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(ABSTRACT) 

The study evaluates widely used slope estimation algorithms 

with the aim of determining similarities or differences 

between results obtained by each, the accuracy of methods in 

modelling actual slope, and the suitability of these methods 

for site-specific and non-site specific applications. 

The data used in the study comprise of 24 artificial surfaces 

generated from mathematical equations and a natural surface 

represented by a USGS Digital Elevation Model of the Salem 

Quadrangle, Virginia. The concept of using artificial 

surfaces was to enable determination of accuracy without the 

requirement for field observations. The gradient calculated 

from partial derivatives of the equations was used to compare 

results from different methods. The natural surface was used 

to validate the findings of the study on artificial surfaces. 

The results were then statistically evaluated using ANOVA and 

regression analysis. It was found that the methods could be 

used interchangeably for non-site-specific applications while 

for site-specific applications the differences could be very 

Significant.
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CHAPTER 1 

Introduction 

Slope is an important element of the landscape. It affects 

temperature, water budget, vegetation types, rates of runoff, 

soil creep, location of human settlements, the distribution of 

landuse and the location of transportation routes [Strahler, 

1950]. Therefore, slope classification maps are used in - 

geomorphology, hydrology, planning, military and engineering. 

Some of these applications are site-specific while others are 

non-site~specific. For site - specific applications like 

planning, military, and engineering, the accuracy of the slope 

angle at a particular site in the study area is important. 

For example, if a potential ski site, or an industrial site 

has to be located, the site-specific accuracy of the slope 

angle is important. 

Non-site specific accuracy, on the other hand, is concerned 

with overall accuracy. Such applications are found in 

geomorphology, hydrology and similar disciplines. Because 

Slope statistics have wide ranging applications, they are 

frequently used in Geographic Information Systems. 

Geographic Information Systems (GIS) are composed of various 
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tools for collecting, storing, retrieving, transforming, and 

displaying spatial data for a particular set of purposes. 

Because data stored in a GIS can be accessed, transformed, and 

manipulated, they may anticipate results of planning decisions 

[Burrough, 1986]. These planning decisions could be the iden- 

tification of sites to plant trees or to locate a ski site, a 

landfill or an industrial unit [Sharpnack and Akin, 1968]. In 

all these decisions slope plays an important role. For 

example, the Soil Survey of Great Britain treats gradient as 

one of the five basic parameters determining landuse capa- 

bility classes [Bibby & Mackney, 1968] and the Forestry 

Commission identifies slope as one of the three parameters in 

terrain classification for planting [Rowan, 1977]. Site- 

specific accuracy and resolution of the digital database 

determine the reliability of models in simulating real world 

situations. Formal study of slope dates back to the 1890s and 

Since then many methods for estimating slope have been 

developed. Slope can be - 

* measured directly on the ground using abney level, theo- 

Golite, plane table, clinometer etc, 

* derived from digital elevations, 

* estimated from contoured topographic maps, or 

* by photogrammetric methods from aerial photographs [Crofts 

1981].



These estimation methods require varying degrees of 

expertise and labor, and yield various levels of accuracy. Of 

all these methods, slope calculated from digital elevations 

has become the most popular method. A number of different 

algorithms have evolved to calculate slope using digital 

elevations. All of these algorithms use a combination of 

neighboring cells in a 3 by 3 cell window. Because different 

neighbors are used in each of these algorithms there is always 

a possibility of variation in results. A systematic 

evaluation of different algorithms has not yet been done and 

it is not known whether differences exist between calculation 

of slopes using different algorithms. 

Project objectives 

The purpose of this study is to compare various methods 

used for estimating slope from digital elevations, and 

determine which method most accurately approximates slope. The 

objective of this study is to determine: 

* magnitudes of differences in the results using alternate 

estimation methods. 

* spatial patterns of differences between different methods. 

* differences which affect GIS applications.



* methods most accurate in specific circumstances. 

For the purpose of this study a U.S. Geological Survey 

(USGS) digital elevation model (DEM) of Salem Quadrangle 

(Virginia) was used together with surfaces generated by 

mathematical functions. Because slope angles of a 

mathematical surface can be directly calculated by their first 

order partial derivatives, results from all slope estimation 

methods can be compared to the gradient calculated from these 

derivatives. Different slope methods were applied to 24 such 

DEMs and the differences were evaluated. 

