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PREFACE 

Not all slope data extraction techniques are suitable for use in 
field mapping. Many are much too tedious and time consuming. Many are 
dependent on equipment that is too expensive, large, and difficult to 
operate for Army application in the field, such as use of a large com
puter. Yet, slope is a very basic factor required by Army field units 
for a variety of purposes--as a single factor of direct value for such 
things as cross-country land navigation of armored vehicles as well as 
more indirect application for such things as planning defensive lines 
or estimating airfield construction efforts. Tilis state-of-the-art 
survey of all techniques assumes that any technique and equipment selected 
for field use must be relatively easy to learn and operate; relatively 
inexpensive, compact, and lightweight; and be able to produce slope maps 
of a high order of accuracy in quick response time (i.e., in less than 
24 hours). 

Tile work covered by this report was funded under project 4A762707A855, 
Task A2, Work Unit 07, Advanced Topographic Technology for the Army in the 
Field. It was performed by Dr. Richard D. Sands at the U.S. Army Engineer 
Topographic Laboratories, under the general direction of Dr. William C. 
Robison, Chief, Geographic Systems Branch. 

CONVERSION FACTORS, U.S. UNITS TO SI UNITS OF MEASUREMENT 

The U.S. uni tS- ~f measurement~ used- in_ this_ rep_or_t_ can_ he_ cDnverJ:ed_ to_ 
\ the International System of Units (SI) as follows: 
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MANUAL METHODS. 

Introduction. This report organizes techniques into manual versus 
automatic methods. By "manual" methods are meant those that require a 
very considerable degree of manual manipulation to extract any one slope 
value, slope zone delineation, or Slope zonation boundary values. These 
methods may have some aspect of semiautomatic or photomechanical operation, 
but they either tend to give vague, imprecise data results or tend to take 
an inordinate amount of manual labor for the calculation of a single value. 
The manual methods are subdivided into map-based (contour-based) and photo
based techniques. Field techniques for measurement (such as with the 
Abney hand level) were not considered appropriate for the terrain analyst's 
task of providing a slope map. 

Map-Based (Contour-Based) Methods. 

Slope Indicators (slope calculator, slope wedge). Using a 
slope indicator to extract single slope values from a topographic map is 
the best known method available. Although it is suitable for single point 
or profile slope data extraction, it is a very time consuming method that 
does not yield very accurate results when one considers mapping needs. It 
is true that many slope maps have been produced using this method for some 
general planning purposes and that the skill to generalize (i.e., map 
slope zones) from single point samples does increase rapidly with experi
ence of any one analyst. However, any analyst who has used this method 
normally will not give much precise credence even to his own work when 
finished. The secret to even a small degree of relative reliability in 
preparing a slope map this way lies with the ability of the analyst to 
accurately see the terrain configuration as it really is and to map zones 
obliquely across contoura~ Hawe_ve_r_,_ tha pa ti enca and- time available t-0 
any analyst trying this method is soon exhausted by the monumental task 
of checking and rechecking sample points with a slope indicator and con
stantly making compromises between time and accuracy in attempts to com
plete the map. No two analysts using this method are likely to come up 
with the same map, nor even the same analyst with a subsequent attempt on 
the same topographic sheet. Therefore, any known variation of this method 
should not be used by a terrain analyst for mapping purposes. 

Halftone Methods. Two different authors have used a halftone 
method for depiction of slopffiand slope data.l, 2 Both the Boerckel and 

1 ' Richard A. Boerckel, The Half toned Slope Method of Topographic Mappin:g, 
M.A. Thesis, Department of Geography, University of Oregon, June 1972[ 
67 pp. 

2Authur H. Robinson, "A Method for Producing Shaded Relief from Areal Slope 
Data," Annals of the Association of American Geographers, Vol. XXXVI, No. 4, 
December 1946. pp. 248-252. 
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Robinson methods are similar in that topographic maps are used, the area 
being mapped is gridded off into a fine mesh, and a value for each cell 
in the grid is then obtained as the slope value. 'lbe next step is where 
the two approaches differ. Robinson uses a series of dots in the cell to 
represent the actual slope of the cell (e.g. one dot for each percent or 
degree) and places this number of dots in the cell. Boerckel uses a 
series of halftone screens that merge almost imperceptibly from one into 
another from steepest (darkest grey tone) to most gentle (lightest screen) 
in six classes of slope. Both methods do not assume an oblique light source 
but result in a shaded relief effect, which can be read with some difficulty. 

