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•• ■■ FOREWORD 

This report was prepared by CH2M HILL, Redding, California under the 
U.S. Bureau of Mines Contract Number HO262009 initiated under the Coal 
Mine Health and Safety Program. It was administered under the technical 
direction of the Spokane Mining Research Center with Mr. R. R. Backer 
acting as the Technical Project Officer. Mr. D. J. Askin was the 
contract administrator for the Bureau of Mines. This report is a 
summary of the work completed as part of this contract during the 
period August 1975 to Apri I 1977. 
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■■ Chapter 1 
■■ GENERAL SUMMARY 

In August 1975 the U.S. Bureau of Mines awarded a project entitled 
"Feasibility Study of Rapid Determination of Embankment Stability" to 
CH2M HILL. The specific objective of lhis µroject was to identify, develop, 
and test a fast, reliable, and accurate reconnaissance system to gather 
data on the safety of coal mine refuse embankments. The Bureau of Mines 
wanted the selected system to be able to obtain observation data and 
physical measurements, to provide a permanent record of embankment perfor­
mance versus time, and to more adequately detect and monitor safety problems 
of embankments. The Bureau of Mines al so wanted the system to faci I itate 
more efficient al location of inspection resources to closely monitor 
suspect embankments while maintaining periodic checks on presumably safe 
embankments. 

During this project a rapid monitoring system using aerial photography 
from fixed-wing ai re raft was identified, developed, and tested. The rapid 
monitoring system consists of vertical and slightly oblique (convergent) 
photography of embankments instrumented with targets. Photogrammetric 
measurements are made on these photographs to determine X, Y, and Z coordi­
nates for the targets, and periodic photography is used to develop movement 
versus time plots. In addition, stereophotographs obtained during over­
flights for the rapid monitoring system can be used for topographic mapping 
and photointerpretation. Both black and white (B&W) and color infrared 
(Cl R) films were used. The rapid monitoring system provides permanent 
records of embankment conditions, quantitative measurement data, and 
qua Ii tative photoi nterpretation data. 

PAST FAILURES 

The need tor coal refuse embankment monitoring is demonstrated by two 
disastrous embankrnent failures. One failure occurred at a coal refuse 
complex in Aberfan, Wales on 21 October 1966, causing the death of 144 people. 
Another failure occurred on Buffalo Creek at Saunders, West Virginia on 
26 February 1~12. resulting in the death of 125 people and over $65 million 
in damages. 

Case histories at both Aberfan and Buffalo Creek indicate that unstable 
conditions were apparent long before the failures. If a program of monitoring 
and evaluation of data had been carried out by people knowledgeable in 
earth s true tu res, both disastrous failures probably cou Id have been 
avoided. 

To help prevent future disasters, regulatory agencies inspect refuse 
faci Ii ties. Inspections of coal refuse dumps by the Federal Government 
are performed by the Mining Enforcement and Safety Administration (MESA). 



Inspections of coal refuse embankments generally consist of visual observa­
tions by inspectors on the ground. These inspections are often time consuming, 
and inspection procedures are mainly qualitative. Subtle signs of instability 
may be overlooked unti I failure is imminent. 

The relative hazard potentials of coal refuse embankments are quite different. 
Well-engineered embankments are designed to be safe, and extensive inspection 
and monitoring programs on these embankments may not be necessary. On the 
other hand, many coal refuse embankments have severe, inherent stabi I ity 
problems that may be overlooked because of insufficient time and inspection 
resources. For these reasons, the Bureau of Mines felt that development 
and implementation of a fast, reliable monitoring system would enable 
better allocation of inspection and evaluation resources. 

SYSTEM DEVELOPMENT 

In order to identify and develop a rapid monitoring system for coal refuse 
embankments, it was necessary to review current ( 1975) coal refuse inspection 
procedures. The review was made to determine current methods of inspection 
as well as inspection criteria. The review consisted of interviews with 
MESA inspectors and members of MESA's technical support staff. It also 
consisted of examination of inspection manuals, attendance at MESA training 
sessions, and participation in site inspections with MESA personnel. The 
review of inspection procedures provided valuable information used in 
developing a system that could assist in inspection of coal refuse embankments. 

The next step was evaluation and review of observation and measurement 
techniques that have been applied in monitoring the stability of slopes and 
embankments. This step involved making a complete list of available 
techniques from areas of in-place geotechnical instrumentation, remote 
sensing methods, conventional surveying, simplified telltale warning 
systems, and instrumentation with telemetry. These observation and measure­
ment techniques were compared with evaluation factors such as staffing 
requirements, ability to rapidly detect and monitor indicators of instability, 
and cost and practicality. 

From this evaluation, aerial photogrammetry proved the most promising for 
a rapid monitoring system. Use of aerial photogrammetry enables rapid 
collection of both quantitative data, in the form of measurable movement of 
targets on an embankment, and qualitative data from photointerpretation of 
indicators of instability such as cracks, slumps, bulges, or seeps. In 
addition, aerial photography provides data for general site mapping and 
enables calculation of embankment quantities. Finally, the aerial photographs 
are an easily maintained, permanent visual record of conditions that can be 
used to reconstruct past conditions at any future date. 

Precision surveys using photogrammetric methods have been made in the past 
using either terrestrial cameras or low-level helicopter photography. The 
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dimensions and vertical relief of coal waste embankments, however, often 
preclude use of these photogrammetric methods. The accuracy of standard 
photogrammetric measurements on photographs taken by conventional mapping 
cameras from fixed-wing aircraft is about equal to 1/10,000 of the flying 
height above the terrain. 

By using special refinements developed in this project, the accuracy of 
aerial photography with conventional equipment was further improved. 

SYSTEM DESCRIPTION 

The rapid monitoring system developed in this project incorporates least­
squares computations for deriving ground coordinates of objects from 
measured coordinates of their images on three overlapping aerial photographs. 
The system uses fixed-wing aircraft to obtain vertical and convergent 
photographs. This flight scheme provides superior accuracy when compared 
to conventional fixed-wing mapping photography using only vertical photo­
graphs. Increased accuracy is achieved by redundant measurements and by 
using convergent photography. Quantitative data in the form of X, Y, and 
Z coordinates of survey targets are obtained using analytical photogrammetry. 

To provide for least-squares adjustment, the rapid monitoring system 
requires at least four control points with known ground coordinates. The 
four control points are placed on stable ground outside the area to be 
monitored. The rapid monitoring system can determine the coordinates of 
any number of targets placed on the ground in the monitoring area. Target 
movement can be detected and monitored by determining coordinates with 
successive photography over time. Targets and control points are 11-inch -
diameter (27. 9-cm-diameter) aluminum disks. The aluminum disks are 
painted flat white and are attached to lengths of 1-inch-diameter (2. 5-cm­
diameter) galvanized pipe hand-driven into the ground. 

Analytical photogrammetry for the rapid monitoring system consists of 
measuring X and Y image coordinates on one vertical and two convergent 
fi Im negatives and processing measurement data through computer programs. 
Measuring is done b'l(f monocomparator which determines image coordinates 
to the nearest 1 x 10 m. Measured image coordinates are corrected for 
systematic errors such as lens distortion, film shrinkage, and atmospheric 
refraction. Image coordinates of the control points with known ground 
coordinates are used to determine coordinates of the focal point of each 
photograph, and the orientation of the image coordinate system with respect 
to the ground coordinate system. A subsequent computer program uses this 
information along with measured image coordinates of interior targets to 
solve a three-ray intersection resulting in ground coordinates for each 
target in the monitoring area. 

Photography scale is dependent on the size of the area to be monitored, 
characteristics of the camera, and flying height. A conventional Wild 
RC-8 6-inch (15.2-cm) focal length mapping camera with a 9-inch by 9-inch 
(22. 9-cm by 22. 9-cm) format size was used to obtain photographs with 
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average scale between 1: 4500 and 1: 5400 for testing the rapid monitoring 
system. The maximum area that can be monitored at this scale is approxi­
mately 4,000 feet by 4,000 feet (1. 22 km by 1. 22 km). The area is based 
on mean flying height above the terrain of 2,700 feet (823 m) and use of 
three photographs (one vertical, two convergent) with 100 percent overlap. 
A maximum vertical relief of one-third of the flying height can be accommo·­
dated without loss of accuracy. The system's theoretical accuracy is on 
the order of 1 /35, 000 of the flying height above the terrain; this is 3. 5 
times the accuracy of conventional aerial photography. 

TESTING THE RAPID MONITORING SYSTEM 

An active landslide located near Roseburg, Oregon was selected for monitoring 
to evaluate the ability of the rapid monitoring system to detect movement. 
The evaluation program consisted of comparing the rapid monitoring system 
with conventional ground survey methods for accuracy, cost, and practicality. 

The landslide was monitored once per month, beginning in February 1976 and 
ending in May 1976. The rapid monitoring system was used to determine X, 
Y, and Z coordinates of targets on the ground; conventional ground surveys 
were made to verify the accuracy of the coordinates determined by analytical 
photogrammetry and for comparison of cost and practicality. 

The rapid monitoring system was capable of detecting and measuring slide 
movements. Two of the targets moved about 8 feet (2. 4 m) horizontally and 
about 2 feet (0. 6 m) vertically during the monitoring program. These were 
the only targets that moved as determined by both the rapid monitoring 
system and ground survey. 

Statistical analysis of data showed that the coordinates determined by the 
rapid monitoring system agreed closely with those determined by ground 
survey. Approximately 20 percent of al I coordinates determined by the 
rapidmonitoringsystemagreedwithin ±0.05 foot (1.5 cm) of the coordinates 
determined by the ground survey; approximately 80 percent agreed within 
±0.10 foot (3.0 cm); andalmostallagreedwithin ±0.25 foot (8.0 cm). 

After completion of system testing at the lands I ide, the rapid monitoring 
system was used at two coal refuse embankments in southern West Virginia. 
The system was tested for its ability to monitor active coal refuse embank­
ments. This monitoring program tested the system for its ability to 
accommodate difficult terrain and atmospheric conditions common to the 
Appalachian coal fields. These conditions include atmospheric haze, smoke 
and steam from nearby coal preparation plants, and shadows caused by 
rugged topography. 

Coal refuse embankments at the Wharton preparation plant near Barrett, 
West Virginia and at the Stirrat preparation plant near Omar, West Virginia 
were monitored once per month beginning in July 1976 and ending in December 
1976. As with monitoring at the Roseburg landslide, both B&W and CIR 
films were used. 
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Overall results from landslide and coal waste embankment monitoring showed 
that 90 percent of all X and Y coordinates determined by the rapid system 
for B&Wand CIR films were within :t0.10 foot (3.0 cm) of X and Y coordinates 
determined by ground surveys. For the Z coordinate, 90 percent of al I 
coordinate values determined from B&W were within ±0. 15 foot (4. 6 cm) of 
ground survey values, and 90 percent of all coordinate values from CIR were 
within iO. 23 foot (7. 0 cm) of ground survey values. 

The major reasons for differences between coordinates determined by the 
rapid monitoring system and the ground surveys resulted from random errors 
in the system and from difficulty in maintaining flight lines and intentional 
aircraft tilt (for convergent photography) while still maintaining site 
coverage. When proper aircraft ti It is not achieved, the accuracy of the 
horizontal coordinate values are slightly reduced. Errors are compounded 
in the vertical coordinate since it is mathematically determined from the 
X and Y image coordinates. 

Both fi Im types have the same theoretical resolution. However, low sun 
angles and cloud cover sometimes require longer shutter speeds for CIR 
film. As a consequence, there is some image blur at high magnification; 
this loss of resolution makes CIR film slightly less accurate for mensuration. 
B&W film is available at various film speeds and is therefore less suscep­
tible to resolution problems. 

During landslide and embankment monitoring, both film types proved useful 
for identifying qualitative slope stability indicators such as cracks, 
bulges, slumps, and erosion patterns. Using successive photographs, 
cracks in the lands I ide were seen to widen because of downslope soi I 
creep. The wider range of color tones of CIR photography enabled more 
subtle changes in surface conditions to be distinguished, such as the 
response of vegetation to increases in soi I moisture from seeps. In 
general, atmospheric haze posed no problems for photography. The low sun 
angles during late autumn and early winter reduced the photogrammetric 
qualities of the Cl R fi Im and caused long shadows from surrounding foliage 
that made photointerpretation difficult in affected areas. 

FINDINGS AND CONCLUSIONS 

In this project the rapid monitoring system has been shown to be an effec­
tive, economic, and powerful monitoring tool. The system obtains high 
accuracy by using convergent and vertical photography from conventional 
fixed-wing aircraft. Either B&W or CIR film may be used; B&W film is 
superior from the standpoint of accuracy while the Cl R fi Im offers better 
evaluation of qualitative stability indicators through photointerpretation 
techniques. The rapid monitoring system also provides a method for main­
taining a permanent, visual record of site conditions. 

The rapid monitoring system of aerial photography proved to be practical 
for detecting and recording movement of targets on slopes and embankments. 
The system uses existing technology and conventional aerial photography 
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cameras with fixed-wing photo aircraft. Targets for the rapid monitoring 
system are readily avai !able, economic, and easy to ins ta I I. A destroyed 
target can be rep I aced easily, and base coordinates for detection of 
movement can be determined at the next monitoring. The rapid monitoring 
system could be readily implemented for embankment inspection. Economics 
are enhanced when several areas can be photographed in a single photo 
mission. 

Cost of monitoring is often the most decisive factor in planning the scope 
of monitoring programs. Many factors influence the cost of monitoring 
such as site location and size, vertical relief, accessibi I ity, vegetation, 
weather, frequency, and urgency of monitoring. For the landslide and the 
coal refuse embankments, costs of monitoring by the rapid monitoring 
system was 15-40 percent of the costs of monitoring by conventional ground 
survey methods. 

The rapid monitoring system not only provides a useful inspection tool for 
coal refuse embankments, but also provides a monitoring tool for a wide 
variety of other types of mining problems such as the stability of mine 
spoil piles, open-pit mines, and tailings dams. The system's accuracy is 
such that major earth dams and the stabi I ity of natural and manmade slopes 
can also be monitored to detect and record movement. 
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■■ Chapter 2 
■■ INTRODUCTION AND BACKGROUND 

This report presents the results of a project to identify, develop, and 
test a rapid monitoring system to aid in assessing the safety and stability 
of coal refuse embankments. Past failures of coal refuse embankments have 
resulted in more intensified efforts to inspect coal refuse disposal 
faci Ii ties. However, present inspection efforts are mainly qua I itative and 
are often time consuming. Use of a rapid monitoring system as an inspection 
tool would permit better al location of inspection and evaluation resources. 

BACKGROUND 

Coal refuse is the unavoidable by-product of the preparation of raw coal. 
The disposal of wastes from coal mining and preparation is a problem that 
affects both mine owners and the public. Methods for safe and economic 
disposal of coal wastes are necessary; they require the assistance of both 
private and governmental agencies. As coal production increases, more 
wastes can be expected. About 20-30 percent of al I run-of-mine coal 
cleaned in preparation plants is waste. The imount of coal waste is 
projected to reach 200 million tons (182 x 10 metric tons) annually by 
1980 (Wahler et al, 1973). 

Before 1920 coal seams were excavated and loaded by hand underground. Coal 
was transported to the surface, and wastes were left in the mine. Around 
1920, coal mining became mechanized. Mechanized mining is more rapid and 
enables mining of thinner, less productive seams. This less selective 
process results in increased amounts of waste that are transported with the 
coa I to the surface. 

When run-of-mine coal reaches the surface, a preparation process is used to 
sort marketable coal from waste. Early methods of preparation consisted of 
simply separating the coarse refuse from the coal and dumping the refuse in 
areas near the preparation plants. Preparation procedures eventually 
became more sophisticated; simple separation yielded to crushing, sizing, 
and washing procedures that, in turn, produced a fine coal waste in the 
form of a slurry. The slurry required disposal along with the coarse 
refuse. 

Locations of most coal waste dumps were based on convenience rather than 
engineer! ng, geologic, or envi ronmenta! considerations. As a consequence, 
embankments were not always located in suitable areas. Foundation prepara­
tion, embankment design, material strength, drainage, construction control, 
and hydrology were rarely considered in planning. The resulting coal 
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refuse embankments generally consist of loose end-dumped or aerial tram­
dumped material that has been placed with I ittle or no compaction. Embank­
ment slopes are often at or near the waste material's angle of repose, and 
the factors of safety against failure are marginal. 

PAST FAILURES 

Figure 1 shows a coal refuse embankment in West Virginia that has experi­
enced slope failure. The slumping of the embankment and subsequent erosion 
were caused by poor embankment design and construction practices. 

FIGURE 1 - Slope Failure at a Coal Refuse 
Embankment 

Two disastrous coal waste embankment failures have occurred because of poor 
construction techniques and the lack of stability monitoring. Case histories 
of these two failures supply insight into signs of instability that could 
precede a coal refuse embankment failure. One failure occurred at a coal 
refuse complex in Aberfan, Wales, on 21 October 1966 when Tip 7, a large 
conical waste pi le approximately 120 feet (37 m) high, failed. The resulting 
slide and mudflow traveled approximately 2,000 feet (610 m) downslope into 
the city of Aberfan causing the death of 144 people. Failure occurred 
because of excess pore pressures in the foundation of the embankment and 
piping at the toe of the waste pile. Another failure occurred at Saunders, 
West Virginia. On 26 February 1972, a coal waste impoundment on Buffalo 
Creek failed as the combined result of piping, high pore pressures, overtop­
ping, and a low shear strength foundation. This failure resulted in the 
death of 12 5 people and over $65 mi I lion in damages. 

Following each of these disasters, special committees developed thorough 
case histories of the embankments to explain the causes of failure. These 
examinations showed that obvious signs of i nstabi Ii ty existed years before 
both disasters occurred. lnstabi Ii ties prior to the failure of Tip 7 at 
Aberfan (The Engineer 224, 1967) included a rotational slip at Tip 4 
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followed by a flow slide in 1944. Between 1947 and 1951 there was a 
rotational slide on Tip 5, and in 1963 there was a rotational slip and flow 
slide on Tip 7. From November 1964 to October 1966, slipping and settlement 
in excess of 5 feet (1. 5 m) occurred at Tip 7. From Apri I to October 1966, 
settlement at the top of Tip 4 was as great as 12 feet (3. 7 m), and downslope 
movement was on the order of 20-30 feet (6-9 m). Finally, on 21 October. 
1966, settlement of 20 feet (6 m) was fol lowed by the total failure of 
Tip 7. 

