements. A just-detectable movement of 
either points 13 or 14 corresponds to about eight 
times the mean positional standard error vc. For 
models IV and V, the latter of which essentially ex- 
amines the deformation of six points (numbers 19 to 
24) with respect to a "stable" rock wedge, critical 
movement is at the subcentimetre level. This de- 
gree of sensitivity is considered to be sufficient for 
the monitoring of hazardous, accelerating move- 
ments of or within the south peak block. 

The critical magnitudes listed in Table 2 are de- 
pendent upon, among other factors, the image co- 
ordinate measuring precision and the selected prob- 
ability levels a and p. If in practice the photo co- 
ordinate standard error was reduced to 2 pm from 
the 2.5 pm simulated value, the values of just-de- 
tectable movement listed in the table would be 
scaled down by a factor of 0.8. On the other hand, 
if the commonly employed type 11 error probability 
level, p, of 0.1 rather than 0.2 is adopted, the move- 
ment values would increase by a factor of about 1.2. 

Although the five assumed deformation models 
considered in Table 2 are rather simplified formu- 
lations, they do serve to illustrate the high degree 
of sensitivity of the proposed photogrammetric 
monitoring network. The results of this sensitivity 
analysis, coupled with the findings of a previous 
study (Fraser, 1982b), indicate that a multi-station 
photogrammetric monitoring network is sensitive 
enough to detect multiple point deformations be- 
tween two or more measuring epochs as small as 
four times the mean positional standard error value. 

@ =  ( 0 , .  . . , O  0.009 CONCLUSIONS 
0.0 -0.005 0, . . . , 0) (I3) The basic criterion which governed the design of 

where the displacements dX14 = 0.009 m, dY14 = the photogrammetric network for the south peak of 
0.0, and dZI4 = -0.005 re~resen t  the movements Turtle Mountain was that it should be sufficientlv 
in the  directions qf the three coordinate axes. accurate for the monitoring of deformation move- 
Having formulated dl, the scalar c = (oO/w)l1z is de- ments of one centimetre or greater. The sensitivity 
termined according to Equation 12, and cd, be- analysis conducted for the proposed network indi- 
comes the vector of critical (i. e., just-detectable) cated that multiple-point, subcentimetre move- 
movements. ments between two measuring epochs could be de- 
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tected at the assigned confidence level, thus 
meeting the main design monitoring accuracy cri- 
terion. As a result of this investigation, it can be 
concluded that analytical restitution of low-level ae- 
rial photography would provide a feasible means of 
detecting hazardous deformations on the south peak 
of Turtle Mountain. 

As a final remark on sensitivity analysis, this tech- 
nique affords the photogrammetrist a tool by which 
he can rigorously ascertain, at a given confidence 
level, the amount of movement which will be just 
detectable according to the deformation model or 
models formulated. Thus, at the planning stages a 
photogrammetric network can be diagnosed, and if 
the sensitivity does not meet the required design 
criteria, appropriate redesign or optimization steps 
can be initiated. 

In the summer of 1982 an object target array of 
24 points was established on the summit ridge of 
Turtle Mountain, and aerial photographic coverage 
was obtained at heights of between 320 and 350 m 
above the south peak area. The results of the net- 
work adjustment for this first epoch of photogram- 
metric measurement corroborated the findings of 
the feasibility study. These results, along with an 
account of the deformation analysis procedure 
adopted, are summarized in Fraser & Stoliker 
(1983). 
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CALL FOR PAPERS 

International Conference 
inventorying Forest and other Vegetation of the 

High Latitude and High Altitude Regions 

Fairbanks, Alaska 
23-26 July 1984 

This conference is sponsored by the Society of American Foresters and the International Union of 
Forestry Research Organizations. Contributed papers on the major workshop topics are solicited. Con- 
current sessions are planned to permit in-depth discussion of these topics: 

Planning high latitude and high altitude vegetation inventories. 
Sampling designs and statistical analyses used in inventorying high latitude and high altitude vegetation. 
Vegetation measurement methods used for inventories of high latitude and high altitude vegetation. 
Special considerations related to inventorying and reporting results of inventories for high latitude and high 
altitude vegetation. 
General topics related to inventorying high latitude and high altitude vegetation. 

Those interested in presenting papers should submit a title, 200-word abstract (maximum), and author's 
name, address, affiliation, and phone number by 1 December 1983 to 

Dr. H. H. Gabrial 
Bureau of Land Management 
701 C Street, Box 13 
Anchorage, AK 99513 