In theory, the methods could be automated for production, which could 
result in maps that not only give the slope information but depict the 
terrain in a shaded relief mode. However, the difficulty in using the 
maps is the time required to extract precise slope information for a point 
as well as the time required to prepare the map itself. In general, neither 
the methods nor the maps are suitable to obtain the slope data required for 
terrain analysis. 

Photo-Based Manual Methods for the Extraction of Slope Data. 

Parallax Wedg!:_ (Parallax Ladder}. 'lbe determination of slope 
percent by using a parallax wedge for a single point requires a stereo 
pair of photos, the elevation difference between two points, the parallax 
factor for each pair of photos, a slope percent scale and look-up tables, 
etc.3 Considering (a) that the slope for a single point is all that is 
obtained after properly setting up a stereo model and several calculations; 
(b) that errors are possible at any stage; and (c) that accuracies are fair 
but inconsistent, repetitive measurements in a quantity sufficient to pro
duce -a -map -are --basically out of the que-stion far the terrain analyst. 
Although the procedure should be known to an analyst for single slope 
calculations on photography because the heights of objects are obtained 
at the same time, better tools can be used, and easier and better results 
can be obtained through other methods. 

Parallax Bar (Height Finder). Several different types of 
parallax bars are available for different types of stereoscopes.4 Some
times called a height finder, the parallax bar uses the same general 
principles and procedures as the wedge or ladder just discussed except 

3
see Problem 12 of Training Kit--Basic Techniques in Forest Photo Interpre
tation by Karl E. Moessner, Intermountain Forest and Range Experiment 
Station, Forest Service, U.S. Department of Agriculture, Ogden, Utah. 

4 
Manual of Photo Interpretation, American Society of Photogrammetry, 1960, 
p. 155. 
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that the instrument attaches to the legs of the stereoscope and rests over 
properly oriented stereoscopic photographs. Two dots appear that can be 
adjusted for a micrometer reading, but then the procedure for getting a 
slope value becomes the same as with the wedge. This one operation is 
speeded up slightly and improves accuracy slightly, but the objections for 
use by the terrain analyst in slope mapping remain the same as those of 
the wedge--namely, too slow, too cumbersome, and too time consuming an 
operation. 

Stereo Comparator (Stereocomparagraph). The stereo comparator 
is merely another version of the same procedures and gives the same 
results as the parallax wedge and parallax bar. When it is used for 
height determinations prior to getting slope values, it is operated the 
same way as the parallax bar. The results of measurement are somewhat 
finer owing to the finer instrument calibration, but it is also a cumber
some and time consuming method of getting slope values. 5 

The Analytical Photogranunetric Positioning System (APPS) and 
Slope Data. The Analytical Photogrammetric Positioning System (APPS) 
is a slightly more automated method that could be programmed to extract 
slope data. It probably will be incorporated into Army topographic 
battalions and is relatively simple to operate. Although designed 
primarily for targeting purposes and the automatic extraction of hori
zontal and vertical positions of objects and places from stereo pairs, the 
capability of the hardware is such that a cassette program for automatic 
slope calculation and storage could be written easily for some minor slope 
mapping and line of sight calculations. Although data inputs, as en
visioned and programmed, would be adequate for slope extraction, it would 
be a very tedious task to do any extensive slope factor mapping, and the 
APPS should not be relied upon for this purpose exc_e~t_ in_ a_ supplemental
role. Although the system is semiautomated, most positioning of photog
raphy, punching of keys, and handling of the data outputs for slope 
purposes would be manual. Therefore, discussion of it as a manual system 
for slope mapping was considered appropriate. Additional research and 
development of software could make it more of an automated system. 

Other Manual Photo-Based Methods. The slope measuring parallax 
wedge, floating-line slope measuring devices, and the stereo slope meter 
(Photogrammetry, Inc.) were not investigated.6 

AUTOMATIC METHODS. 

Introduction. The term "automatic" rather than automated was used 
to include photomechanical methods that can rapidly and automatically 

5Manual of Photo Interpretation, American Society of Photogrammetry, 1960, 
pp. 158, 159. 

6Ibid. pp. 155, 156. 
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produce slope information and data. Since the terrain analyst's job is 
to produce accurate and adequate slope infonnation for all military uses, 
the fact that the data produced has its origin in a digital computer pro
cess or in a film process is relatively unimportant. Any kind of auto
mation that speeds up the extraction, delineation, or identification of 
slope data needs to be considered and evaluated. 