The coal refuse dump at Buffalo Creek consisted of a series of three 
embankment dams constructed of coarse coal refuse. These embankments 
retained slurries of fine coal refuse and runoff water. In 1969 while 
Dam 3 (farthest upstream) at Buffalo Creek was being constructed, over 
100 feet (30 m) of the dam sank and disappeared into its foundation of fine 
coal slurry. In 1971 boi Is of black water were reported in the pool 
downstream of Dam 3 and a portion of the downstream side of Dam 3 slumped. 
On 26 February 1972 complete failure occurred at Dam 3 resulting in over­
topping and progressive failure of the two downstream dams (Davis et al, 
1973) . 

At both Aberfan and Buffalo Creek, indications of unstable conditions were 
apparent long before failures occurred. The signs of instability that 
preceded failure were obvious but were not acknowledged. A relatively 
simple monitoring program could have detected the gross movements that 
occurred at both Aberfan and Buffalo Creek, warning that corrective efforts 
were required to prevent failure. 

It is not likely that all potential embankment failures will exhibit such 
obvious signs of i nstabi Ii ty so far in advance of failure. However, the 
experience gained from both Aberfan and Buffalo Creek strongly suggests 
that the monitoring of surface movements and the evaluation of data by 
trained personnel could contribute substantially to prevent future failures. 

CURRENT INSPECTION PROCEDURES 

The framework for current inspection procedures for coal refuse embankments 
is the result of two recent Federal acts. In 1969 the Coal Mine Health and 
Safety Act (PL 91-173) transferred the responsibility for mine-related 
health and safety to the newly created Mining Enforcement and Safety 
Administration (MESA) within the Department of the Interior. The act 
included responsibility for inspection of active coal refuse disposal 
operations. As a direct result of the Buffalo Creek disaster, Congress 
passed the National Dam Safety Act (PL 92- 3G7) of 1972 authorizing the 
Corps of Engineers to evaluate the stability of all dams in the United 
States (except those owned by the U.S. Government) . A I though coal refuse 
impoundments fall under the requirements of this act, MESA has retained 
responsibility for inspecting coal refuse construction and enforcing 
regulations concerning safe operation. 
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State regulatory agencies are also involved in coal refuse inspection. For 
example, in West Virginia the responsibility for coal refuse inspection and 
regulation enforcement is with the Department of Natural Resources, Division 
of Coal Refuse and Dam Control. This agency, similar to MESA's coal refuse 
inspection effort, also has inspection responsibility for inactive and 
abandoned coal refuse dumps in West Virginia. 

MESA performs three types of inspections on coal refuse operations. The 
Periodic Inspection is a regularly scheduled inspection for all coal 
refuse faci Ii ties. I ts frequency depends on the hazard potential and 
relative stability of the embankment. Generally, the inspections are made 
on a quarterly basis. However, if there are safety hazards or a possibility 
of failure, inspections may be as frequent as once each week. The results 
of inspections are recorded on standard forms, and the mine operator is 
notified of any violations or hazards requiring corrective action. 

The Interim Inspection is a special inspection for the purpose of obtaining 
specific information on the refuse disposal operation, embankment construc­
tion, or other aspects of the disposal practice at a particular facility. 

The Annual Inspection is the summary of the year's periodic inspections. 
Its purpose is to provide a record of embankment conditions and performance. 

The MESA inspection effort is divided by districts according to geographic 
areas. In each district, the district manager and his staff are responsible 
for inspection of coal refuse operations. Potential hazards and violations 
are noted by the MESA coal refuse inspectors, and mine operators are 
ordered to take corrective action by the district manager. 

MESA coal refuse inspectors are trained in special sessions to perform 
regular inspections on coal waste embankments. They are supplied with 
inspection manuals and other publications for methods of coal refuse 
embankment design, construction, and inspection. 

In addition to the district-level inspection effort, MESA has a technical 
support staff to assist the field inspectors. The technical support staff 
evaluates the adequacy of plans for new refuse disposal faci Ii ties. It 
also reviews and evaluates plans for correcting hazardous conditions on 
existing embankments. The technical support staff monitors construction 
through inspection reports to ensure that disposal operations conform to 
the approved plans. The technical support staff works closely with district­
level personnel to establish efficient and reliable methods for coal 
refuse inspection. 

Present coal refuse inspection practices by MESA and other agencies consist 
of visits to each refuse facility to evaluate current conditions, construc-
tion methods, and refuse disposal operations. The inspections are visual 
evaluations made at periodic intervals. These inspections provide some 
assurance for the integrity of construction methods and materials and 
ensure that obvious signs of instability will be acknowledged. 
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However, coal refuse inspections are often time consuming and are mainly 
qua Ii tative. Instrumentation is rarely used and physical measurements are 
seldom made. Time and resources for inspection of coal refuse construction 
are often I imi ted because of the large number of coal waste dumps in 
certain areas. In general, inspectors are equipped to detect only obvious 
signs of instability and safety hazards; subtle indicators of problems can 
be overlooked without the help of quantitative measurements. 

Coal refuse inspections are mainly visual evaluations. This makes it 
nearly impossible to detect and monitor mi Id, continuous signs of instabi I ity. 
Indicators of potential instability such as creep or slow, progressive 
downstream movement of an embankment are often difficult to distinguish 
unti I movements have progressed considerable amounts. When these signs 
become evident in visual evaluations, the structure is often in an advanced 
stage of failure. 

To further comp I icate inspections, coal refuse embankments are most often 
unique structures. They differ in type and size as well as in the methods 
of design, construction, operation, maintenance. Active refuse embankments 
are dynamic structures. The size and shape of the embankment as well as 
the properties of the embankment material change as new waste is added. As 
a result, the safety and stability of a particular embankment are only 
relative; they are subject to distinct changes with time. 

PROJECT OBJECTIVES 

Since there are a number of problems with coal refuse inspection as it is 
currently practiced, the U.S. Bureau of Mines contracted to develop a rapid 
monitoring system to assist in inspection activities. The Bureau of Mines' 
goal was to devise a rapid monitoring system that would provide a reliable 
reconnaissance system for improved coal waste embankment safety evaluations. 

On 16 January 1975 the Bureau of Mines issued a Request for Proposals 
entitled 11 Feasibi lity Study of Rapid Determination of Embankment Stability. 11 

The objective of the request was to determine the feasibility of developing 
a fast, reliable, and effective method of measuring the stability of coal 
refuse embankments. The Bureau of Mines requested examination of photogram­
metric capabi Ii ties and comparison of photogrammetric methods with other 
possible rapid surveying measurement and mapping techniques for cost, 
accuracy, and speed. The request also included a field demonstration to 
validate the selected rapid monitoring system's capabi Ii ties in comparison 
to standard surveying methods. 

According to the request, the selected rapid monitoring system should be 
capable of: 

111 Mapping and recording slope conditions. 

1111 Monitoring embankment quantities and movement with ease, speed, 
and reliability. 
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1111 Providing survei I lance of embankment conditions in a fraction of 
the time currently required by standard transit methods (e.g., 
permitting three people to monitor 100 embankments in 1 month). 

1111 Being integrated with suitable methods for cataloging, evaluating, 
and analyzing the gathered data. 

In August 1975 CH2M HILL was awarded the contract to identify, develop, and 
test a rapid monitoring system. The original contract consisted of identi­
fying and developing a rapid monitoring system in Phase I, and testing the 
selected rapid monitoring system in Phase II. On completion of Phase I, it 
became apparent that the actual system testing shou Id be expanded, and the 
contract was modified to split Phase II into Phase IIA and Phase 118. 

The scope of Phase I included performing six specific tasks: 

II 

1111 

1111 

11111 

1111 

111111 

Review of inspection procedures to define the state-of-the-art 
for coal refuse inspection. 

Review of surveying and mapping literature to provide information 
for identification and development of a rapid monitoring system. 

Review of geotechnical engineering literature to develop monitoring 
criteria for slope and embankment stability; i.e., what can or 
should be measured. This task also included review of in-situ 
instrumentation for potential as a rapid monitoring system. 

Design, production, and ins ta I lation of suitable markers, or 
targets, for the selected rapid monitoring system. 

Selection of a prototype coal refuse embankment for field testing 
of the selected rapid monitoring system. 

Development of plans and procedures for field testing of the 
selected rapid monitoring system. 

The scope of Phase IIA consisted of field testing the selected rapid 
monitoring system on a slope that was known to be moving. The selected 
rapid monitoring system was compared against standard ground survey methods 
for accuracy, cost, and practicality. 

Phase 118 tested the selected rapid monitoring system for its ability to 
monitor active coal refuse embankments. It also tested the system for its 
potential as an inspection tool for coal refuse embankment construction. 
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•• •• Chapter 3 
SYSTEM IDENTIFICATION 

Coal refuse embankments vary in size, type, method of construction, hydrology, 
operation, and foundation geology. Regardless of how they vary, the 
mechanics of embankment and slope stability for earth structures apply to 
coal refuse embankments. In general terms, the stability of refuse 
embankments is dependent on the following factors: 

Ill 

1111 

1111 

11111 

1111 

1111 

Site and foundation geology 

Physical properties of the refuse material 

Method of placement of refuse material and construction procedures 

Geometry of the embankment 

Site hydrology 

Hydraulic operation of the impoundments (i.e., inlet-outlet 
works, spillway) 

Changes in the physical properties of refuse material and embank­
ment geometry with time 

Seismicity 

The possibility of instability and potential failure can be reduced by 
accounting for these factors in design. Controls on methods of placement, 
embankment geometry, drainage, and hydrau I ics can guard against failure. 

These measures are difficult to provide in existing, nonengineered embank­
ments. Instead, intensive investigations and analyses must be conducted 
to determine the stability of the embankment. If it does not possess 
adequate stability, then modifications are required for increased safety. 
In lieu of investigations, conservative modifications are often made to 
increase the stability of questionable embankments. 

EMBANKMENT STABILITY 

Two sets of forces must be analyzed in embankment stability determinations. 
These sets are driving forces which tend to cause movement and failure and 
resisting forces which tend to resist deformations and i nstabi I ity. When 
these forces are in balance, the embankment is stable. The greater the 
resisting forces, the greater the factor of safety against embankment 
failure. The factor of safety is the ratio of resisting forces to driving 
forces. 
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When driving forces become as large or larger than the resisting forces, 
the embankment fai Is. 

The causes for change in the factor of safety are external, internal, or 
intermediate. External causes result in a change in the appearance of the 
embankment. They are associated with steepening of embankment slopes, 
addition of surcharge to the top of the slope, undercutting at the toe of 
the slope, or other unusual conditions that cause increases in shearing 
stresses of the material comprising the embankment. 

Internal causes are associated with reduction of shearing resistance that 
occurs without changes to the external appearance of the structure. The 
most common internal cause is hydrostatic pressure from seepage. Other 
important internal causes are loss of strength of refuse material with 
time, and creation of voids by the burning of coal in waste embankments. 

Intermediate causes are a result of action from the environment and from 
complex interaction of external and internal causes. Such problems as 
liquefaction by earthquakes, erosion, piping, and abnormal pore pressures 
due to hydraulic operation of the embankment facilities are intermediate 
causes. 

Except for earthquake induced movement, embankment failures do not usually 
begin as rapid movement. In order for an existing embankment to fai I, the 
factor of safety must be reduced to one or less. This reduction is accom­
panied by progressive deformations of material susceptible to failure and 
downward movement of the embankment surface. As deformation occurs 
and failure planes develop, the embankment becomes less stable and the 
potential for rapid movement increases. The rate and amount of deformation 
are dependent on the stiffness of the embankment material and the magnitude 
of the forces tending to cause failure. In essentially all slope failures, 
however, the impending instability is broadcast prior to failure. If the 
indicators of instability are overlooked or if corrective measures are not 
made, then ultimate failure can result. Failures at Aberfan and Buffalo 
Creek occurred in this manner. 

MONITORING METHODS 

To assess performance and to forewarn of stability problems, embankments 
shou Id be monitored. Mani tori ng incorporates observation and physical 
measurement to determine if embankments are performing adequately. Monito­
ring can warn of potential stability problems and is of critical importance 
in nonengineered embankments where no analysis or design modifications 
have been made. 

Monitoring of embankments is one method of detecting advanced warnings of 
potential failure. In general, four types of measurements can be obtained 
to provide necessary data for coal refuse embankment monitoring: 

1111 Measurements of deformation, both internal and external 
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11111 Measurements of seepage 

111 Measurements of internal pore pressure 

1111 Qualitative visual observations to detect signs of instability 
such as: 

Excessive slope 
Excessive height 
Toe undercutting 
Severe erosion 
Cracking 
Potential for overtopping 
Slumps 
Burning 
Wet spots 
Springs and seeps 

Some of these qualitative visual observations are shown on Figures 2-5. 

FIGURE 2 - Oversteepened Slope and Erosion 
on a Coal Refuse Embankment 
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FIGURE 3 - Surface Crack in a Coal Refuse Embankment 

FIGURE 4 - Oversteepened Slope and Example of 
Inadequate Spillway Design 
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FIGURE 5 - Burning of a Coal Refuse Embankment 

The following techniques can assist in obtaining these measurements: 

1111 Onsite visual inspections 

1111 Conventional methods (in-situ instrumentation and surveying) 

1111 Innovative techniques such as telltale warning systems 

111 Remote sensing (detecting the nature of an object without direct 
contact) 

Table 1 shows a matrix which enables comparison of monitoring methods with 
evaluators to determine applicability for rapid monitoring. 

Present methods for coal refuse embankment monitoring consist of onsite 
visual inspection by personnel trained to note signs of instability. 
Table 1 shows that this method is suitable for detecting most external 
stability indicators. Visual inspection is a low to moderate cost, reliable, 
all-weather method. It results in fairly rapid collection of data for one 
embankment but is time consuming for analyzing many embankments in a short 
period of time. Smal I, subtle surface movements and strains are often 
overlooked, and it is not useful for determining embankment volumes or 
mapping embankments. 

Conventional monitoring systems including surveying, in-situ monitoring 
devices, and strain gauges are extensively used in embankment monitoring. 
These methods are proven techniques for earth embankment monitoring and 
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are applicable to coal refuse. Initial costs range from low to high 
depending on the type of surveying or monitoring equipment used and the 
methods of data collection. 

Surveying is a low initial cost but high operating cost method of monitoring. 
It requires ski I led technicians and can give accurate information on 
surface movements, mapping, and determination of embankment quantities. 
Surveying is commonly used as an embankment monitoring system. However, 
the time required for surveying and data reduction does not make it a 
potential rapid monitoring system. 

In general, in-situ devices are reliable and provide repeatable results 
that are not affected by weather. Each in-situ device, however, only 
measures a few embankment properties. For example, inclinometers measure 
horizontal and ti I ting movements and piezometric levels. Extensiometers 
measure horizontal and vertical movements and surface strains but cannot 
measure tilting. No single type of in-situ device is capable of monitoring 
enough facets of embankment performance so that it could be used without 
additional monitoring methods or devices. In-situ instrumentation is also 
limited to providing accurate measurements at certain points in the embank­
ment. A series of devices are required to fully assess the entire embankment. 

In-situ devices, unless equipped with a reliable telemetry system, would 
require onsite visits for readings, This would augment the existing 
qualitative visual assessments but would not provide a viable rapid system. 
Telemetry systems for in-situ instrumentation could speed data acquisition 
but pose practical and technical problems. The harsh environment of coal 
refuse embankments would require continuous maintenance of electrical and 
pneumatic systems and the expected life of most in-situ devices would be 
limited, Data from instrumentation would require analysis by experienced 
personnel to determine the presence of potential instability. Conventional 
instrumentation is not capable of mapping or determining embankment volumes. 

Innovative monitoring techniques were not extensively considered during 
the project. A search of existing innovative methods showed that most 
devices are simple strain gauges that detect surface movement. These 
devices require either onsite visits for readings or electrical telemetry 
systems. Onsite visits were not considered compatible for a rapid system. 
Electrical telemetry systems would require maintenance and could be unreli­
able in the harsh environment of coal waste. No innovative methods were 
identified that could map or determine embankment volumes. 

Remote sensing methods range from no potential to high potential for 
success as rapid monitoring systems, Geophysical and field strength 
devices offer no practical means of rapid refuse embankment monitoring. 
Radar and scanning methods could provide some qua I itati ve data depending 
on scale but could not provide information on slope movement or embankment 
quantities. 

-27-



Photogrammetry by airborne or terrestrial methods shows potential to 
obtain information on embankment stabi Ii ty indicators similar to visual 
observation. In add it ion, photogrammetry has high potential for detecting 
movement and can map embankments and provide embankment quantities. The 
photogrammetric approach, however, requires trained personnel in data 
acquisition, reduction, and analysis. 

SYSTEM SELECTION 

Except for aerial photogrammetry, no monitoring methods had the potential 
speed and versati Ii ty and provided information commensurate with the 
project objectives. Development of innovative techniques or combinations 
of conventional instrumentation may also have met the needs of the rapid 
monitoring system, However, research and development costs would have 
been high, and the development of technical data on their performance, 
operations, and maintenance would be required to ensure reliable operation 
in the field. 

In a sing le system, aerial photogrammetry provides quantitative data in 
the form of measurements of movement, mapping, and embankment quantities. 
It also provides qua I itative data from photointerpretation, Based on the 
review of avai I able techniques, aerial photogrammetry was judged to have 
the most chance for success and was selected for tests as a rapid 
monitoring system. 
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Chapter 4 
SYSTEM DESCRIPTION AND TESTING 

Two branches of photogrammetry, aerial and terrestrial, were considered 
applicable to this project. Terrestrial photogrammetry has been used with 
much success for monitoring structures and earth dams. The dimensions of 
coal waste embankments and characteri sties of phototheodol ites (focal 
length, photo coverage) would not permit a coal refuse embankment to be 
covered in one photograph. As a result, the embankment wou Id have to be 
studied in sections to achieve the desired accuracy. A terrestrial photo­
grammetric system would also require onsite visits and would be quite time 
consuming. However, an aerial monitoring system with its rapidity and 
ability to record the entire embankment in one photograph would be more 
desirable if accuracies comparable to those of a terrestrial system could 
be obtained. The developed rapid monitoring system uses aerial photography 
methods with terrestrial photogrammetry techniques for increased accuracy. 

SYSTEM DESCRIPTION 

The rapid monitoring system incorporates least-squares computations for 
deriving ground coordinates of objects from their measured image coordinates 
which appear on a set of three overlapping aerial photographs. In addition, 
photointerpretation and mapping can be done if stereophotographs are 
obtained. 

Flight Planning 

The rapid system uses a combination of convergent and vertical photography 
as shown on Figure 6. This flight scheme provides superior accuracy when 
compared to conventional mapping photography. Increased accuracy is 
achieved by redundancy in measurement (3-ray intersection) and by increased 
para I lactic angle of the convergent photography. 