Digital Methods. Digital methods h~ve been used both to extract 
slope data and to produce slope maps. 7 ' 8 These have, of course, been
computer based and have used ADP techniques. Whereas the calc~lation 
of slope along a particular path, i.e., the first derivation of rate of 
change in elevation data, is a straightforward matter, it is considerably 
less trivial to determine the slope gradient, i.e., the maximum slope at 
a point. Yet, unless this is done for all points of a digitized map, a 
slope map of a given region cannot be produced. Unless the hardware/ 
software system utilized measures in parallel approximations to the slope 
gradient at all points, this will not take place.9· 

Quantitative information concerning the elevations of various points 
on a contour map is relatively simple to obtain. One either locates the 
nearest contour and uses that contour value for an estimate of the height 
at a point in question or, if more accuracy is required, interpolates 
appropriately between the contours on both sides of a point to yield an 
additional elevation value. Although the Defense Mapping Agency Topo- _ 
~raphic Center DMATC has develo ed a system of com ut~r pros..!!1ms that uti-::_ 
lize,a dense uniform network of digita elevations and converts thes.e eleva
tions into a""COrresponding network of slope values based on the least 
~es fit of a-"plane in the direction of maximum inclination, use of 
-the~-e -data -and s -tn -t :i:el-c:I -b - -a terra-i-n -analyst i-s n-ot prac-
ticable. However, using DMATC's SLOPE programs reduces the time required 

7chan M. Park, Yung H. Lee, and Bernard B. Scheps, "Slope Measurement 
from Contour Maps," Photogrammetric Engineering, Vol. XXXIII, March 
1971, pp. 277-283. 

8Merle J. Biggio, "Automated Delineation of Ground Slope," Proceedings, 
American Congress on Surveying and Mapping, 36th Annual Meeting 22-28 
February 1976, Washington, D. c., pp. 413-419. 

9Avron S. Hecht, Parallel Optical Processing to Convert Elevation Data to 
Slope Maps. Phase II: Practical Considerations, USAETL, Fort Belvoir, 
VA. Research Note ETL-RN-74-12, February 1975. (This theoretical system 
does not provide the slope gradient.) AD A012 790. 

10 Merle J. Biggin, op. cit. 413-419. 
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to compile slope contour maps* by 60 percent and lowers the cost by 24 
percent over manual methods. Furthermore, the programs have been tested, 
and the tests show that using higher order surfaces than a plane for 
calculating the slope of the point of interest has no clear advantage. The 
SLOPE programs as written will accept up to 10 distinct user-supplied slope 
boundary values for which the slope contour (isolines) can be generated. 

Photomechanical Methods. 

General. Photomechanical methods of slope map production hold 
the greatest potential for slope mapping because of the lowest possible 
cost and the greatest possible sp.eed being inherently present in these 
methods. The fact that no computer requirement exists, nor computer 
training, nor R&D of software, means that requirements for analyst skills 
and time are also minimal. Film and a copy camera are standard items in 
a topographic battalion, so these methods not only are feasible but can 
become an almost exclusively cameraman operation, freeing the t.1'!rrain 
analyst for other tasks. 

Analog Image Enhancement. As is the case with all other known 
photomechanical methods, this method, which was reported on by Wiese and 
Jensen in 1975,11 utilizes the contour plate as source material. The 
method reduces a contour plate to negative form and prints it with semi
transparent (frosted) material between the negative and print paper. The 
result is an array of gray tones on a diffused print. As reported, these 
tones were then displayed thro~gh an analog image enhancement system 
(microdensitometer) at the University of Utah's Geography Department. 
The image system consisted of a TV camera with a light box for back 
lighting transpare-ne:i:e-s- and a eolol", a-s- we-11 a-s- bl-a-ck- and white-, TV
monitor. Three slope zones were initially displayed on the TV monitor 
representing three brightness levels on the reduced contour plate. Al
though there was no control for determining which slope category was being 
shown, a slope wedge was constructed to simulate the contour spacing of 
the map being used. Concurrently displayed, the wedge lines did block up 
at the same rate as the corresponding contour lines on the map. Thus, 
with some control over the process, at least the s.teepest, the gentlest, 
and an intermediate slope zone on the map can be portrayed; and approxi
mate boundary values between the three can be given in areas of mountainous/ 
hilly topography that is mixed with valleys, plains, and plateaus/mesas. 