LEFT 
COJJVE/lM/JT 
Pl/OTO 

~ 
I " 

I " 
I 

VE/lTICAL 
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FIGURE 6 - Flight Scheme 
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The photographic scale is determined by the dimensions of the area to be 
monitored and the format size of the camera. For example, using a 9-inch 
by 9-inch (22. 9 cm by 22. 9 cm) format size camera to photograph an area of 
3,750 feet by 3,750 feet (1. 4 km by 1. 4 km) requires a minimum scale of 
1: 5000. For this project, using a Wild RC-8 6-inch (15.2-cm) focal length 
mapping camera with a 9-inch by 9-inch (22.9-cm by 22.9-cm) format size, 
the scale of photography ranged from 1: 4500 to 1: 5400. 

The flying height for the photography is determined by the following 
photo scale formula: 

Where: 

f S=-­
H-h 

f 
= PD 

S = Scale of photography as a representative fraction. 

f = Focal length of camera (ft). 

H = Flying height of airplane above datum (ft). 

h = Average terrain elevation above datum (ft). 

PD= Principal distance or flying height minus average terrain 
elevation (ft). 

Conventional aerial photography requires approximately 60 percent overlap 
of photographs or a base-to-height ratio of approximately 0. 60 to obtain 
stereophotographs. The rapid monitoring system of convergent photography 
requires three photographs having 100 percent overlap or identical photo 
coverage. Figure 7 shows the relative position of the plane for the three 
exposures. Each exposure is taken at the altitude determined by the photo 
scale formula. The flight line for the vertical exposure typically bisects 
the area to be monitored. The flight lines for the convergent photography 
are determined by achieving a base-to-height ratio of 1. 0-1. 2. In other 
words, the minimum base distance between flight lines for convergent 
photography is equal to the flying height. In order to obtain 100 percent 
overlap, the camera must be tilted for convergent photography. The amount 
of camera tilt required is determined by the following formula: 

tan -l ¢ B 
2 = 2 (PD) 

Where: 

B = Base distance between flight I ines (ft). 

¢ = Intentional tilt angle of each camera (degrees). 
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FIGURE 7 - Typical Exposure Layout 

The increased base-to-height ratio provided by convergent photography 
enables greater precision for determination of elevations by aerotriangu­
lation. This can be seen on Figure 8; the strength of the position of an 
intersected point depends on the angle of intersection and the length of 
the sides. By increasing the base-to-height ratio, all three sides of the 
triangle formed by intersecting rays approach equal length. In addition, 
the angle formed by intersecting rays becomes larger. The larger angle 
affords greater precision; an angular error of 1 second corresponds to a 
linear error of about 0.3 foot per 1,000 feet (0.3 m per km). By using 
convergent photography, the difference in precision of computed angles and 
computed distances is smal I, thereby increasing the accuracy of coordinates. 

Ground Control 

The accuracy of the rapid monitoring system is sensitive to both the 
control point layout as it relates to photo coverage and the accuracy of 
the original survey which establishes the coordinates of those control 
points. 

The system requires at least three ground control points for which Cartesian 
coordinates have been determined. The ground control points provide 
information necessary to determine the relationship of the photographic­
coordinate system with respect to the ground-coordinate system. While 
three ground control points are required, four or more control points are 
recommended so that a least-squares solution may be performed to determine 
the relationship of the two coordinate systems. 
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FIGURE 8 - Base-to-Height Ratio for Stereo and Convergent Photography 

Ideally, images of the control points should appear near the four corners 
of the photograph. Terrain characteristics and vegetation may preclude 
ideal location. Therefore, control points should be located outside the 
area to be monitored to provide the maximum X- and Y-base. 

The ground survey of the control points should be of first-order accuracy. 
First-order accuracy may be obtained using second-order methods by performing 
redundant observations. Field survey work for this project used a triangu­
lateration scheme in which all angles and sides of polygons formed by the 
control points were measured. 

Film Type 

Four types of aerial film were considered for use: black and white 
(panchromatic), black and white infrared, color, and color infrared. 
Theoretically, both black and white emulsions and color emulsions have 
equal resolution characteristics so either type could be used for image 
point measurements. From an interpretation standpoint, color emulsions 
offer an advantage since the human eye can separate more than 100 times 
more color combinations than the gray combinations of black and white 
emu ls ions. The added dimension of color tones permits easier detection 
and differentiation of smal I low-contrast objects. The relative advantages 
of color film versus color infrared film vary according to the specific 
interpretation problem. Color film is normally best for general interpreta­
tion because it most closely records natural colors. However, at the same 
photographic scale, more information wi II be lost due to atmospheric 
scattering and absorption for color film than for color infrared film. 
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The major advantage of black and white fi Im is its economy and ease of 
use. The film, processing, and reproduction costs are less expensive than 
those for color films. There is little advantage to using black and white 
infrared film unless filters are used. The use of filters greatly increases 
contrast but also reduces image sharpness. Additionally, black and white 
infrared fi Im has poor shadow penetration inhibiting identification of 
features or mapping within shadowed areas. 

Black and white (B&W) film and color infrared (CIR) film were chosen for 
use on this project to enable comparison of mensuration and interpretation 
characteristics. Kodak Double-X Aerographic 2405 (estar base) was used 
for black and white fi Im and Kodak Aerochrome Infrared Fi Im 2443 (es tar 
base) was used for color infrared film. 

Data Reduction 

On completion of field work and aerial photography, the fi Im is processed 
and used for image measurements. In general, the data reduction step 
consists of measuring image coordinates on the film negatives and processing 
the information in a series of computer progr;:.ims as i I lustrated on Figure 9. 
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FIGURE 9 - Data Reduction 
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The actual measuring is performed using a monocomparator (Figure 10) which 
measures X and Y image coordinates to the nearest 1x10-6m. The measured image 
coordinate data are processed by computer to correct for systematic errors 
(lens distortion, fi Im shrinkage, atmospheric refraction, and monocomparator 
calibration) to determine refined image coordinate data. 

FIGURE 10 - Kern MK2 Monocomparator 

The refined image coordinates are used in subsequent programs. By using the 
image coordinates of the known ground control point coordinates, the X, Y, and 
Z exposure station coordinates of the camera are determined for each photograph. 
The image point data of the ground control point coordinates and the X, Y, and 
Z exposure station coordinates are· used in another program to determine the 
rotational relation of the image-coordinate system to the ground coordinate 
system as shown on Figure 11. 
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FIGURE 11 - Geometry of an Aerial Photograph 

The computer programs completely define the relationship of the image­
coordinate system with respect to the ground-coordinate system for each 
photograph. Using this information and the image coordinates of unknown 
points (unknown in respect to their ground position) for each photograph, 
ground coordinates can be determined. Since each of the unknown points is 
defined in space by the intersection of three lines (one line from each 
photograph), a least-squares adjustment can be made to provide the most 
probable ground coordinates for each point. 

Target Design 

Design considerations included durability, corrosion resistance, reflectance 
properties, avai la bi Ii ty of materials, and ease of construction and i nstal­
lation. In general, target size should be 1/2000 of the flying height 
above the point of lowest elevation. On photographs target points of 
higher elevations wi II appear larger than those of lower elevations. 
Therefore, for this project, the diameter chosen was an average of the 
minimum diameter required for the lowest point and the minimum diameter 
required for the highest point; the diameter selected for targets was 
approximately 1 foot (30. 5 cm). White, nonreflecting, exterior paint was 
used to paint the targets. 

Photoi nterpretation 

Using an optical stereoscope, stereophotographs can be viewed to identify 
qualitative slope stability indicators such as cracks, bulges, slumps, 
and erosion patterns on both B&W and CIR imagery. The time lapse between 
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flights enables the photointerpreter to discern changes in stability 
indicators. This information, along with the X, Y, and Z coordinate data, 
enables the user to evaluate the embankment for potential or existing 
stability problems. 

Mapping Capabilities 

Topographic mapping was made for Wharton from aerial photographs obtained 
on the first and last month of monitoring. The downstream face of the 
refuse embankment was mapped to show progress of construction of the 
earthfi 11 buttress. 

Stereophotographs were used to develop the topographic mapping. The 
stereophotos were printed on glass plates, and the plates were placed in a 
Santoni I IC stereoplotter for map generation. The topography was developed 
by conventional mapping techniques using the known location and elevation 
of the control points. Accuracy of the topographic mapping varies with 
the type of stereoplotter, steepness of ground, and amount of ground 
cover. In general, accuracies of 1/500 to 1/2000 of the flying height can 
be attained. 

After topographic mapping, cross sections of the embankment were made. 
The cross sections were used for quantity determinations. Results of this 
work are presented in Chapter 5. 

TESTING THE RAPID MONITORING SYSTEM 

Roseburg 

It was not possible to locate and secure permission to monitor a coal 
refuse embankment which could be expected to move during the monitoring 
period. The rapid monitoring system was, therefore, tested for accuracy 
and speed on an active landslide with a known history of movement. The 
testing program consisted of comparing the rapid monitoring system with 
conventional ground survey methods for cost, technique, and practicality. 
It also determined which film types were best for mensuration and photo­
interpretation, and the type of implementation problems that could arise, 

A lands I ide near Roseburg, Oregon was chosen for monitoring. This lands I ide 
had a history of movement extending over 15 years and was known to be 
moving at the time of testing. The slide was progressing downslope by 
slow continuous soi I creep in its lower portions. The movement accelerated 
during periods of heavy rain. 

The lands I ide covers approximately 10 acres (4 hectares). It is about 
1,200 feet (366 m) long and 200-300 feet (61-92 m) wide. The vertical 
relief of the slide is approximately 550 feet (168 m). Vertical photographs 
of the slide area are shown on Figures 12 and 13. 
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FIGURE 12 - CIR of Roseburg Landslide 
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FIGURE 13 - Roseburg Landslide 
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The landslide was monitored once per month between February and May 1976. 
The rapid monitoring system was used to determine X, Y, and Z coordinates 
of ground targets, and conventional ground surveys were performed to 
verify the accuracy of coordinates determined by aerotriangulation. 
Ground surveys were performed on the same days that the photography was 
obtained to ensure that no target movement took place between data col lec­
tion by either method. The ground surveys were made using second-order 
methods, achieving an accuracy of ±0.02 foot (0.61 cm). In addition to 
aerial photogrammetry, terrestrial photogrammetry was tested for use when 
atmospheric conditions would not permit flying. 

Twenty-two targets were installed on active portions of the lands I ide, and 
13 control points were placed outside the active slide area. More control 
points were established than required for the rapid monitoring system to 
facilitate ground surveys. Thi targets and most of the control points at 
Roseburg consisted of 2-inch-diameter (5. 1 cm) galvanized pipe ranging in 
length from 24-48 inches (0.6-1.2 m) with a 611 x 611 x 1/411 (15.2 cm x 
15.2 cm x 0.6 cm) steel plate on the bottom and a 12 11 x 12 11 x 1/4 11 (30.5 cm x 
30. 5 cm x O. 6 cm) steel target plate on the top. Targets used for terres-
trial photogrammetry were equipped with a 2-inch- (5. 1 cm) diameter ball 
atop the steel plate. The pipes were set in holes made with a gasoline­
powered hand auger. Figure 14 shows a schematic of the Roseburg targets 
and Figure 15 shows a photograph of an installed target. The holes were 
backfilled with soi I and tamped before the target was attached. 
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FIGURE 14 - Targets Used for Roseburg Landslide Monitoring 
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FIGURE 15 - Photograph of Installed Target at the 
Roseburg Land'slide 

Both B&W and CIR films were used in the aerial photography, and monocomparator 
measurements were made on both film types. Qualitative indicators of slope 
stability were observed and evaluated by photointerpretation; .coordinates were 
determined for the targets by photogrammetric methods. Measurements were made 
on photographs from successive flights to detect movement and to produce movement 
versus time plots. 

The specific questions to be answered by the Roseburg monitoring included: 

111 Can the rapid monitoring system measure terrain movement? 

111 Is there a difference in accuracy between the conventional ground 
survey and the rapid monitoring system? · 

11 Is there a difference in accuracy between the two fi Im types? 
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11111 Are the aerial photographs useful for identifying qualitative slope 
stability indicators? 

1111 Is terrestrial photogrammetry a possible alternative for the rapid 
monitoring system? 

I 

11111 What refinements are needed to make the rapid system applicable to 
coal waste embankment monitoring? 

Results. The rapid monitoring system used at Roseburg demonstrated that it was 
capable of measuring terrain movement. Furthermore, it showed that when 
flight geometry is correct, accuracies comparable to conventional ground surveys 
can be obtained. Figure 16 shows a plot of the horizontal and vertical movements 
fpr the two targets that moved as measured by both conventional surveying and 
by the rapid monitoring system. These were the only targets that moved during 
monitoring. 
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As shown on Figure 17, 20 percent of the coordinates determined by the 
rapid system agreed within :r0.05 foot (1. 50 cm) of those determined by 
conventional surveying; 80 percent agreed within ±0. 10 foot (3. 0 cm); and 
almost all agreed within ±0.25 foot (7.6 cm). 
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FIGURE 17 - Frequency Distribution Curve for Coordinate 
Determination During Roseburg Landslide Monitoring 

The largest differences occurred between conventional surveys and rapid 
monitoring systems when proper flight I ines and aircraft ti It were not 
maintained. When the proper tilt is not achieved, the accuracy of the 
horizontal coordinate values are reduced. As a consequence, errors are 
compounded in the vertical coordinate because it is mathematically determined 
from the X and Y image coordinates. 

For the first monitoring, photogrammetric measurements were made on B&W 
negatives, B&W diaposi tives, and CIR transparencies. Each exposure was 
read two and four times on the monocomparator to determine if any obvious 
differences in accuracy occurred. Results showed that the number of times 
the plates were read did not make a difference in accuracy. Statistically 
there was no difference between the coordinates determined from measurements 
on the B&W negatives and the CIR transparencies. However, the B&W diaposi­
tives showed a marked loss of accuracy compared with the B&W negatives and 
CIR transparencies. This loss was due to poor image clarity caused by the 
photographic process for producing diapositives. Because accuracy was one 
of the major factors in selection of film types, the use of B&W diapositives 
was discontinued, and all subsequent measurements were made on B&W negatives 
and CIR transparencies. The B&W negatives and CIR transparencies were not 
statistically different from each other for accuracy. However, the CIR 
coordinates varied more from the ground survey coordinates than the B&W 
coordinates did. 
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During landslide monitoring, both film types proved useful for identifying 
qualitative slope stability indicators such as vegetation, soil moisture, 
slumping or bulging of the embankment, cracks, and soil erosion. 

Within the zone of observed movement a definite increase in vegetation was 
visible on the CIR photos. This was due to increased soi I moisture in 
this zone and the deposition of topsoil which had eroded from upslope. 
The increase in soil moisture was inferred by vegetation but was not 
directly visible on the fi Im. Subsequent surface investigations confirmed 
this correlation. The subsoi I above the zone of observed movement was 
barren and distinct from the slide material. 

Cracks in the soi I comprising the zone of observed movement were identifiable 
on both B&W and Cl R fi Im. One large crack perpendicular to the direction 
of movement appeared to widen and lengthen during monitoring. Areas where 
slumping or bulges had occurred in the past were observed. No new bulges 
or slumps appeared during monitoring. Figures 18 and 19 illustrate typical 
cracks in the landslide. 

In general, terrestrial photogrammetry gave resu Its that were less accurate 
than the aerial method. Terrain characteristics permitted only two 
camera stations compared to three used for aerial photography. The extra 
camera station provides redundancy that is needed for increased accuracy. 
Terrestrial photography was difficult to obtain and could not cover the 
entire site. Target coordinates determined by this method generally 
disagreed with ground survey results by O. 30 foot (9. 1 cm). It was deter­
mined that the accuracy and practicality of terrestrial photogrammetry, as 
such, was not feasible for a rapid monitoring system. 

The rapid monitoring system was considered capable of monitoring coal 
waste embankments because of its ability to detect terrain movement. 
Target design, however, would have to be altered. Target installation at 
Roseburg was cumbersome and difficult. The pipes and targets were heavy 
and difficult to carry. Augering required more than one person, and the 
steep terrain slopes made all aspects of installation difficult. The 
targets were rugged and withstood abuse but were not practical for one-man 
ins ta I lation. 

Coal Refuse Monitoring 

After testing the system at the Roseburg landslide, the rapid monitoring 
system was used at two coal refuse embankments in southern West Virginia. 
This monitoring program tested the system for its ability to accommodate 
difficult terrain and atmospheric conditions common to the Appalachian 
coal fields. These conditions include atmospheric haze, smoke and steam 
from nearby coal preparation plants, and shadows caused by rugged topography. 
The system was also tested for its ability to monitor an active coal 
refuse disposal operation. Finally, the system was tested for its usefulness 
to detect and monitor movement and its potential as an inspection tool. 
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FIGURE 18 - Surface Crack at 
Roseburg Lands Zide 

FIGURE 19 - Surface Crack at 
Roseburg Landslide 



Refuse embankments at the Wharton preparation plant near Barrett, West 
Virginia and at the Stirrat preparation plant near Omar, West Virginia 
were monitored once per month from July 1976 to December 1976. 

The Wharton refuse embankment is bui It across Rock House Hollow in Boone 
County and has a high phreatic surface because of an upstream impoundment. 
Construction began in 1956 and has continued until the present (1976} 
using aerial tram-deposited material. The embankment is approximately 
500 feet (152 m} high with a 1, 500-foot (457 m} crest length and occupies 
50 acres (20 hectares}. Vertical photographs of Wharton are shown on 
Figures 20 and 21. 

Thirty-six targets and seven control points were installed for monitoring 
the Wharton embankment, and an initial ground survey was made to provide 
base X, Y, and Z coordinates. During monitoring, 20 targets were destroyed 
by construction of a toe buttress and an access road. A final ground 
survey of all remaining targets was performed in December to provide a 
check for accuracy of the rapid system. 

The Stirrat refuse embankment covers 40 acres (16 hectares}, is approxi­
mately 480 feet (146 m} high with a crest length of 1,700 feet (518 m}, 
and is over 1,400 feet (427 m} wide at its base. The embankment dams 
Rockhouse Branch in Logan County forming a permanent impoundment with 
freeboard of approximately 250 feet (76 m}. The embankment was constructed 
by aerial-tram-dumping of refuse material beginning in 1945 and ending in 
1970 when the height of the refuse pi le made the tram inoperable. Since 
1970 the coarse coal wastes have been mixed with fine coal waste slurry 
for hydraulic discharge behind the embankment. Figures 22 and 23 show 
vertical photographs of the Stirrat site. 