* Slope contours are those which delineate boundaries of any particular 
slope range of interest. 

11 
Lynn H. Wiese and Larry Jensen, "Reproduction Techniques for Slope 

Mapping," ASP/ACSM Convention, Proceedings, Washington, D. c., 
26-31 October 1975. pp. 89-95. 
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Photo Reduction Method. Wiese and Jensen also experimented with 
another method of obtaining slope data photomechanically from the contour 
plate.12 A contour plate print was reduced approximately 25 diameters and 
subsequently enlarged in stages and printed on high contrast direct posi
tive paper. The reduction started a contour blocking process (merging), 
which was subsequently completed by various exposures intended to enhance 
predetermined slope classification breakdowns. The high contrast paper 
was used because it eliminates paper scale tones and defines class 
boundaries. As with the analog image enhancement method discussed earlier, 
there was no control for determining which slope category was being shown 
and, therefore, a slope wedge had to be constructed and used as before. 
Although the system is not fully perfected and the results are not con
sistent, the slope wedge can be used in each exposure to provide some 
control over the results. The only advantages of this system are that 
the c0st is relatively low in terms of analyst's time, and that the process 
can be completed by using standard graphic sources and equipment. The 
actual nature of the topography will also affect the usefulness of the 
results. Both the photo reduction method and the analog image enhance
ment methods have serious drawbacks, should be considered experimental, 
and, at best, do not produce consistent or accurate results or materials 
suitable for color separation of slope zones. However, either of the two 
methods would be an aid to the terrain analyst who had to produce a slope 
map by the old, visual, manual method using a slope indicator. 

Orbital Lens Device. An orbital lens slope mapping device was 
developed by Mr. Charles W. Richter, Research and Design Branch, Topo
graphic Division, U.S. Geological Survey (USGS), Reston, Virginia. This 
-equipmenl ... ---onststs -o-f -an -eccentric lens L110unt cun-tai.ned -within a rotating 
disk that attaches directly onto a standard cartographic camera (page 9). 
The disk rotates during exposure of the film contour negative, and the 
eccentricity of the lens changes a set amount with each rotation, with 
the net effect being a concentric motion of the lens in orbits of radii 
differing by very small increments. All this assures complete and equal 
widening of all contour lines, regardless of their orientation. 

With the contour lines widened by predetermined amounts, specific 
zones of slope are indicated when the lines touch each other. Then, in 
a series of line-weight reducing and masking steps, the zones are recorded 
permanently on film for reproduction--one slope zone at a time. The result 
is a slope zone map (slope map), which may contain some recognizable 
anomalies but nevertheless is much preferred to any of the manually 

12Lynn H. Wiese and Larry Jensen, "Reproduction Techniques for Slope 
Mapping," ASP/ACSM Convention, Proceedings, Washington, D. C., 
26-31 October 1975. pp. 89-95. 
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ORBITAL LENS SLOPE MAPPING DEVICE MOUNTED ON A BROWN COPY CAMERA 
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a transparent spacer between map copy and the recording film it has the 
capability of producing lines of controlled widths which resemble those 
produced by the VARIOMAT. 

The third device, the revolving illuminator, was developed and tested 
by the USGS during 1970 as an aid to photomechanical map symbol manipula
tion. It offers "' means of changing line weights without affecting the 
shapes of map symbols and with no appreciable change in map scale. As the 
term implies, it is the illuminating lamps which revolve and thereby generate 
the image motion on the recording film. Map copy, in the form of a film 
positive or negative, is contained in a commercial vacuum frame and sepa
rated from the recording film by a transparent spacer. Light rays from 
the revolving lamps pass through the film copy at preset angles and through 
the spacer to expose the recording film. The angles at which the rays pass 
to the recording film can be controlled by the distance between the lamps 
and the distance between the illuminator and the vacuum frame. Exposures 
can be controlled by the illumination level and exposure time. 

The revolving illuminator consists principally of a stand, which 
houses the electrical-mechanical parts and supports the revolving arm; 
the controls for illumination and the driving motor; and the revolving 
arm, which holds the lamps. The lamps are of the quartz-halogen type, 
19 volts, 80 watts. 