Thirteen targets and four control points were installed at the Stirrat 
embankment for monitoring. The monitoring program at Sti rrat was es tab I ished 
as a coal refuse inspection prototype. Ground surveys were performed to 
provide coordinates for the control points only; initial target coordinates 
were determined by aerotriangulation. A final ground survey was made on 
the control points to make sure they had not moved during monitoring. A 
target that showed movement during monitoring and a neighboring target 
were also surveyed. As with monitoring at the landslide, both B&W and CIR 
films were used at Wharton and Sti rrat. Photographs were obtained of both 
embankments in the same photo mission. 

The targets used in the coal refuse embankment monitoring were different 
from those used at Roseburg. Targets consisted of ii inch-diameter 
(28-cm) ·aluminum disks painted flat white as shown on Figure 24. A 
photograph of an installed target is shown on Figure 25. They were 
attached to 3-foot (91. 4-cm} lengths of 1-i nch-diameter (2. 5-cm} galvanized 
pipe with bolts and multiset expansion anchors. The pipes were driven 
into the ground using a pipe driver and a sledge hammer. Couplings could 
be used to add more pipe if greater depth was desired. 
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FIGURE 20 - Wharton Refuse Embankment 
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FIGURE 22 - Stirrat Refuse Embankment 
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FIGURE 24 - Target Used for 
Coal Refuse 
Embankment 
Monitoring 

FIGURE 25 - Photograph of 
Installed Target 
for Coal Refuse 
Monitoring 



The loose nature of the surface coal waste made installation of the 
targets rather easy. Two men were able to i nstal I 36 targets at Wharton 
and 13 targets at Stirrat in less than 1 day at each site. The light 
weight of the targets made them easy to carry and possible for one person 
to instal I. 

Results. The rapid monitoring system accurately recorded the coordinates 
of targets installed at Wharton. Incomplete photo coverage with CIR fi Im 
for the first flight at Wharton and Stirrat permitted determination only of 
B&W coordinates for that month. Field surveys were performed in conjunc­
tion with the first and last aerial surveys. A comparison of field survey 
coordinates and rapid monitoring system coordinates at the Wharton site 
show X and Y coordinates generally agreed within ±0. 10 foot (3.0 cm), and 
the Z coordinate within ±0.15 foot (4.6 cm). A more detailed comparison 
of accuracies at both sites is presented in Chapter 5. 

During the period of monitoring, movement of targets was observed at both 
sites. At Stirrat, one target moved approximately 2 feet (0. 6 m) horizontally 
and approximately 1 foot (0.3 m) vertically. During field inspection, it 
was noted that this target was in an erosion gully. The weight of erosion 
debris trapped behind the target eventually moved it downslope. 

At Wharton, eight targets located on the upstream face of the embankment 
moved between July and December. Magnitude of movement was generally less 
than 0.20 foot (6.1 cm) both horizontally and vertically. The movement 
can be attributed to the loose composition of the surface coal waste and 
the construction activity nearby. Both the rapid monitoring system and 
conventional surveying confirmed that movement had occurred. 

Target measurements on Cl R fi Im were di fficu It during the fal I and winter 
months. Low sun angles required slow shutter speeds for proper exposure 
and produced image blur. During this same period targets were clear and 
sharp on B&W photography. 

The only problem encountered during photointerpretation was long shadows 
covering much of the embankments on the December photos. Interpretation 
was difficult because shadows caused portions of the film to be underexposed. 
This type of problem will be difficult to avoid. During the winter months, 
the best time of day with respect to available light for photography 
occurs when long shadows from surrounding foliage are present. Some 
embankments wi 11 be more affected than others, depending on the sun's 
attitude with respect to the embankment. Image blur which affected the 
mensuration process did not affect photointerpretation since less magnifica­
tion is used. 

Evidence of previous instability was apparent at the Stirrat site. A 
large scarp where slumping had occurred in the past was visible on the 
face of the embankment. Numerous old slide scarps were also observed. 

-59-



No seepage was observed at either embankment, although the Sti rrat slurry 
disposal site was definitely darker from the water present there. Only 
normal seasonal vegetation changes were visible on the color infrared 
photos. The greater amount of vegetation on the face of the Sti rrat 
embankment suggests that the Wharton embankment is more active than the 
Stirrat embankment. 

Erosion gulleys were observed on both sites, and they appeared to increase 
in number and size as monitoring progressed. 

11 Reddog, 11 or burned coal waste, was observed by field personnel at the 
Stirrat site. Identification of reddog was difficult due to false color 
tones on the Cl R fi Im. Reddog areas appeared white or overexposed on this 
film and could be confused with the sun's reflection off the embankment. 
Reddog could not be detected on B&W. No smoke from burning waste was 
visible on either B&W film or on CIR infrared film. It was concluded that 
color photography would be best suited for detecting burned or burning 
areas because it shows natural colors allowing reddog to be more apparent. 

The photography sequence and topographic mapping enabled the interpreter to 
monitor construction of the embankments. This was particularly apparent at 
the Wharton site where work on the toe buttress was recorded and easily 
observed. 

The findings of the coal refuse monitoring agreed with those from Roseburg 
in terms of accuracy and repeatabi Ii ty. Atmospheric haze posed no problems 
in West Virginia, but the increased cloud cover in autumn and early winter 
made it difficult to obtain proper CIR film exposure resulting in a loss 
of accuracy for photo measurements. Inclement weather and snow cover also 
caused delays in aerial photography. 
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•■■• Chapter 5 
FINDINGS 

The rapid monitoring system was tested under three separate programs 
during the study. The first program at the Roseburg landslide incorporated 
rapid monitoring and conventional ground surveying of targets on the same 
days. Monitoring results were used to compare the accuracy of the rapid 
monitoring system and conventional surveying. 

The second program at the Wharton refuse embankment included ground 
surveying for all targets by conventional methods coincident with the 
first and last monitorings using the rapid monitoring system. This 
program provided practical information on instrumentation of waste embank­
ments for the rapid monitoring system and supplied additional data on the 
accuracy of the rapid monitoring system versus conventional ground surveying. 

The third program at the Stirrat refuse embankment was designed to simulate 
actual implementation of the rapid monitoring system for coal waste inspec-
tion. Initial coordinates were determined by ground survey for the control 
points, but no i ni ti al ground survey was performed on the targets. On 
completion of the program, one target that moved during monitoring and a 
neighboring target that did not move were surveyed using conventional 
techniques. Final coordinates for these targets obtained by both methods 
were compared to determine if their differences were within the accuracy 
limits defined by the Roseburg and Wharton monitoring data. 

STATISTICAL ANALYSIS 

During al I four monitorings at Roseburg and the first and last monitorings 
at Wharton, X, Y, and Z coordinates were determined by ground survey for 
each target. These coordinates were assumed to be error free, whereas the 
ground surveys are probably only accurate to within ±0. 02 feet (0. 6 cm). 
X, Y, and Z coordinates were also determined by the rapid monitoring 
system for each target. The two sets of coordinates were compared and the 
difference between the values for each coordinate gave a measure of the 
departure of the rapid monitoring system from the ground survey. 

The departure values were analyzed statistically to determine an average 
value of departure from the ground survey for each coordinate for each 
month. In addition, a range of values which would include 90 percent of 
al I departure values was determined about this average departure. 

Figure 26 shows the average departures and the 90-percent range of values 
for the Roseburg and Wharton monitorings. Improper aerial photographic 
coverage of the Wharton site with CIR on 20 July made rapid monitoring 
data unavailable for that month. 
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The average departures ranged between approximately +0. 17 to -0. 11 foot 
(+5.2 to-3.4 cm) for B&W and +0.08 to -0.08 foot (+2.4 to -2.4 cm) for 
CIR. Overall results combining Roseburg and Wharton data showed the 
average departures ranged from 0. 00 to -0. 02 foot (0. 0 to -0. 6 cm) and 
+0.01 to-0.01 foot (+0.3 to -0.3 cm) for B&W and CIR, respectively. 

ACCURACY 

The results from Roseburg and Wharton show that over the entire monitoring 
program, the average departure values tend toward zero. The average 
departure values can therefore be considered random errors that will 
compensate for each other over the duration of monitoring. Coordinate 
values determined by the rapid monitoring system group in a normal distribu­
tion about the theoretically correct coordinate values. The accuracy of 
the system is therefore determined by the extent that the departure values 
range about the theoretically correct coordinate value. 

Results of the Roseburg and Wharton monitorings show that 90 percent of 
all rapid system coordinates agreed with the ground survey coordinate 
values by the fol lowing amounts: 

Table 2 
Rapid Monitoring System Accuracy 

Film X 

B&W ±0. 08 foot 
(±2. 4 cm) 

CIR ±0. 10 foot 
(±3. 0 cm) 

Coordinate 

y 

±0. 09 foot 
(±2. 7 cm) 

±0. 10 foot 
(±3.0 cm) 

z 

±0. 15 foot 
(±4. 6 cm) 

±0. 23 foot 
(±7. O cm) 

Table 2 shows that in comparison to B&W, CIR is slightly less accurate in 
all coordinates. B&W gave accuracies on the order of 1/29,000 and 1/26,000 of 
the flying height above the terrain for the X and Y coordinates and 1/15,000 of 
the flying height for the Z coordinate. In comparison, CIR gave accuracies 
of 1/23,000 of the flying height for X and Y coordinates and 1/10,000 for 
the Z coordinate. 

Conventional aerial photography from fixed-wing aircraft using vertical 
photographs is capabie of accuracies on the order of 1/10,000 of the 
flying height above the terrain. Using B&W fi Im and the convergent photo­
graphic method this accuracy was increased 1. 5-2. 9 times. Cl R was capable 
of achieving 1.0-2.3 times this figure. These figures show a significant 
increase in accuracy over conventiona I methods but were below the 1 / 35,000 
that is theoretically possible. This deviation from theoretical accuracy is 
believed to be a result of less than perfect tilt angles of the aircraft and 
unavoidable operator errors in making monocomparator measurements. 
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Coordinate values determined during the Stirrat monitoring for the two 
targets surveyed by both methods showed the following differences: 

Table 3 
Rapid Monitoring System Results at Stirrat 

Coordinate 
Film Target X y z 

B&W -0. 07 foot -0. 05 foot +0. 28 foot 
(-2. 1 cm) (-1 . 5 cm) (+8. 5 cm) 

2 -0. 02 foot -0. 01 foot +0. 08 foot 
(-0. 6 cm) (-0. 3 cm) (+2.4cm) 

CIR -0. 01 foot -0. 02 foot +0. 20 foot 
(-0.3 cm) (-0. 6 cm) (+6. 1 cm) 

2 +0. 04 foot -0. 09 foot +0. 11 foot 
(+1. 2 cm) (-2. 7 cm) (+3. 4 cm) 

The values fall within the expected accuracy for the rapid monitoring 
system shown in Table 2, except for the Z coordinate using B&W fi Im on 
Target 1. These results are in reasonable agreement with the predicted 
accuracy of the system. 

INTERPRETATION 

B&W and CIR film were also compared to determine which is more effective 
for detecting slope stability indicators. The fi Im types were compared by 
analysis of stereophotographs observed under 1. 5x and 4. 5x magnification. 
Factors considered were: versa ti I ity; cost; resolution; i nterpretabi Ii ty 
(the ability of the fi Im to differentiate tones); shadow penetration; 
detection of seepage and vegetation conditions; and identification of 
erosional features along with slides, slumps, cracks, anq bulges. Each 
type of film has specific advantages and disadvantages. Neither is clearly 
superior to the other for both qualitative and quantative assessments. 
Results indicate B&W should be used for mensuration and CIR for photointer­
pretation for optimum use of the rapid monitoring system. 

B&W 

B&W is suitable for detecting features relating to embankment stability. 
It has good shadow penetration and good resolution, or clarity. Some 
advantages of B&W include its low cost, fewer restrictions on weather 
conditions, and ease in making prints for field use. Problems associated 
with B&W film are its poor tonal differentiation (limited to shades of 
gray) , poor vegetation analysis, and poor moisture detection capabi I ities. 
No special hand Ii ng techniques are required for B&W fi Im; however, refriger­
ation of unprocessed film will increase its shelf life. 
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CIR 

CIR is excellent for vegetation studies, good for moisture detection, and 
good for erosion analysis. Its resolution is generally excellent but 
deteriorates considerably in poor weather conditions. Longer shutter 
speeds required for low sun angle photos during fall and winter may cause 
targets to be slightly blurred under high magnification. Tonal differentia­
tion is good because color is used, but the false color image may be 
confusing to the inexperienced interpreter. Disadvantages of this fi Im 
are its sensitivity to weather conditions, requiring clear skies, and its 
poor shadow penetration. 

CIR fi Im is more seriously affected by storage conditions than B&W fi Im. 
It is extremely sensitive to variations in temperature and relative 
humidity prior to exposure. The infrared-sensitive layer of the film 
loses sensitivity and causes a color shift toward blue when not stored 
properly. The fi Im must be kept in a freezer or refrigerator prior to 
use. It can be stored up to 14 days at temperatures not exceeding 2°C 
(35°F) but is best maintained at -18°C (Of>F}. It should also be removed 
to room temperature at least 8 hours before opening the container to 
prevent condensation of atmospheric moisture on the fi Im. 

The exposure difficulties encountered during the fall and winter months 
make Cl R fi Im less suitable than B&W fi Im for mensuration purposes. 
However, the added dimension of color makes CIR film more suitable for 
interpretation purposes. If both qua I itative and quantitative data are to 
be obtained, B&W fi Im shou Id be used for photography required by the 
mensuration process and CIR should be used for stereophotographs for 
interpretation. 

Photoi nterpretation requires people knowledgeable of the characteristics 
of the film emulsions used and the information being sought. The amount 
and reliability of the information obtained depends upon the training of 
the observer. Therefore, B&W or color films might be more suitable than 
CIR film for less experienced observers. 

An important aspect of the rapid monitoring system is the permanent 
visual record provided by photographs which can be viewed by many people. 
Inspection reports accompanied by aerial photographs permit better evaluation 
of embankment conditions by all personnel involved regardless of their 
interpretation experience. 

MAPPING AND QUANTiTY DETERMINATION 

Topographic mapping and quantity determination were performed using the 
July and December photographs of Wharton. The downstream face of the 
embankment was mapped to monitor progress of the earthfi 11 buttress 
construction. Figure 27 shows the area mapped and Figures 28 and 29 show 
the topography for July and December, respectively. The progress of 
construction can be monitored by noting the changes in the contours on the 
downstream face. 
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Figure 30 shows an example of cross sections that were developed from the 
topographic maps. Cut and fill operations for a road can be seen near the 
crest of the embankment, and buttress construction can be seen between 
Elevation 1120 and Elevation 1180. 

From topographic maps, cut and fill volume determinations can be made by 
standard earthwork quantity calculations. Cross sections can be developed 
at convenient stations; the sections can be digitized by computer or 
plotted by hand. Volumes can then be determined using average end area 
methods. Based on volume calculations for Wharton, an estimated 18,000 cubic 
yards of material were placed on the downstream face between July and 
December 1976. 
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■■ Chapter 6 
■■ SYSTEM IMPLEMENTATION 

THE SYSTEM 

The rapid monitoring system of aerial photography has proved to be practical 
for detecting and recording movement of targets on natural slopes and coal 
refuse embankments. The system is based on existing technology and uses 
readily avai !able conventional aerial photography cameras with fixed-wing 
photo aircraft. Convergent photography by intentional aircraft ti It is 
normally required because most aerial cameras are mounted in a fixed 
position for vertical photography. More reliable results could be achieved 
if the mapping camera were mounted to rotate so that convergent photography 
could be obtained without tilting the aircraft. 

A monocomparator is required for measuring on photographs, and data must 
be analyzed by computer to solve for target coordinates. Copies of computer 
programs and example input and output formats are shown in the Appendix. 
One of the computer programs used in data reduction is proprietary; a copy 
must be purchased through the reference listed in the Appendix. 

Targets for the rapid monitoring system are readily available, economic, 
and easy to instal I. Other designs or materials could also be used although 
the actual target face should be painted flat white and should have a 
minimum diameter of 1/2000 of the flying height above the mean elevation 
of the embankment to optimize pointing in the monocomparator. Greater 
lengths of pipe for target bases should be considered where surface materials 
are loose, or where they are subject to seasonal volume changes. By using 
common materials, a destroyed target can be readily replaced. Any inspection 
program using the rapid monitoring system should include a method to 
account for destroyed or lost targets and their replacements. 

Photography for the rapid system should be obtained using film similar to 
either Kodak Double-X Aerographic 2405 estar base panchromatic (B&W) film 
or Kodak Aerochrome infrared es tar base (Cl R) fi Im. Fi Im magazines loaded 
with each film type are interchangeable in flight. Monocomparator measure­
ments should be made directly on photographic negatives for B&W and on CIR 
transparencies. 

Based on project results, B&W fi Im should probably be selected for mensura­
tion. Although it is not significantiy more accurate than CIR, it is 
easier to use and it is more economic. Either B&W or CIR film can be used 
for photoi nterpretation from stereophotographs. Selection of fi Im type 
for interpretation should be made by the user to suit particular requirements. 
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The photographs provide a permanent, visual record of embankment conditions. 
Movement versus time plots shou Id be established and maintained whenever 
movement is observed. The movement versus time plots should be carefully 
observed for subtle changes (acceleration or deceleration of movement) 
that would be indicative of potential stability problems. 

PERSONNEL 

Implementation of the rapid monitoring system requires personnel with 
specialized training in two areas: geotechnical engineering and photogram­
metry. 

Personnel with specialized training in geotechnical engineering (specific 
experience in design and construction of earth structures) are required to 
plan and execute inspection programs using the rapid monitoring system. 
The number and location of targets and correct analysis of data are important 
to successful use of the rapid monitoring system. Experience at Aberfan 
and Buffalo Creek shows that mere awareness of movement and signs of 
instability is not sufficient to prevent failure; the movement and signs 
of instability must signal the need for further study or corrective action 
by ski I led geotechnical personnel. 

Analysis of movement must also be made carefully. It is conceivable that 
some embankments may be slowly creeping with time, and as long as conditions 
are relatively constant, corrective actions may not be necessary. On the 
other hand, it is possible that some embankments may exhibit 11 brittle 11 

failures where failures occur suddenly with little warning in the form of 
visual surface movements. In these cases, the embankments must be thoroughly 
examined for other more subtle indicators of instability. Experienced and 
knowledgeable personnel must review the data and photographs to assure 
that unstable conditions are not overlooked or are not misinterpreted. 

Personnel with knowledge and experience in photogrammetry and photointerpre­
tation are also required. Flight planning, data reduction, and analysis 
must be carefully performed. An understanding of the system's limitations 
as wel I as the sources and magnitudes of errors are essential. Personnel 
assigned to mensuration and interpretation tasks must be skilled individuals 
that are able to identify the sometimes subtle signs of potential safety 
problems. 

SYSTEM SETUP 

Careful planning is required before the rapid monitoring system is used on 
an embankment to ensure that the maximum monitoring potential is achieved. 
The number and location of targets and control points require careful 
consideration. Control points should be placed in stable areas outside 
the area to be monitored. At least four control points are required, and 
additional points should be considered if there is a possibility that one 
or more wi II be inadvertently lost or destroyed. The tentative flight 
lines should be known before the control points are laid out so that 
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images of the control points will appear as close to the four corners of 
the photograph as practicable. After the control points have been established, 
first-order accuracy surveys should be made to determine their X, Y, and Z 
coordinates. The accuracy of the rapid monitoring system is dependent on 
the accuracy of the survey for control points. First-order surveys require 
experienced personnel and precise surveying equipment. 

Targets should be placed in areas where movement is likely, or where signs 
of instability exist. There should be enough targets to adequately cover 
the embankment and to assure that no gross movements could occur without 
causing movement of one or more targets. Target layout shou Id be directed 
by personnel familiar with the behavior of earth structures and with the 
characteristics of the particular refuse disposal operation. Special 
considerations for target layout are necessary for embankments that have 
active operations. The high rate of attrition at Wharton during toe 
buttress construction demonstrates the vulnerability of targets under 
certain conditions. Extra targets should be placed where high losses are 
possible. Targets should be coded for identification and shou Id be cata­
logued so that inspection forces can keep track of losses and replacements. 

The flight lines for the rapid monitoring system are determined by the 
accuracy requirements for the mathematical computations. Best resu Its are 
obtained with flight lines arranged so that the airplane flies directly 
towards the face of the slope or embankment for both the vertical and the 
convergent photographs. Best resu Its for stereophotography are obtained 
if the airplane flies parallel to the crest of the embankment. However, 
flight lines should be carefully planned for each site since the sites 
differ substantially in size, shape, and vertical relief. 

COST 

Cost of monitoring is often the most decisive factor in planning the scope 
of inspection programs. Many factors influence the cost of monitoring: 
site size and location, vertical relief, accessibility, vegetation, weather, 
accuracy requirements, frequency, and urgency of monitoring. For the 
Roseburg lands I ide, cost of the rapid monitoring system was approximately 
40 percent of the cost of conventional ground survey methods for each 
monitoring. For the Wharton refuse embankment, the cost of the rapid 
monitoring system was approximately 20 percent of the cost of conventional 
ground surveys for each monitoring. This percentage reduces to approximately 
15 percent when costs for monitoring both Wharton and Sti rrat in one air 
photo mission are compared to ground survey costs. 

The rapid monitoring system is not "point-dependent" as ground surveys 
are. For conventional ground surveys, the time and cost are almost directly 
dependent on the number of targets. However, it makes very little difference 
in time and cost for monocomparator measurements and computer analysis of 
data whether an embankment is instrumented with 10 targets or 100 targets. 
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Table 4 presents a comparison of possible inspection programs for capabi I ity 
and cost. Information in Table 4 for current inspection methods is based 
on data oblained from MESA District 4 in Mt. Hope, West Virginia concerning 
the number of active embankments in their jurisdiction and the approximate 
cost to administer their inspection program. Costs for conventional 
ground survey methods and rapid monitoring system are based on costs 
incurred during this project. The average cost per embankment for the 
rapid monitoring system includes costs for obtaining five photographs (one 
vertical, two convergent, and one stereo pair) for four to six embankments 
per flight. The flight crew is not included in the three-man staff, but 
their cost is included in the average cost per embankment. The cost for 
combined inspection is based on using a three-man crew for onsite inspection 
and the rapid monitoring system. It assumes that two men wou Id make 
onsite visual inspections and that one man would use the rapid monitoring 
system. 

While the cost for inspection by the rapid monitoring system is about 
10-25 percent of the cost for ground surveys, it is about 175-333 percent 
of the cost of current inspection. However, the rapid monitoring system 
has been shown to be an effective and powerful monitoring tool. It can 
accurately detect and monitor movement, and it provides a permanent, 
visual record. These are valuable features that are not a part of current 
inspection methods. 

If a combination of current inspection methods and the rapid monitoring 
system were used, the cost per embankment would be 115-220 percent of the 
cost of cur rent inspection methods. This method wou Id permit detailed 
investigation of suspect embankments while at the same time permit field 
forces to more efficiently al locate their inspection time. Embankments 
that show no apparent signs of i nstabi I ity cou Id be monitored less frequently 
than those that indicate unstable conditions. Potentially unstable embank­
ments, however, could be monitored both quantitatively and qualitatively 
by using photogrammetry, photointerpretation, and onsite inspections. 

The rapid monitoring system has a high initial cost in comparison to 
conventional ground survey methods as shown in Table 5. 
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Table 4 
Comparison of Possible Inspection Programs (1975-1976 Costs) 

Inspection 
Program 

Current 
Inspection 
Methods 
(based on data 
from MESA 
District 4) 

Conventional 
Ground Survey 
Methods 

Rapid 
Monitoring 
System 

Combination 
of Current 
Inspection 
Methods and 
the Rapid 
Monitoring 
System 

Capability of 
3-Man Staff 

60-90 Embankments 
per Month 

3- 5 .Embankments 
per Month 

90-130 Embankments 
per Month 

70-100 Embankments 
per Month 

Average Cost 
Per Embankment 

$150-$200 

$2,000-$3,500 

$350-$500 
(using one fi Im 

type} 

$230-$330 

Remarks 

1. Inspections are qualitative only. 
2. Written descriptions of conditions 

are recorded on standard forms. 
3. Possible unsafe conditions may be 

overlooked or misinterpreted 
because of lack of physical measure­
ments or lack of experience of 
the inspector. 

4. Economical. 

1. Capable of detecting and monitoring 
movement. 

2. Capable of mapping and determining 
quantities. 

3. Provides written record. 
4. Time consuming. 
5. Labor intensive. 
6. Costly. 

1. Capable of detecting and monitoring 
movement. 

2. Capable of mapping and determining 
quantities. 

3. Provides permanent, visual record. 
4. Provides qualitative data. 
5. Economic in comparison to con­

ventional ground survey. 
6. Enables experienced people to 

view (via photos) many embankments per 
month. 

1. Capable of monitoring more embankments 
than current inspection methods. 

2. Provides qualitative information on 
al I embankments and quantitative 
information on selected embankments. 

3. Inspections would al low for better 
al location of field inspection resources for 
suspect embankments. 

4. Method would be more economic than 
rapid monitoring alone. 



Table 5 
Initial Costs 

RAPID MONITORING SYSTEM 

Item Approximate Cost 

1 . Airplane $ 55,000 
2. Aerial mapping camera 75,000 
3. Monocomparator 30,000 

$160,000 

CONVENTIONAL GROUND SURVEY METHODS 

Item Approximate Cost 

1 . 2 Theodolites @ $5,000 each $ 10,000 
2. 1 Engineer's level @ $1,500 1,500 
3. Electronic distance measuring 

equipment 8,000 
4. Miscellaneous equipment 3,500 

$ 23,000 

In addition, the rapid monitoring system requires access to a computer 
with at least 16K memory. This type of computer can cost about $45,000. 

By comparison, i ni ti al cost for current inspection methods are far less 
expensive. MESA provides their inspectors with vehicles; required safety 
equipment (hard hats, etc.); miscellaneous hand equipment (box tapes, hand 
levels, inexpensive cameras, etc.); necessary inspection forms, manuals, 
and pub I ications. It is estimated that a MESA inspector can be equipped 
for current inspection methods for about $8,000-$10,000. 

IMPLEMENTATION ALTERNATIVES 

For coal refuse embankment monitoring, there are three basic alternative 
ways to implement the rapid monitoring system. In the first, implementation 
is by the inspection agency, using its own forces and equipment. In the 
second, implementation is by the inspection agency through contracts with 
private firms. The third involves implementation by mine operators. 

Actually, the basic alternatives could be combined in many ways to produce 
any number of inspection packages designed to suit particular needs. Cost 
of implementation varies widely depending on the alternative or combination 
of alternatives that is selected. 

The second alternative, implementation by an inspection agency through 
contracts with private firms, probably offers the most advantages. This 
would avoid the high initial cost of the rapid monitoring system (required 
in the first alternative) while maintaining the flexibility to use special 
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aircraft or cameras for particular problems. Implementation of the third 
alternative would require additional legislation and would probably be met 
by strong opposition from mine operators. 

The second alternative provides the most flexibility to the inspection 
agency. Decisions regarding inspection plans, personnel requirements, and 
methods to process, analyze, and use data can be made at the local level. 
These decisions could be based on the urgency of monitoring and the need 
to suit particular requirements of the local inspection program. Implemen­
tation decisions at any level must be based on thorough review of inspection 
needs to arrive at realistic cost-benefit ratios for use of the rapid 
monitoring system. 

For cost-effective implementation, present inspection methods require 
modification. The frequency of monitoring by the rapid monitoring system 
and the frequency of onsite visits by inspection personnel must be coordi­
nated to avoid unnecessary duplication of effort. Because of the quantita­
tive and qua Ii tative data produced by the rapid monitoring system, the 
frequency and detai I of present onsite inspections may be reduced. 
Proper combination of the two methods may eliminate some unnecessary or 
unproductive inspection efforts resulting in an overall improvement in 
cost effectiveness. 

SPECIAL CONSIDERATIONS 

Implementation recommendations are difficult to make based on the results 
of this type of research and development effort. For this reason, additional 
testing of the system is required before realistic cost-benefit ratios can 
be established. Further testing shou Id be aimed at answering the fol lowing 
questions: 

11111 How useful are the data produced by the rapid monitoring system 
in an actual long-term inspection program? 

1111 What should be the frequency of monitoring for actual inspection 
of coal waste embankments? 

1111 Despite the value of quantitative measurement data and qualitative 
photointerpretation data, can the rapid monitoring system replace 
the inspector on the ground? Does it merely supplement his 
activities? 

= Aithuugh cooperation for use of Wharton and Stirrat was excellent, 
to what extent will other mine operators cooperate in monitoring 
programs and target maintenance? 

How do actual costs compare with costs projected from the research 
and development effort? 

-78-



1111 

Ill 

Ill 

Is the system economic for the benefits achieved? 

How effective are maintenance and replacement programs for lost 
and destroyed targets? 

Is the system accurate enough for long-term monitoring? Is it 
too accurate? 

In a given area, how many embankments can be photographed by a 
single airplane and crew in one day? 

11 Will mine operators willingly take actions to correct unsafe 
conditions on the basis of photographic results? 

1111 Which fi Im type is more beneficial in an actual inspection 
program? 

11 How does weather affect scheduling for a full-scale monitoring 
effort? 

1111 What is the most appropriate mix for efforts by the inspection 
agency and efforts contracted to private firms? 

11111 To what extent will inspection agencies be willing to use the 
rapid monitoring system or its results in their inspection 
programs? 

Results of this project indicate that the rapid monitoring system has 
tremendous potential for success as an inspection tool for coal waste 
embankments. It also has potential for monitoring a wide variety of other 
types of terrain movement and stabi I ity problems. However, these questions 
should be answered in a ful I-scale pi lot program before final implementation 
decisions can be made. 

In this project, a fast, reliable, and effective method has been developed 
to assist in coal refuse embankment inspection. The rapid monitoring 
system meets the objectives of mapping and recording slope conditions 
while being able to monitor embankment quantities with ease, speed, and 
rel iabi Ii ty. It can provide survei I lance of embankment conditions in a 
fraction of the time required by conventional survey methods, and can be 
readily integrated with suitable methods for cataloging, evaluating, and 
analyzing the gathered data. 

A significant problem for the rapid monitoring system is its dependence on 
good weather. Under adverse weather conditions, aerial photography 
cannot be obtained and the system cannot be used. However, when weather 
conditions are so severe that low-altitude photography cannot be obtained, 
conventional field surveys or current inspection procedures would also be 
di ffi cu It. 
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The rapid monitoring system can only be as effective as the people imple­
menting the program. The inspection agencies must have complete confidence 
in the data obtained for the system to be successful. The rapid monitoring 
system could have prevented the Aberfan and Buffalo Creek disasters only 
if inspection personnel heeded the warnings, however obvious they might 
have been. As a consequence, future success of the system as an inspection 
tool rests with the ability and desire of the inspection agency to make 
use of the data. 
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■■ APPENDIX 
■■ COMPUTER PROGRAMS 

The following programs are used in data reduction to transform photo­
graphic image coordinates of targets and control points to ground 
coordinates. The programs were developed by Dr. Sandor A. Veress, 
University of Washington. The original versions have been modified 
for use on CH2M HILL 1s DECsystem-10 computer. Modifications made were 
only on input/output statements and devices to faci I itate creating 
input files for succeeding programs and input from CRT terminals in an 
interactive mode. All input is free format type. 

The program for refined image coordinates is not included. This 
program is one module of a proprietary photogrammetry program package 
purchased by CH2M HILL from John F. Kenefick, Photogrammetric Consultant, 
lndiatlantic, Florida. 

Sample input and output data are included with Fortran listings for 
each program. 
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Proqra~ CAMOR 

·rnis proqrarn computes the X,Y, and z exposure station coordinates 
of a camera in tne qround coordinate system. The method is based 
on the principle of equatinq the cosines of the angles in object 
space and imaqe sµace formed by a minimum of three ground control 
points Whose image coordinates have been measured. lt more than 
three control points are used, a least squares solution ls 
pertormed. The solution is an iterative process and is set up 
tor 10 iterations. 

lnrut 

The program as set up on CH2M HILL'S D~ClO computer system 
reads input data from two separate files and also, from the 
terminal in an interactive mode. 

file 1 - Control point image coordinate data file 

Record 1 - STA,XP,YP 

wnere Identification of control point STA= 
XP = X•coordinate of measured image point 

= Y-coordinate of measured image point YP 

Record NCP Where NCP = # of control points used 

Record NCPtl 9999 O o - This record denotes end of 
image data for Photograph. 

If more than one photograph is to be processed, records 1 to 
·records NCP+l are repeated. Note: the number of control 
points (NCPJ can vary from 3 to 20. 

File 2 - Ground coordinate data file 

Record 1 • SA1,XX,YY,ZZ 

where STA 
xx 
yy 

zz 

= Identification of 
= X-ground coordinate 
= ·Y-ground coordinate 
= Z•ground coordinate 

control point 
of control point 
of control point 
of control point 

Record NCP where NCP = # of control points 

Note: The ground coordinate data file requires no 
sequential order of control points. 

Additional input trom terminal is an interactive mode as 
tollows: 

-82-



Page 2 

Each Photograph requires -

'fi tle 
XO,YO,ZO,fL 

where XO = Approx X•coordinate of exposure Station 
YO = Approx Y·coordinate of Exposure Station 
zo = Approx z-coorctinate ot Exposure Station 
rL = ~·oca l length ot camera 

To end execution, '~ND' should be typed in tor the title. 

Output 

Program results are written to two files designated by the 
user. One file is set up to supply the necessary input for 
program OMATRI; the other file is a printout of the input 
data to program CAMDR anct the results showing exposure 
station coordinates and corrections to those coordinates 
with each iteration. 
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00010 C 
00020 C 
00030 C 
00040 C 
00050 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
00150 
00160 
00170 
00180 
00190 
00200 
00210 1 
00220 
00230 
00240 991 
00250 
00260 100 
00270 
00280 
00290 992 
00300 
00310 
00320 5 
00330 
00340 
00350 
00360 10 
00370 C 
00380 C 
00390 C 
00400 C 
00410 
00420 
00430 16 
00440 15 
00450 
00460 
00470 
00480 20 
00490 
00500 
00510 
00520 
00530 
00540 
00550 30 
00560 C 
00570 
00580 200 
00590 
00600 101 

SPACE R~S£CTION (X,Y,Z COORDS Of EXPDSUH~ STATION) 
METHOD UF EQUATl~G COSI~ES OF ANGLES 
PROGRAM FHOM UNIV. OF WASHINGTON 

DIMENSION XG0(20),YGD(20),ZG0(20),CPOINT(20),STA(20) 
DIMENSION XP(30),YP(30),ZP(30),XG(20),YG(20),ZG(20) 
DlMENSlUN CPX(4),CPY(4),CPZ(4),CGX(4),CGY(4),CGZ(4) 
DIMENSION Q(20,20),H(20,20),S(20,20),AN(30),TITLE(10) 
DIM~NSlUN SP(10),SG(10),CP(20,20),CG(20,20),CUNS(20,20),T(40,40) 
DIMENSION PT(100),XX(100),YY(100),ZZ(100) 

COMMON /HLKA/ CUEF(60,20),B(60),W(60),D(20,20),V(60),C(20,60) 
DATA PRU,11Pf/"035744020100/ 
IN=2 
I NN=4 
IUUT:3 
JOU'f:8 
C A LL S l:: Q 1 !H I i~ , ' E !"I 'l I:: R r' I L E N A M ~~ 0 f C ur, T R O L P T I M A G E C O O R D S ' , 4 2 ) 
CALL S~QIN(INN,'ENTER FILENAME OF GHUU~O CONTROL COOHDS',41) 
CALL SI::QOUT(IOUT,'I::NTER FILENAME f □ R UU1PUT',27) 
CALL SEQUUT(JOUT,'ENTER NAME Of INPUT ~ILE FUR PROG UMATRI',41) 
CON'flNUt 
NITI::R=O 
WRITE(5,991)PROMPT 
FORMAT(/,' ENTER TITLE ',A2,S) 
REAU(5,100)TITL£ 
FORMAT(lOA4) 
lF(fITLE(1) .EQ. 'END ')GO TO 999 
WRITE(5,992)PROMPT 
FURMAT(/,1X,'ENTER XO, Y.O, ZO, FL',A2,$) 
HEADl5,*)XO,YO,ZO,fL1 
KNT=l 
READ(IN,*)STA(KNT),XP(KNT),Y.P(KNT) 
IF (STA(KNT) .EQ. 9999)GO TO 10 
KNT:KN'ft1 
GO TO 5 
CONTINUE 
IMAGE PTS· NOW READ IN 

READ IN CORRESPONDING GRD 0 COORDINATES 

NCP=KNT•l 
IGSA:1 
KGSA:::1 
READ(INN,*)PT(KGSA),XX(KGSA),YY(KGSA),ZZ(KGSA) 
lF(STA(IGSA) .EQ. PT(KGSA))GO TO 20 
KGSA=KGSA+1 
GO TO 15 
XG(IGSA):::XX(KGSA) 
YG(IGSA)=YY(KGSA) 
ZG(IGSA):ZZ(KGSA) 
IF(IGSA .EQ. NCP) GO TO 30 
IGSA=IGSAtl 
R!::vJlND 4 
GO TO 16 
CONTINUE 