A control box contains independent on-off switches for illumination . 
_and the drive motor. An autotransformer is used for var_ying the illumina
tion and the revolving spee~. A liberal amount of slack in the lamp cords 
allows the lamps to be moved to any desired position along the track. 
Hoods on the lamps prevent stray light from causing spurious exposures. 

In manipulating line weights, the period of exposure and the intensity 
of illumination are relatively important for obtaining the desired photo
graphic product. If simple contact exposures were being made, relatively 
short exposures would be sufficient to equally expose lines of various 
weights. However, with image movement involved, each portion of the nega
tive copy acts as an individual aperture; and the wider lines, of course, 
provide larger apertures. Thus narrow lines must get more exposure than 
wider lines, either through longer exposure or increased illumination. 
Tradeoffs can be made in exposure time and illumination intensity to pro
vide both quality of product and efficiency in processing. Most experi
mental exposures were made at a distance of 6 feet, with the lights 
separated 60 inches. Transparent spacers used thus far have been 0.005" 
Mylar, 0.010" and 0.020" acetate, and 1/32", 1/16", 1/10", 1/8", and 1/4" 
Plexiglas. It is entirely practical to sandwich two or three spacers to 
arrive at a desired thickness. Line-weight increases and decreases ranging 
from 0.003" to 0.190" have been recorded repeatedly. In one experimental 
slope map exposure, a one-step line-weight reduction of 0.25 was successfully 
accomplished. 
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Advanr~ges of the revolving illuminator are: 

It does not require the use of a copy camera. 

Large or small adjustments can be made in (a) distance between 
lamps, (b) distance to vacuum frame, and (c) intensity of 
illumination. 

Orientation of the illuminator relative to the plane of the vacuum 
frame can be changed, depending on the task at hand. 

Working models can be economically constructed in sizes tailored 
to fit laboratory spaces or the size of map copy. 

Line-weight additions or reductions are consistent throughout the 
format. 

Tile range of line-weight change is considerable. 

Size of copy is limited only by the size of the vacuum frame and 
the length of the revolving arms. 

Tile principal disadvantage appears to be the slight outward radial 
displacement of the recorded images. For some purposes this displacement 
might be of no concern; for others of exacting requirements, it might be 
excessive. Radial displacement can be minimized by maintaining a maximum 
separation between tne illuminating Tamps. Wiien successive exposures are 
made, radial displacement is always cumulative, whether the line weights 
are increased or reduced. It therefore behooves the cartographer to plan 
the processing in as few steps as possible. If the end product exceeds 
the allowable limits of scale, it must be processed through a copy camera 
to recover the desired scale. Tilis method i 0 no longer being used in the 
preparation of slope maps by the USGS. (See Orbital Lens Device in this 
report.) 

Slope Map Experiments. In the slope mapping experiments 
at the USGS, modified 10-foot interval contour negatives at 1:24,000 
scale were used as source data for generating slope maps. To eliminate 
sources of spurious slope zones, contour labels, spot elevations, and 
other disruptive symbols had to be removed from the contour copy. Tile 
revolving illuminator was used in a process to bring the index contours 
to the same line weight as the intermediate contours. Limited amounts 
of the normal cartographic techniques of opaquing, masking, etching, and 
scribing were also used to modify the contour copy. 

In producing the color separation copy for the various slope zones, 
the revolving illuminator was used, with the modified contour copy as 
original input, in a series of controlled manipulations of line weight 
and masking steps. Late in 1970, two experimental slope maps were com
pleted. The first map contains five slope zones that were photomechanically 
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generated in a series of 15 steps. Each of the zones is separated so that 
it can be printed in any distinctive color. The second map features a 
different selection of slope zones; the map area is divided into six zones 
with less emphasis on the steeper areas and more slope information in the 
flatter areas. This map was generated in 12 steps. The reduction in the 
number of steps resulted primarily from selectively using high-speed 
duplicating film and from applying color combinations that eliminated 
the masking steps. 

Both maps contain probable residual spurious slope zones that have 
been generated by proximity of parts of the same contour line at drain 
re-entrants and tops of hills or ridges. This is still true today with 
the current production technique using the orbiting lens device. (See 
Orbital Lens Device in this report.) 

CONCLUSIONS. 

The orbital lens device developed by the USGS has the best potential 
for use by Army topographic units in the field to produce slope maps. 

Tests of the device will have to be conducted to determine the most 
efficient procedures for using the device in an Army topographic unit. 
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