WRITE(lUUT,200) 
FORMAT(lli1,2~X,'*SPACE RESECTION PR~GRAM RESULTS*') 
~RITE(lUUT,101)TITLE 
FORMAT(1X,10A4) 
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00610 
00620 195 
00630 
00640 
00650 
00660 196 
00700 47 
00710 
00720 201 
00730 
00740 
00750 48 
00760 
00770 
00780 
00790 
00800 
00810 
00820 49 
00830 C 
00840 
00850 
00860 
00870 
00880 
00890 
00900 
00910 
00920 
00930 
00940 
00950 
00960 50 
00970 C 
00980 
00990 
01000 
01010 
01020 
01030 
01040 51 
01050 C 
01060 
01070 
01080 
01090 
01100 
01110 53 
01120 
01130 
01140 
01150 54 
01160 
01170 
01180 56 
01190 
01200 
01210 
01220 52 
01230 C 

WRlTE:(IOUT, 195) 
FOHMAT(13X,12HPHOTO COORDS,13X,14HCONTROL COOROS/, 
1 5 X, 3 HST A, 6 X , 1 H X , 8 X , 1 HY. , 11 X , 1 H X , 1 1 X , 1 HY , 1 1 X , 111 Z / ) 
00 47 I=l,NCP 
WRITE(IOUT,196)STACI),XP(I),YP(I),XG(l),YG(I),ZG(I) 
FORMAT(3X,F6.0,f10.3,f'9.3,F14.2,f12.2,f'10.2) 
CONTINUE 
WHlT~(IOUT,201) 
FORMAT(//,1X,6HNO. OF,10X,21HVALU~S OF COHRECTIONS,18X, 
19HCORRECTEU,/,1X,10HITERATIONS,12X,14HTO COOHOINATES, 

.220X,11HCUORDINATtS) 
NITER=NITER+l 
DO 49 1=1,NCP · 
XGO(I)=XO•XG(I) 
YGO(I)::YQ•YG(I) 
ZGO(l)=ZO•ZGCI) 
SP C I ) :: SQ HT ( XI:' ( I ) * X P ( I ) + Y. P ( I ) * Y. P ( I ) t V L 1 * F IJ 1 ) 
SG(I)::SQRT(XGO(I)**2+Y.GO(I)**2+ZGO(Il**2) 
CONTINUE 

NX=NCP•1 
DO 50 I=l,NX 
K=l+ 1 
DO 50 J=K,NCP 
CPCI,J)::(XP(Il*XPCJ)tYP(I)*YP(J)+FL1*FL1)/CSP(I)*SP(J)) 
CG(I,J)::(XGO(l)*XGO(J)tYGO(I)*Y.GO(J)tZGO(I)*ZGO(J))/(SG(I)*SG(J)} 
CONS(l,J):CPCI,J)•CG(l,J} 
T(I,J):(SG(J)•(SG(I)*CP(I,J)))/(SG(I)*SG(J)**2) 
TCJ,I}=(SG(l)•(SG(J)*CP(l,J)))/(SG(J)*SG{I)**2) 
Q(l,J)::XGO(I)*T{J,l)tXGO(J)*TCI,J) 
R(I,J)=YGO(l)*T(J,I)tYGO(J)*TCI,J) 
S(l,J):ZGO(I)*T(J,l)+ZGO{J)*T(I,J) 
CONTINU~ 

IROW=(NCP•l)*NCP/2 
DO 51 1=1,IROW 
D051J=1,3 
CDEF'(I,J)::O. 
B(I):0. 
W(I)::1. 
CONTINUE 

DO 52 I=l,lROW 
IF'(I .GT. 3)GO TO 53 
J=l 
K= It 1 
GO TU 56 
IF(l .GT. 5)GO TO 54 
J=2 
K=I-1 
GO TO 56 
IF(l .GT. 7)GO TU 52 
J:3 
K=I--2 
COEF'(I,1)::Q(J,K) 
COEF'(I,2)=R(J,K) 
COEF(I,J):S(J,K) 
tHI)=CONS(J,K) 
CONT HIUE: 
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01240 
01). S 0 
01260 
01270 
01280 
01290 
01300 
01310 202 
01320 
01330 bO 
01340 
01350 
01360 880 
01370 
01380 881 
01390 
01400 
0 141 0 883 
01420 882 
01430 
01440 
01450 885 
01460 884 
01470 
01480 65 
01490 999 
01500 
01510 
01520 
01530 
01540 
01550 1 
01560 
01570 
01S80 
01590 
01600 2 
01610 
01620 
01630 
01640 
01650 
01660 3 
01670 
01680 
01690 4 
01700 
01710 
01720 
01730 5 
01740 
01750 
01760 
01770 6 
01780 
01790 10 
01800 
0 181 0 7 
01820 
01830 

M= l l(0W 
N::;.J 
CALL LSUR(M,N,AN,VAR) 
X U = X U t A r~ ( 1 ) 
YO=YU+AN(2) 
ZO=ZO+AN(3) 
WRIT~(lOUT,202)NITER,(AN(I),I=1,3),XO,YO,ZO 
FOHMAT(/,2X,12,3X,3(F9.6,1X),3(2X,F12.4)) 
IF(NITER-10)48,60,60 
CONTINUE 
REvJliW 4 
WR1Tt(JOUT,880)TITLE 
FORMAT(10A4) 
WRIT~(J0UT,881)XO,YO,Z0,FL1,NCP 
FORMATl3(1X,f16.4),1X,F6.2,1X,I2) 
DD 882 1=1,NCP 
WRITE (JOU T, 8 8 3 ) ST A ( I ) , X P ( I ) , Y P ( I ) 
FORMAT(F5.0,1X,f10.5,1X,F10.5) 
C0NTliJUI'.: 
DO 884 1::1,NCP 
WR l TE ( ,JO lJ T, 8 8 5) X G ( I ) , Y G ( I ) , ZG ( 1 ) 
FORMAT(3(1X,F14.4)) 
C0NTil~UE'.: 
GO TU 1 
STOP 
END 

SU~R0UTINE LSQR (M,N,PAR,ERROR) 
DIMENSION PAR(20) 
COMMON /ULKA/ COl'.:F(60,20),B(60),W(60),D(20,20),V(60),C(20,60) 
DO 1 J ::: 1, N 
DO 1 I :: 1, M 
COEF(I,J) :: WCI) * COEF(l,J) 
DO 2 J = 1, N 
DO 2 I = 1 , N 
D(I,J) :: O.O 
DO 2 K = 1, M 
D(l,J) :: D(I,J) t CDEF(K,l)*COEF(K,J) / W(K) 
CALL MATINV (D,N) 
DO 3 J :: 1 , M 
DO 3 I :: 1 , N 
CCI,J) = o.o 
DO 3 K::: 1, N 
CCI,J) = C(I,J) t D(l,K)*COEF(J,K)/ W(J) 
DO 4 I :: 1 , N 
DO 4 J :: 1, M 
C(I,J) = ~(J)*C(I,J) 
DO 5 I :: 1, N 
PAR(I) :: O.O 
DO 5 K = 1, M 
PAR(I) ::: PAR(I) + C(I,K)*B(K) 
DO 1 0 I :: 1 , M 
SUM:: O.O 
DO 6 J :: 1, N 
SUM.:: SUM + COEf(l,J)*PAR(J)/ W(I) 
V (I) :: SUM 
CONTirWE: 
DO 7 I :: 1, M 
V(l) :: V(I) .. 1:3(1) 

l!:HROR:: 0.0 
If (M .EO. N ) GO TO 11 
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01840 
01850 
01860 
01870 
01880 
01890 
01900 
01910 
01920 
01930 
01940 
01950 
01960 
01970 
01980 
01990 
02000 
02010 
02020 
02030 
02040 
02050 
02060 
02070 
02080 
02090 
02100 
02110 
02120 
02130 
02140 
02150 
02160 
02170 
02180 
02190 
02200 
02210 
02220 
02230 
02240 
02250 
02260 
02270 
02280 
02290 
02300 
02310 
02320 
02330 

DO 8 I ::: 1, M 
8 ERROR= ERROR+ V(I)*V(I) * WCI) 

ERROR::: EHROR / (fLOAT(M•N)) 
DO 9 I= 1, N 
DO 9 J ::: 1, N 

9 DCI,J) = ERROR*DCI,J) 
11 RETURN 

END 
SUBROUTINE MATINV (A,N) 
DIMENSION A(20,20) 

CCC SUBROUTINE FOR MATRIX INVERSION 
CCC MAXIMUM ELEMENT Of fIHST COLUMN 

AH= O.O 
DO 1 1=1,N 
AC= ABS(A(I,1)) 
AB= AMAX1 (AB,AC) 
IF (AB.GT.AC) GO TO 1 
M :: I 

1 CONTINUE 
CCC PERMUTATION Of FIRST AND MTH ROWS 

DO 2 J=l,N 
AA= A(l,J) 
A(l ,J) ::: A(M,J) 
A(M,J) ::: AA 

2 CONTINUE 
CCC INVERSION OF MATRIX 

NPl ::: N + 1 
NMl ::: N .. 1 
A(1,NP1) = 1.0 
DO 3 1=2,N 

3 A(I,NPl) ::: O.O 
DO 6 K=l,N 
DO 4 J=1,N 
JPl = J + 1 

4 A(NP1,J) ::: A(1,JP1) / A(l,1) 
DO 5 1=1,NMl 
!Pl ::: I + 1 
DO 5 J::: 1,N 
JPl ::: J + 1 

5 A(I,J) ::: A(IP1,JP1) .. A(IP1,1)*ACNP1,J) 
DO 6 J:::1,N 

6 ACN,J) ::: A(NP1,J) 
CCC PERMUTATION Of FIRST AND MTH COLUMNS 

DO 7 J::1,i'J 
AA :: A(I,1) 
ACI,1) ::: A(I,M) 
A(I,M) -= AA 

7 CONTINUE 
RE:TURN 
END 
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Program UMATHl 

This program computes the orientation matrix (9 direction 
cosines) of a Photographic coordinate system using three or more 
ground points having known ground and photoqraphic coordinates. 
Also known are the X,Y,Z coordinates of the exposure station in 
the ground coordinate system. lf more than three points are 
used, a least squares solution is performed. 

Input 

On CH2M HILL'S DECIO computer system the input is automatically 
created in a tile upon execution of program CAMOR. The file is 
set up as tallows: 

Record 1 
Record 2 

Record 3 

to 

Record NCP 

Record(3tNCP) 

Title (40 spaces) 
XO,YO,ZO,FLl,NCP 
where 
XO= X coordinate of exposure station as 

computed in program CAMOR 
YO= Y coordinate of exposure station as 

computed in program CAMOR 
zo = z coordinate of exposure station as 

computed in proqram CAMOR 
FL1 = Focal length of camera (same units as 

image coords.) 
NCP =#of control points used. 

STA,XP,YP 
where 
STA= Identification# of control pt 
XP = X photograph coordinate 
YP = Y Photograph coordinate 
Same format as record 3; the total # of 
records similar to record 3 is equal to NCP. 

XG,YG,ZG 
where 
XG = X coordinate of control pt 
YG = y coordinate of control pt 
ZG = z coordinate of control pt 

Note: These records must be in same order as 
photograph coordinate records. 

Record(3+NCP)tNCP Same format as record (3+NCP): the total # of 
records similar to record (3+NCP) is equal to 
NCP. 

Output 

Program results are written to two files designated by the 
user. One file is a file set up to supply a portion of the 
necessary input data to proqram INTER the other tile is a 
printout of the orientation matrix tor visual inspection 
before proceeding with program INTER. 
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00010 C 
00020 C 
00030 C 
00040 
00050 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
00150 1 
00160 100 
00170 
00180 
00190 
00200 48 
00210 
00220 
00230 
00240 
00250 
00260 
00270 49 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00350 BO 
00360 
00370 101 
00380 
00390 
00400 
00410 
00420 
00430 
00440 
00450 86 
00460 
00470 
00480 
00490 
00500 
00510 C 
00520 C 
00530 C 
00540 
00550 82 
00560 
00570 83 
00580 
00590 84 
00600 81 

PROGHAM OMATRlX•ORIENTATION MATRIX OF A PHUTU 
SOURCE-UNIV Of WASHINGTON 

DIMENSION XP(50),YP(50),ZPCSO),XG(50),YG(50),ZG(50) 
DIMENSION XGU(20),YG0(20),ZG0(20),STA(50),TITLt(10) 
OlMENSlUN CPX(20),CPY(20),CPZ(20),CGX(20),CGY(20),CGl(20) 
DIMENSION SP(50),SG(50),SOL(3,3),AAC6,3),BB(6),AN(30) 
COMMON/BLKA/COEF(60,20),B(60),W(60),D(20,20),V(60),CC20,60) 
IN=B 
IOUT=3 
JOUT=9 
CALL SEQIN(IN,'ENTER INPUT FILENAME FROM PROG RESECT',39) 
CALL SEQOUT·(IUUT,'E~TER OUTPUT FILENAME',22) 

·CALL SEQOUT(JOUT,'ENTER NAME FOR PROG, INTER INPUT FILE',38) 
READ(IN,100,END=999)TITLE 
fORMAT(lOA4) 
READ(IN,*)XO,YO,ZO,fLl,NCP 
READ(IN,*)(STA(I),XP(l),YP(l),1=1,NCP) 
READ(IN,*J(XGCI),YG(I),ZG(l),1:1,NCP) 
NITER=NITER+l 
00 49 1=1,NCP 
XGD(I)=XO•XG(I) 
YGO(I):YQ•YG(I) 
ZGO (I) =ZO•ZG (1) 
SP(l)=SQRT(XP(l)*XP(I)+YPCI)*YPCI)+FLl*FLl) 
SG(I)::::SQRT(XGO(l)**2+YGO(l)**2+ZGO(I)**2) 
CONTINUE: 
DO 80 1=1,NCP 
CPX(I)=•XP(l)/SP(I) 
CPY(I)=•YP(l)/SP(I) 
CPZ(I)=•FLl/SP(l) 
CGX(I)=XGO(I)/SG(l) 
CGY(I)=YGO(l)/SG(I) 
CGZ(I)=ZGO(l)/SG(l) 
CONTINUE 
WR1TE(IOUT,101)TITLE 
FORMAT(//,' *THE ORIENTATION MATRIX FOR* ',10A4) 
DO 90 K=t,3 
DO 86 1=1,NCP 
DO 86 J=l,3 
cm.:FCI,J)=O. 
BCI)=O. 
AA(I,J)=O. 
BB(l)::::O. 
CONTI rwr: 
00 85 I=l ,NCP 
DO 8!:> J=l,3 
AACI,l)=CGX(I) 
A AC I , 2) =CG YC I) 
AA(l,3)=CGZ(!) 

If(K-2)82,83,84 
BB(l):CPX(I) 
GO TO 81 
t,B(I):::CPx'CI) 
GO TO 81 
HIJ(l)=CPZ(I) 
CUNTINUI!: 
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00610 
00620 
00630 
00640 
00650 
00660 
00670 
00680 
00690 
00700 
00710 
00720 
00730 
00740 
00750 
00760 
00770 
00780 
00790 
00800 
00810 
00820 
00830 
00840 
00850 
00860 
00870 
00880 
00890 
00900 
00910 
00920 
00930 
00940 
00950 
00960 
00970 
00980 
00990 
01000 
01010 
01020 
01030 
01040 
01050 
01060 
01070 
01080 
01090 
01100 
01110 
01120 
01130 
01140 
01150 
01160 
01170 
01180 
01190 
01200 

B(l):::1:HHI) 
COEF(l,J):::AA(l,J) 
W(l)::1.· 

85 CONTINUE 
M=NCP 
N::3 
CALL LSQR(M,N,AN,VAR) 
WRIT~(1UUI,205){AN(I),1=1,3) 
~RITE(JOUT,206)(AN(J),I=1,3) 

206 fOR~AT(lX,3F18.10) 
205 FORMAT(/,BX,JflB.10) 
90 CONTil~UI!: 

WRltE(JUUT,532)XD,YO,ZD,FL1 
532 FOKMAT(1X,3(1X,f16.4),1X,f6.2) 

GO TO 1 
999 END 

SUBROUTINE LSQR (M,N,PAH,ERROR) 
DlMENSlUN PAR(20) 
COMMU!J /BLKA/ COEf(60,20) ,B(60) ,W(60) ,D(?.0,20) ,V(bO) ,C(20,60) 
DO 1 J ;;:: 1, N 
DU 1 I ;;:: 1 , M 

1 COEF(l,J) = W(I) * COEF(l,J) 
DO 2 J = 1, N 
DO 2 l :: 1, N 
D(I,J) = 0.0 
DO 2 K :: 1 , M 

2 D(I,J) :: DCI,J) t COEFCK,I)*COEF(K,J) / W(K) 
CALL MATlNV (D,N) 
DO 3 J = 1, M 
DO 3 I ::: 1, N 
C(I,J) :: 0.0 
DO 3 K= 1, N 

3 CCI,J) = C(I,J) t D(I,K)*CO~F(J,K)/ W(J) 
DO 4 I :: 1, N 
DU 4 J ::: 1, M 

4 CCI,J) :: W(J)*C(I,J) 
DO 5 I ::: 1, N 
PAR(!) ::: O.O 
L>O 5 K:: 1, M 

5 PAR(!) :: PAR(!) t C(I,K)*B(K) 
DO 10 I :: 1, M 
SUM:: O.O 
DO 6 J :::: 1, N 

6 SUM:: SUM + COEFCI,J)*PAR(J)/ WCI) 
V (I) :: SUM 

10 CONT lf~UE 
DO 7 I = 1, M 

7 V(I) = V(l) - 8(1) 
ERROR:: O.O 
lf (M .EQ. N ) GU TO 11 
DU 8 I :: 1, M 

8 ERROR::: ERROR t V(I)*VCI) * WCI) 
ERROR= ERROR/ (FLUAT(M•N)) 
DO 9 l ::: 1, N 
DO 9 J :: 1 , N 

9 DCI,J) :: ERRUR*D(I,J) 
11 RETURN 

ENO 
SUHROUTINE MATINV CA,N) 
DIM~NSlON A(20,20) 
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01210 
01220 
01230 
01240 
01250 
01260 
01270 
01280 
01290 
01300 
01310 
01320 
01330 
01340 
01350 
01360 
01370 
01380 
01390 
01400 
01410 
01420 
01430 
01440 
01450 
01460 
01470 
01480 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
01560 
01570 
01580 
01590 
01600 

CCC SU~HOUTIN~ FOR MATRIX INVERSION 
CCC ~1AXIMUM ELE"1EN1' Of ~'1RS1' COLUMN 

AO :::: 0.0 
DO 1 I=l,N 
AC:::: ABS(A(I,1)) 
AB:::: AMAXl (AB,AC) 
If (AB.GT.AC) GO TU 1 
fl1 ::: l 

1 co1nrnu1:: 
CCC Pl::RMUTATlUN Of FIRST AND MTH ROWS 

DO 2 J:::1,N 
AA:::: ACl,J) 
A(l,J) = ACM,J) 
A(M,J) :::: AA 

2 CONT lNUE 
CCC INVERSION Of MATRIX 

NPl = N t 1 
NM1 :::: N • 1 
A(1,NP1):::: 1.0 
DO 3 1=2,N 

3 A(I,NPl):: 0.0 
DO 6 K::::1,N 
DO 4 J::::1,N 
JPl :::: J t 1 

4 A(NP1,J):::: A(1,JP1) / A(1,1) 
DO 5 !=1,NMl 
!Pl :::: I t 1 
DO 5 J:::: 1,N 
JP 1 = J t 1 

5 ACl,J) = A(IP1,JP1) ... A(IP1,1)*A(NP1,J) 
DO 6 J::1,N 

6 A(N,J) :::: A(NPl,J) 
CCC P~RMUTATION Of FIRST AND MTH COLUMNS 

DO 7 I=1,N 
AA = A(I,1) 
ACl,1) :::: A(I,M) 
A(l,M) = AA 

7 CONTINUE 
REfURN 
END 
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Proqre1m INTl::R 

This orogram performs a least squares solution to determine the 
ooject space coordinates of observed image points through 
intersection of homogenous rays in space. The program can be 
used tor two or three cameras, and the intersection ot fifty 
image points maximum. 

Input 

The program as set up on CH2M HlLL DECl0 computer system reads 
input data trom two tiles. 

file 1 - lmage Coordinate Data file 

Record 1 
Record 2 
Record 3 

where 

STA,KI,'x'I 
STA,KI,YI 
STA,Xl,Yl 
used) 

(tor first photo) 
(tor second photo) 
(for third photo if three are 

STA= Identification number of observed point 
XI = Measured x-coordinat~ 
YI= Measured '{=coordinate 

Records 1-2 (or 3) are repeated for each pt to be 
intersected. 

file 2 - Camera Orientation File 

This file is created automatically upon e~ecution of the 
program OMATRI and contains the orientation of each photo 
used tor the intersection ot observed points. File set•up 
is as follows: 

Record 1 
through 

Record 3 
Record 4 

M11,M12,M13 
M21,M22,M23 
M31,M32,M33 
XO,YO,ZO,FL 

Where M11-M33 are the values computed in program OMATRI 
for the orientiation matrix, and xo,10,zo are the 
exposure station coordinates for the camera station 
computed fiom program CAMOR,· and FL is the tocal length 
of the camera. Records 1-4 are repeated tor each 
photograph. 

output 

Two files are created tor output data. 

File 1 - Long torm 

Output is written to a file designatPd by the user. The 
printout of the file contains the tollowinq: 
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Page 2 

1. Exposuie station coordinates tor each camera 

2. Image coordinates tor the point to be intersected 

3. Intermediate computation results (Direction cosines, 
solution matrix) 

4. Approximate coordinates 

5. Corrections to coordinates 

6, Corrected coordinates 

f'ile 2 .. Short torm 

Output is written to a file designated by the user. The 
printout ot the file contains a listing of point 
identification number, and computed X,~, and Z 
coordinates. 
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00010 
00020 
00030 
00040 
00050 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
00150 
00160 
00165 
00170 
00180 
00200 
00210 
00220 
00230 
00240 
00250 
00260 
00270 
00280 
00290 
00300 
00310 
00320 
00 330 
00340 
00350 
00360 
00370 
00380 
00390 
00400 
00410 
00420 
00430 
00440 
00450 
00460 
00470 
00480 
00490 
00500 
00510 
00520 
00530 
00540 
00550 
00560 
005 ., 0 
00580 
0~590 
OObOO 

C 
C 
C 

C 

69 

990 
C 

89 

888 

87 

887 

877 
777 

88 

90 
54 

60 

SPAC~ INTtRS~CTlON-2 nR 3 CAMERA STATIONS 
PHOGHAM SOURCE-UNIV OF WASHINGTON 

D 1 M ~ IJ S 1 UN AM ( 3 , 3 ) , li M ( 3 , 3 ) , CM ( 3 , 3 ) , XI ( 3 , 5 0) , Y. I ( 3 , 5 0 ) 
UIMENSlON AA(6,3),R(6),AN(6),AT(3,3),BT(J,3),STA(100) 
Ol~ENSIUN XG(100),YG(100),ZG(100),TlTLE(10) 

COMMON /BLKA/ COEF(60,20),B(60),W(60),D(20,20),V(60),C(20,60) 
DArA PRUMPT/"035744020100/ 

IC::::1 
I 1\i=2 
INN=9 
IOU1'::::3 
lOUT'f::::4 
NC=2 
CALL S~UlN(IN,'ENl~R IMAGE COORD FIL~NANE',27) 
CALL S~QIN(lNN,'~NTEH INPUT FIL~NAM~ FRUM PROG OMATRI',38) 
CALL SEQOUT(IOUT,'ENT~R OUTPUT FILENAME',22) 
CALL S~QOUT(IOUTT,'ENTER S/F OUTPUT FlL[NAME',28) 
WRITE::(5,69)PROMPT 
FORMAT(/,' ENTER# Of PTS. TO BE INTERSECTED',A2,S) 
READ(5,*HiP 
READ(I~N,*)C(AM(I,J),J::::1,3),I::::1,3) 
READ(INN,*)XOA,YUA,ZOA,rL1 
READ(INN,*)((bM(l,J),J=l,3),1=1,3) 
READ(INN,*)XUB,YOB,ZOH,fL2 
REAO(l~N,*,EN0::::990)((CM(I,J),J::::1,3),I=1,3) 
READ(INN,*)XOC,YOC,ZOC,FL3 
NC::::3 
CONTINUE 

DO 55 K=l,NP 
WRITE.:( IUUT, 89) 
FORMAT(1H1,/,20X,'*** SPACE INTERSECTION RESULTS***',/) 
~JR ITU IUUT, 888) 
FORMAT(lX,' EXPOSURE STATIONS COORDINATES',/) 
WRITE(IUUT,87)XOA,YOA,ZOA 
f'ORMAT(lX,'PLAT~ 1',2X,3F'14.3), 
WRITE(lOUT,887)XOH,YOB,ZOB 
FOHMAT(lX,'PLATE 2',2X,3F14.3) 
If(NC .EQ. 2)GO TO 777 
WRITE(IOUT,877)XOC,YOC,ZOC 
FORMAT(' PLATE 3',2X,3F14.3) 
CONTINUE 
WRITE(IUUT,88) 
FOHMAT(/,5X,'IMAGE COORDINATES OF THE PT. ',/) 
DO 54 I=l,NC .. 
READ(lN,*)STA(I),XI(I,K),YI(l,K) 
WRITE(lUUT,90)1,STA(l),XICI,K),YI(I,K) 
FORMAT(SX, 'PLATE # ',I2,2X, 'PT ',f'5.0,2f10.4) 
CONTINUE 
DO 60 1=1,3 
D060J::::t,3 
AT(J,I)=AM(I,J) 
HT(J,I)::::BM(I,J) 
PUl=SQRT(Xl(l ,K)**2+Yl(1,K)**2+FL1**2) 
P02=SQRT(XI(2,K)**2+YI(2,K)**2+fL2**2) 
CX1::::-X1(1,K)/P01 
CY1=-Y1C1,K)/P01 
CZ1=-1 -l'Cr'L1/P01) 
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00610 
00620 
00630 
00640 
00650 
00660 
00670 
00680 
00690 
00700 
00710 91 
00720 
00730 
00740 
00750 
00760 
00770 
00780 
00790 
00800 
00810 
00820 
00830 
00840 
00850 
00860 20 
00870 
00880 
00890 
00900 
00910 21 
00920 
009.30 
00940 
00950 
00960 
00970 
00980 
00990 22 
01000 
01010 
01020 
01030 
01040 
01050 50 
01060 
01070 
01080 
01090 
01100 
01110 
01120 
01130 
01140 51 
01150 
01160 
01170 
0118 0 
01190 
01200 

CX2=-Xl(2,K)/P02 
CY2=-Yl(2,K)/P02 
C Z 2 ::: ~- L 2 / PU 2 
CZ2::: .. CZ2 
DCX1=AT(1,l)*CX1+AT(1,2)*CY1+ATC1,3)*CZ1 
DCt1=AT(2,1)*CX1tAT(2,2)*CY1+ATC2,3)*CZ1 
DCZ1=ATC3,1)*CX1+AT(3,2)*CY1+AT(3,3)*CZ1 
DCX2=HTC1,1)*CX2+HT(1,2)*CY~+BT(1,3)*CZ2 
DCY2=AT(2,l)*CX2tBT(2,2)*CY2+HT(2,3)*CZ2 
WRITE(lUUT,91)DCX1,DCY1,DCZ1,DCX2,DCY2 
FORMAT(/,5X,'DIRECTION COSINES',l,SX,5(F10.8,2X)) 
YGU=(XOB•XUA+YOA*DCX1/DCY1•YOB*DCX2/DCY2)/(DCX1/DCY1 
1•DCX2/DCY2) 
XGQ:::(YGO-YOA)*DCXl/DCYl+XOA 

-ZGU=ZOA+(YGO•YOA)*DCll/DCYl 
XP1=XGO•XOA 
YPl=YGO•YOA 
ZPl=ZGO-ZOA 
XP2:::XGO-XOll 
YP2=YGO-YOll 
ZP2=ZGO•ZOB 
IF(NC .EQ. 2)GO TO 20 
XP3=XGO•XOC 
YP3=YGO•YOC 
ZP3=ZGO•ZOC 
CONTINUE 
DEN1=AM(3,l)fXPltAM(3,2)*YP1+AM(3,3)*ZPl 
DEN2=UM(.3,1)*XP2+bM(3,2)fYP2+BM(3,3)*ZP2 
lf(NC .EQ. 2)GO TO 21 
DEN3=CM(3,1)*XP3+CM(3,2)*YP3tCM(3,3)*ZP3 
CONTINUE 
Fl=fL1*CAMC1,1)*XPl+AM(l,2)*YPl+AMC1,3)*ZPl)/DEN1 
F2=FLl*(AM(2,1)*XPl+A~C2,2)*YPl+AMC2,3)*ZP1)/DEN1 
F3=FL2*(BM(l,1)*XP2+llM(1,2)*YP2+BMCl,3)*ZP2)/DEN2 
f4=FL2*(BM(2,l)*XP2+tiM(2,2)*YP2+BM(2,3)*ZP2)/DEN2 
If(NC .EQ. 2)GO TO 22 
F5=FL3*(CM(l,1)*XP3+CM(1,2)*YP3+CM(1,3)*ZP3)/DEN3 
F6=FL3*(CM(2,1)*XP3+CMC2,2)*YP3+CM(2,3)*ZP3)/DEN3 
CONTINUt 
NCR=~C*2 
DO 50 l=l,NCR 
DO 50 J=l,3 
AA(l,J)=O. 
R(l):::0. 

CONTINUt: 
DO 51 J:::1,3 
AA(1,J):::(AM(l,J)*fL1-AM(3,J)*XI(1,K))/DEN1 
AAC2,J):::(AM(2,Jl*FL1-AM(3,J)*YIC1,K))/DEN1 
A A ( 3 , J ) ::: ( ll MC 1 , J ) * f' L 2 - BM (3 , J ) *XI C 2 , K) ) ID 1--'. N 2 
AA(4,J):::(uM(2,J)*fL2-bM(3,J)*YI(2,K))/OEN2 
lf(NC .EQ. 2)GO TO 51 
AA(5,J)=(CM(l,J)*fL3-CM(3,J)*XI(3,K))/DEN3 
AA(6,J)::(CM(2,J)$FL3-CM(3,J)ftl(3,K))/DEN3 
CONTINUE 
R(l)=Xl(l,K)"'n 
R(2):::YI(1,K)=f2 
R(3)=X1(2,IO•f3 
R(4)=Yl(2,K)•V4 
IF(NC .EV. 2)GO TO 52 
K(5)=Xl(3,K)-f5 
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0 121 0 
01220 
01230 
01240 
01250 
01260 
01270 
01280 
01290 
01300 
01310 
01320 
01330 
01340 
01350 
01360 
01370 
01380 
01390 
01440 
01450 
01460 
01470 
01480 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
01560 
01570 
01580 
01590 
01600 
01610 
01620 
01630 
01640 
01650 
01660 
01670 
01680 
01690 
01700 
01710 
01720 
01730 
01740 
01750 
01760 
01770 
01700 
01790 
01800 
01810 
01820 
01830 
01840 

52 

67 

93 
100 

92 

53 

94 

57 
95 

99 

55 
1000 
999 

R(6)='x'U3,K)•F6 
COin' l 1~ UE 
l>JRlTl::(JiJllT,67) 
FORMAT(//,5X,' SOLUTION MATRIX ') 
DO 100 1=1,NCR 
~RIT~(IUUT,93)((AA(I,J),J=l,3),R(I)) 
fOHMAT(/,5X,lf16.9,5X,F16.9) 
CONTUJUI'.: 
WRlT~(lOUT,92)XGU,YGD,ZGO 
fOHMAT(//,SX,'APPROXIMATE COORDINATES',/,5X,3(f20.4,2X)) 
DO 53 1=1,NCR 
DOS3J=1,3 
W(I)=l. 
COEF(I,J)=AA(l,J) 
B(l)=R(l) 

CQNTINUE 
M=NCR 
flJ=3 
CALL LSQR(M,N,AN,VAR) 
~RITE(IOUT,94)(AN(l),1=1,3) 
fDRMAT(//,5X,'CDRRECTIONS TO COORDINATES',/,3X,3f16.8) 
XG(K)=XGO+AN(l) 
Y G ( K ) = 'x' GO t Ar~ C 2 ) 
ZG(K)=ZGOtAN(3) 
WR1Tt(IUUT,95)STA(1),XG(K),YG(K),ZG(K) 
fORMAT(//,5X, 'CORRECTED COORDINATES •~/,3X,'P01NT ',f5.0,3F20.8 
11) 
WRITE(l0UTT,99)STA(1),XG(K),YG(K),ZG(K) 
FORMAT(2X,f5.0,3X,f11.3,5X,F11.3,5X,f9.3) 
IC= IC t i✓ C 
CONTlNUI!: 
STOP 
!!:ND 

SUUROUTIN~ LSQR (M,N,PAR,ERROR) 
DIMENSION PAR(20) 
COM~UN /8LKA/ COEF(60,20) 1 B(60),W(60),D(20,20),V(60),C(20,60) 
DD 1 J :: 1, N 
DO 1 I :::: 1 , M 

1 COEF(I,J) = W(I) * COEf(l,J) 
DO 2 J = 1, N 
DO 2 l = 1, N 
D(l,J) = o.o 
DO 2 K ::: 1 , M 

2 D(I,J) ::: D(I,J) t COEf(K,I)*COEF(K,J) / W(K) 
CALL MATINV (D,N) 
DO 3 J ::: 1, M 
DU 3 I ::: 1 , N 
C(I,J) ::: O.O 
DO 3 I\= 1, N 

3 C(I,J) ::: C(l,J) t D(I,K)*COEf(J,K)/ W(J) 
DO 4 I :: 1, N 
DO 4 J :::: 1, M 

4 CCI,J) :::: w(J)*C(I,J) 
DO 5 I :::: 1, N 
PAR(l) = 0.0 
00 5 K = 1, M 

5 PAR(I) ::: PARC!) t C(I,K)*B(K) 
00 1 0 I :::: 1 , M 
SUM= O.O 
DO 6 J = t , N 
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018~0 
018b0 
01870 
01880 

·01890 
01900 
01910 
01920 
01930 
01940 
01950 
01960 
01970 
01980 
01990 
02000 
02010 
02020 
02030 
02040 
02050 
02060 
02070 
02080 
02090 
02100 
0211 0 
02120 
02130 
02140 
02150 
02160 
02170 
02180 
02190 
02200 
02210 
02220 
02230 
02240 
02250 
02260 
02270 
02280 
02290 
02300 
02310 
02320 
02330 
02340 
02350 
02360 
02370 
02380 
02390 
02400 
02410 

6 SUM:::: SUM t COEf(I,J)tPAR(J)/ W(l) 
V(l) = SUM 

10 CONTlNUI:.: 
UO 7 I , = i , M 

7 V(l) = V(I) - B(l) 
E:RRDR :::: 0. 0 
lF (N .EQ. N ) GU TO 11 
DU 8 I : 1, M 

8 ERROR= ERROR+ V(I)*V(l) * W(I) 
ERROR= ~RROR / (FLOAT(M•N)) 
DO 9 1::: 1, N 
DU 9 J :::: 1, N 

9 D(I,J) :::: ERROR*D(I,J) 
11 Rl!:TURN 

END 
SUBROUTINE MATINV (A,N) 
Dl~ENS!ON A(20,20) 

CCC SUBROUTINE FUR MATRIX INVERSION 
CCC MAXIMUM l:.:LEMENT OF FIRST COLUMN 

AB:: O.O 
DO 1 I::: 1 , N 
AC: ABSCACI,1)) 
AB:::: AMAXl (AB,AC) 
If (AB.GT.AC) GO TO 1 
M ::: I 

1 CONTINUE 
CCC PERMUTATION OF FIRST AND NTH ROWS 

DO 2 J:::1,N 
AA :::: A ( 1 , J) 
A(l,J) :::: ACM,J) 
A(M,J) ::: AA 

2 CONTINUE 
CCC INVERSION Of MATRIX 

NP1 ::: N t 1 
NMl :::: N - 1 
A(1,NP1)::: 1.0 
DO 3 1=2,N 

3 A(I,NP1) = 0,0 
DO 6 K=l,N 
DO 4 J:1,N 
JP 1 ::: J + 1 

4 A(NPl,J)::: A(1,JP1) / A(l,1) 
DO 5 I=1,NM1 
IPl :: I t 1 
DO 5 J :::: 1, N 
JP1 ::: J t 1 

5 A(I,J) ::: A(IP1,JP1) - ACIP1,·1)*A(NP1,J) 
DO 6 J::1,N 

6 A(N,J) :::: A(NP1,J) 
CCC PERMUTATION Of FIRST AND MTH COLUMNS· 

DO 7 I=l,N 
AA:::: A(I,1) 
A(I,1) ::: A(l,M) 
A(I,M) = AA 

7 CONTINUE 
RETURN 
END 
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1 • -54.0336 -8.9595 
2. "'50.0768 -\5 .• 4850 
3. -45.9028 -19.1515 
4. -41.8631 -B.2426 
5. -24.5798 -9.4498 
6. 00 24.6408 -13.0448 
7 • -24.6731 •18.3398 
8. -16.8305 -17.6127 
9. -16.6183 -14.8826 

1 0. -16.2017 -10.7761 
11 • - 1 3 •. , 7 1 7 -8.7484 
1 2. -11.9717 -13.5929 
1 3. -9.8053 -19.0191 
1 4. -2.5407 -20.5287 
1 5. -2.0276 -10.8062 
1 6. -3.8302 -6.2231 
1 7. 3.9586 -2.5526 
1 B. 18.2670 -27.2440 
1 9. 16.7148 -32.1366 
20. 26.6198 -34.2099 
21. 28.8320 -32.7138 
22. 30.3612 -3S.2383 

10 3. 38.4200 -41.9848 
9001. -68.2S36 -2.0887 
9002. -52.3601 -6.4!580 

102. 0.6171 -17.3318 
105. 13.9384 -41.1011 llEFlt-JED IMAGE 1 • -48.6446 17.4720 

2. -50.2378 12.0010 COO~DINATE DATA FILE. 
3. •40.9430 7.8216 
4. -37.9034 16.7852 
5. •22.2694 14.4756 
6. -22.0138 11. 4696 
7. •21.6006 7.1431 
8. •1-4.3808 7. 2175 
9. -14.4559 9.5521 

10. -14.4919 12.8980 
11 • -12.4595 14.3559 
1 2 • -10.3128 10.5007 
1 3. .. 7.6709 5.8202 
1 4. -0.7154 4.7363 
1 S. -1.4447 12.6556 
16. ..3.6407 16.2362 

• 1 7 • 3. 0811 18.7652 
"' · 18. 20.1817 - 1 •. 166 7 

1 9. 19.5635 .. 5.7648 
20. 29.7490 -7.8535 
21. 31.6485 -6.4998 
22. 33.6853 -8.8190 

103. 43.1315 -14.5038 
9001. -61.0875 21.1428 
9002. •47.2620 19.6379 

102. 1.7947 7.6814 
105. 18.4425 -14.3044 

1 • -46.4642 -18.3077 
2. •46.9192 •23.6038 
3. -37.5761 -23.9230 
4. -36.0451 .. 14.6219 
5. -20.4964 -11.4377 
6. •20.0093 •14.3352 
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7. -19.2616 -18.6697 
8. -12.3842 -16.3312 
9. -12.5592 -14·.0020 

10. -12.7390 -10.6093 
11 • -10.7925 -8.3065 
12. -8.5233 -12.0950 
13. -5.8943 -16.0513 
14. 0.0216 •lt,.1031 
15. 0.2539 -7.7842 
16. -1 .. 9171 -4.0854 
1 7. 5.0257 1.0125 
18. 20.3732 •17.7972 
19. 19.3014 •21.8404 
20. 28.4687 •21.6562 
21. 30.4.378 -20.0120 
22. 31.9485 •21.8149 

103. 39.4986 -26.1383 
9001. •60.2215 -14.1409 
9002. •4!:>.5104 •16.1488 

102. 3.3500 •13,0608 
105. 17.4424 •29.0935 
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102 21045.0226 9686.0755 959.141 
103 217~6.7029 9l60.4999 753.b06 
105 21274.8727 9229.6512 859.71 
9001 20000.00 10000.00 '1308.29 
9002 20234.9127 9923.7811 1308.399 

10 3. 38.4200 
9001. -68.2536 
9002. -52.3601 

102. 0.6171 
105. 13.9384 

9999. 0. o. o. 
103. 43.1315 

9001. -61.0875 
9002. -47.2620 

102. 1.7947 
105. 18.4425 

9999. o. o. 0. 
103. 39.4986 

9001. -60.2215 
9002. -45.5104 

102. 3.3500 
105. 17.4424 

9999. o. o. 0. 

-41.9848 
-~.0887 
-6.4580 

"'17.3318 
-41.1011 

-14.5038 
21.1428 
19.6379 

7.6814 
-14.3044 

-26.1383 
-14.1409 
-16.1488 
-13.0608 
-29.0935 

PflQC,flA M CAM O fl 

INPUT DATA FILE 2 

,1 

PflOGIZAM CAM orz 
INPUT DATA Fl LE 
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*SPACE RESECTION PROGRAM RESULTS* 
LEfT CONVERGENT CIR FI:-:A F'LT 

PHOTU cooRos· CONTROL COORDS 
STA X Y. X y z 

103. 38.420 •41.985 21756.70 9160.50 753.61 
9001. -68.254 -2.089 20000.00 10000.00 1308.29 
9002. ·52.360 •6.458 20234.91 9923."/8 1308,40 

102. 0.617 •17.332 21045.02 9686.08 959.14 
105. 13.938 •41.101 21274.87 9229.65 859.71 

NO. OF VALUES OF' CORRECTIONS CORRECTED 
ITERATIONS TO COORDINATES COORDINATES 

1 44.499929 17.654123 5.662040 20944.5000 9967.6542 3655,6620 

2 0.142381 0,674462 -0.758593 20944.6423 9968.3286 3654.9034 

3 0.001391 0.001986 -0.000434 20944.6438 9968,3306 3654.9030 

4 •0.001163 -0.001164 0.000134 20944.6426 9968,3293 . 3654.9031 

5 0.001240 0.002009 •0.000319 20944.6438 9968.3313 3654.9028 

6 -0.000510 -0.000848 0.000178 20944.6433 9968,3304 3654,9030 

7 0.000272 0.000001 -0.000165 20944.6436 9968,3313 3654.9029 

8 •0.000188 -0.000545 0.000045 20944.6433 9968,3308 3654.9029 

9 ... 0,000330 -0.001025 0.000110 20944.6431 9968.3298 3654.9031 

10 0.000200 0.000425 -0.000093 20944.6433 9968.3302 3654.9030 

PfZOC,IZAM CAMOfZ 

t;AM PLE OUTPUT 
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*SPAC~ RESEC1ION PROGRAM RESULTS* 
VERTICAL ClH FEU FLT 

PHOTO COURos· CONTROL COORDS 
STA X Y. X Y. z 

103. 43.131 •14.504 21756.70 9160.50 753.61 
9001. -61.088 21. 14 3 20000.00 10000.00 1308.29 
9002. -47.2b2 19.638 20234.91 9923.78 1308.40 

102. 1 • 7 95 7.681 21045.02 9686.08 959.14 
105. 18.443 00 14.304 21274.87 9229.65 859.71 

NO. OF VALUES OF CORRECTIONS COf{RECTE:D 
ITERATIONS TU COORDINATES COORDINATES 

1 ********* -4.311804 1.537719 20876.9817 8585.6882 3651.5377 

2 0.100945 o.322436 .. 0.036796 20877.0825 8586.0106 3651.5009 

3 0.001601 0.001514 0.000598 20877.0842 8586.0121 3651.5015 

4 .. 0.001622 -0.001139 -0.000575 20877.0825 8586.0110 3651.5009 

5 -0.000708 -0.001257 •0.000434 20877.0818 8586.0098 3651.5005 

6 0.000746 0.001263 0.000472 20877.0825 8586.0110 3651.5010 

7 -0.000537 -0.001442 -0.000554 20877.0820 8586.0095 3651.5004 

8 0.000999 0.002063 0.000763 20877.0830 8586.0116 3651.5012 

9 •0.000423 -0.000721 -0.000262 20877.0825 8586.0109 3651.5009 

10 0.000000 0.001047 o.0004sa 20877.0833 8586.0120 3651.5014 
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LE r T CO I~ V ERG I'.: N 1' ClR f'EB FLT 
20944.6433 9968.3302 3654.9030 152,67 5 

103. 38.42000 •41.98480 
9001. -68.25360 •2.0BA70 
9002. ·52.36010 -6.45800 

102. 0.61710 -17.33180 
105. 13,93840 -41.10110 

21756.7029 9160.4999 753.6060 
20000.0000 10000.0000 1308.2900 
20234.9126 9923.7811 1308.3990 
21045.0227 9686.0754 959.1410 
21274.8728 9229,6512 859.7100 

VERTICAL CIR FEB rLT 
20877.0833 8586.0120 3651.5014 152.67 5 

103. 43.13150 •14.50380 
9001. .. 61.08750 21.14280 
9002. -47.26200 19.63790 

10 2 .• 1.79470 7.68140 
105. 18.44250 -14.30440 

21756.7029 9160.4999 753.6060 
20000.0000 10000.0000 1308. 2900 
20234.9126 9923.7811 1308.3990 
21045.0227 9686.0754 959.1410 
21274.8728 9229.6512 859.7100 

RIGHT CONVERGENT CIR FEB FLT 
21170.4360 10922.7057 3653.0597 152.67 5 

103. 39.49860 •26.13830 
9001. •60.22150 •14.14090 
9002. "'45.51040 •16.14880 

102. 3,35000 •13.06080 
105. 17.44240 •29.09350 

21756.7029 9160.4999 753.6060 
20000.0000 10000.0000 1308.2900 
20234.9126 9923.7811 1308.3990 
21045.0227 9686.0754 959.1410 
21274.8728 9229.6512 859.7100 

PIZOGIZAM CAMOJZ 

OUTPUT FILE 

AL'70 11--JPLJT FILE FOrz P~OC,llAM OMATIZI 
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*TH!'.: 

*THE 

*THE 

ORIENTATlON MATRIX FOR* LEFT CONVERGENT CIR FEB fL1' 

0.99848784~0 -0.0413690880 0.0374741089 

0.0411004499 0.9990602810 0.0103980694 

0.0378954113 0.0088423491 -0.9992440940 

ORIENTATION MATRIX FUR* VERTICAL CIR FEB FLT 

o.9832310530 -0.1810773610 

0.1793114130 0.9251521830 

0.0371295810 0.3336762790 

ORIENTATION MATRIX FOR* RIGHT CONVERGENT 

0.9870708590 -0.1601863210 

0.1518576520 0.9285110090 

-0.0511133969 -0.3354856970 

PJZOGIZAM OMATIZI 

t;AMPLE OUTPUT 
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-0.0253968611 

0.3347511400 

•0.9419564900 

CIR FEB FLT 

0.,0035047755 

-0.3394401710 

-o.9406568710 



0.9984878450 
0.0411004499 
0.0378954113 

20944.6433 
0.9832310530 
0.1793114130 
0.0371295810 

20877.0833 
0,9870708~90 
0.1518576520 

•0.0511133969 
21170.4360 

-0.0413690880 
0.9990602810 
0.0088423491 

9968.3302 
-0.1810773610 

0.9251521830 
0.3336762790 

8586.0120 
•0,1601863210 

0.9285110090 
-0.3354856970 

10922.7057 

0.0374741089 
0.0103980694 

•0,9992440940 
3654.9030 152.67 

-0.0253968611 
0.3347511400 

-0.9419564900 
3651.5014 152.67 
0.0035047755 

-0.3394401710 
-0.9406568710 

3653,0597 152,67 

PJZO GIZA M I ~TE IZ 

lfJPUT DATA FILE 1 
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1 • ...54.0336 -8.9595 
1 • -48.6446 17.4720 
i. -46.4642 •18.3077 
2. -56.0768 •15.4850 
2. -50.2378 12.0010 
2. -46.9192 -23.6038 
3. -45.9028 -19.1515 
3. -40.9430 7.8216 
3. --37.5761 -23.9230 
4. •41.8631 -8.2426 
4. -37.9034 16.7852 
4. ... 36.0451 -14.6219 
5. -24.5798 -9.4498 

. 5. -22.2694 14.4756 
!) • -20.4964 -11.4377 
6. •24.6408 ..13.0448 
6. -22.0138 11.4696 
6. -20.0093 -14.3352 
7. -24.6731 •18.3398 
7. -21.6006 7.1431 
7 • -19.2616 -18.6697 
8. .. 16.8305 ..17.6127 
8. •14.3808 7.2175 
8. -12.3842 -16.3312 
9. •16.6183 •14.8826 
9. -14.4559 9.5521 PJZOGJZAM I ~TE IZ 
9. -12.5592 -14.0820 

10. •16.2017 •10.7761 
1 0 • •14.4919 12.8980 INPUT DATA FILE I' 
10. -12.7390 •10.6093 
11 • -13.7717 -8.7484 
11 • • 1-2. 4595 14.3559 
11 • -10.7925 -8.3065 
12. -11.9717 .. 13.5929 
12. -10.3128 10.5007 
12., •8.5233 -12.0950 
13. .. 9.8053 •19.0191 
1 3 • -7.6709 5.8202 
13. -5.8943 -16.0513 
14. .. 2.5407 -20.5287 
14 .. •0.7154 4.7363 
14. 0.8276 -16.1031 
15. -2.0276 •10.8062 
15., -1.4447 12.6556 
15. 0.2539 -7.7842 
16. -3.8302 ..6.2231 
16. -3.6407 u,.2362 
16. -1.9171 00 4.0854 
1 7 • 3.9586 -2.5526 
17. 3. 0811 18.7652 
1 7 • 5.0257 1.0125 
1 8 • 18.2670 -27.2440 
1 8 • 20.1817 -1.1667 
1 8 • 20.3732 •l'l.7972 
1 9. 16.7148 •32.1.366 
19. 19.563~ -5.7648 
19. 19.3014 "'21.8404 -106-20. 26.6198 -34.2099 
20. 29.7490 .. 7.8535 
20. 28.4687 ..21.6562 



21. 
21. 
21. 
22. 
22. 
22. 

103. 
103. 
103. 

9001. 
9001. 
9001. 
9002. 
9002. 
9002. 

102. 
102. 
102. 
105. 
105. 
105. 

28.8320 
31.6485 
30.4378 
30.3612 
.33.685.3 
31.9485 
38.4200 
43.1315 
39.4986 

•68.2536 
-61.0875 
•60.2215 
•52.3601 
..4 7. 2620 
... 45.5104 

0.6171 
1.7947 
3.3500 

13,9384 
18.4425 
17.4424 

•32.7138 
•b,4998 

•20.0728 
•35.2383 

•8,8190 
•21,8149 
•41.9848 
•14.5038 
•26.1383 

-2.0887 
21.1428 

•14.1409 
-6.4580 
19.6379 

-16.1488 
-17.3318 

7.6814 
-13.0608 
•41.1011 
•14,3044 
•29.0935 
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*** SPACE INT~RS~CTION RESULTS*** 

EXPOSURE STATIONS COORDINATES 

PLATt.: 1 
PLATr~ 2 
PLATE 3 

20944.643 
20877.083 
21170.436 

9968.330 
8586.012 

10922.706 

3654.903 
3651.501 
3653.060 

IMAGE COORDINATES OF THE PT. 

PLAT!.'.: U 
PLATE# 
PLATE# 

1 PT 
2 PT 
3 PT 

1 • 
1 • 
l • 

·54.0336 
•48.6446 
-46.4642 

-&.9595 
17.4720 

-18.3077 

DIRECTION COSINES 
.29923172 .03308188 .95360663 .24213209 -.47098910 

SOLUTION MATRIX 

0.066697340 

0.002855637 

0.058061365 

0.010214796 

0.056995919 

0.008549451 

-0.002520484 

0.065885243 

-0.004362181 

0.051754002 

-0.015387748 

0.052112815 

APPROXIMATE COORDINATES 
20208.2944 

CORRECTIONS TU COORDINATES 
0.12301869 0.05126238 

CORRECTtD COUHDINATES 
POINT 1. 20208.41750000 

-0.020840531 

-0.003179838 

-0.018994433 

0.025822663 

•0.016589784 

•0.026531636 

9886.9224 

0.38158379 

9886.97363000 

P llO, ~AM IJ.JTE IZ 

4AMPLE OUTPUT 
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0.002232075 

0.004405856 

... 0.002767086 

0.012112240 

0.000205517 

-0.007756948 

1308.2693 

1308.65089000 



*** SPACE lNTERSECTlON RESULTS*** 

l!:XPOSUH~ STATIONS COURDINAT~S 

PLATE l 
PLATE· 2 
PLATE 3 

20944.64.3 
20877.083 
21170.4.36 

9968.330 
8~86.012 

10922.706 

3654.903 
3651.501 
3653.060 

IMAGE COORDINATl!:S Of THE PT. 

PLA1'1!: # 
PLATE# 
PLAT£# 

1 PT 
i PT 
3 PT 

2. 
2. 
2. 

•56.0768 
•50.2378 
•46.9192 

•15.4850 
12.0010 

-23.6038 

DIRECTION COSINES 
.31119739 .07222887 .94759759 .25795557 -.44140805 

SOLUTION MATRIX 

0.066778062 

0.002964499 

0.058833098 

0.010425177 

0.056231359 

0.008333445 

-0.002514465 

0.065956865 

-0.004212641 

0.053128198 

-0.015241593 

0.050748110 

APPROXIMATE COORDINATES 
20173.8196 

CORRECTIONS TO COORDINATES 
0.17402857 0.10808371 

CORRECTED COORDINATES 
POINT 2. 20174.99370000 

... 0.021737380 0.003099442 

-0.005999244 0.004124403 

-0.019820374 •0,009497166 

0.024160688 0.023504734 

•0.016532098 -0.004992962 

-0.028068833 -0.013118744 

9789.4221 1307.7408 

o.68645919 

9789.53015000 1308 .42722000 
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1 • 20208.417 9886.974 1308.651 
2. 20173.994 9789.530 1308. 42'/ 
3. 20303.93S 9718.999 1231.027 
4. 20370.038 9886.R70 1217.437 
5. 20625.100 9850.223 1092.378 
6. 20621.396 9790.308 1089.745 
7 • 20617.696 9702.361 1092.848 
8. 20744.055 9702.743 1036.447 
9. 20749.635 9749.295 1036.730 

1 0 • 20759.188 9818.644 1033.358 
11. 20800.903 9850.587 1013.426 
1 2. 20828.356 9765.563 1009.635 
13. 20861.4S2 9668.597 994.127 
14. 20986.907 9633.109 966.059 
1 5 • 21003.149 9802.580 95 3. 12 3 
16. 2 0 9 7 4. 6 5 ., 9885.023 955.110 
1 7 • 21118.878 9943.490 893.982 
1 8 • 21365.818 '9478.444 856.134 
19. 21333.434 9390.080 855,699 
20. 21527.630 9329.184 793.684 
21. 21573.689 9352.398 780.620 
22. 21602.750 9301.336 771.932 

103. 21756.695 9160.650 753.887 
9001. 19999.992 10000.022 1308.231 
9002. 20234.990 9923.801 1308.616 

102. 21044.984 9685.992 958.900 
105. 21274.854 9229.557 859.521 

PROGllAM !~TE.fl 

t,AMPLE OUTPUT 

(~HO~T FOl{M) 
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