Project Outline 

The study is organized in five chapters. The first chapter 

is an introduction. The second chapter presents an account of 

the history of the development of slope estimation algorithms 

from their origins in the 1890s to the present. Chapter 3 

describes the slope estimation methods used, DEM data, 

mathematical surfaces, and their first-order derivatives. It 

also presents an overview of the methodology applied to 

achieve the goals of this study. Chapter 4 discusses the 

statistical analysis and the results. Chapter 5 presents the 

conclusions and recommendations for further study. Equations 

used to generate surfaces, the FORTRAN programs and the 
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surface plots are presented as Appendices A, B and C.



CHAPTER 2 

Literature Review 

Statistics describing surface slope have a wide range of 

uses including geomorphic, hydrologic, engineering, and 

military applications [Strahler, 1950]. Because field surveys 

are expensive and in some instances almost impractical, con- 

siderable research has been devoted to estimating average 

slope angles from topographic maps or from digital data. This 

chapter outlines research on slope estimation methods from the 

1890s to the present. 

In 1890, Finsterwalder (Wentworth, 1930] described a method 

for estimating the mean slope of an area by means of 

topographic maps. He showed that the sum of the total lengths 

of contour lines contained in a given area multiplied by the 

contour interval, expressed in like units and divided by the 

map area, approximates inclination, within limits of the 

accuracy of the map and the character of the measurements. 

This relationship can be represented in the following 

equation: 

AvSl Slope = TCL X CI/ MA (1)



where 

TCL = Total length of all contour lines 

cI = Contour interval 

MA = Map area 

In 1894 Penck [Wentworth,1930] used a similar approach to 

estimating the mean slope of an area. He obtained the mean 

Slope by weighting the inclination of various parts of the 

area in proportion to their respective areas. 

In 1916 Rich [Wentworth, 1930] highlighted the shortcomings 

of Finsterwalder's method and stated that his method should be 

restricted in practice to maps on which contours were few, 

widely spaced, and moderately smooth. In intricate topog- 

raphy, the method was not only very laborious but subject to 

considerable inaccuracy. Rich suggested an alternative method 

based upon counts of contour intersections along lines 

oriented at right angles to the contours. The equation was so 

modified to: 

AvS1l NCI X CI / MA (2) 

where NCI = number of contour crossings. 

This method offered advantages of simplicity and 
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applicability to intricate maps but also presented problems 

which were pointed out by Wentworth in 1930. His method was 

limited by the stipulation that profile lines must run at 

right angles to contours. It is possible that the changes in 

direction involved in meeting this requirement would result, 

in certain topography, in a systematic over-weighting of 

certain parts of the area. Wentworth [1930] attempted to 

develop and described a perfectly general and random method 

for measuring mean slope. He intended to devise a method which 

would be applicable to the most intricate topography, yielding 

results limited in accuracy only by the correctness of the 

input map. The procedure involved: 

* laying an E-W N-S grid of not less than 3 lines in each 

direction and of such size as to involve not less than 100 

to 200 contour intersections unless the area is flat or of 

such a size that it would involve diverse elements of 

surface. 

* counting all crossings and determining average numbers per 

mile. 

* repeating the grid process by overlaying an oblique grid 

covering substantially the same area ( Figure 1). 

* averaging the results and dividing the product of the 

contour crossings per mile and the contour interval in feet 

by the constant 3361 (5280 x Sin 6). The mean value of all 
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possible values of Sin@® can be determined by integrating the 

expression Y = Sine determining the value of 

thedefiniteintegral between the limits between 0 and w / 2 

radian and dividing by 7 / 2. This gives the value 2 / 1 

which is equal to 0.6366. 

In equation form : 

Sm = (I(n))/(5280 * 0.6366) = (I(n))/3361 (3) 

where n = Average number of contour crossings per mile, 

I = Contour interval. 

In 1937, Raisz, Irwin, and Henry [(Strahler, 1956] prepared 

an average slope map of New England using six classes of 

average slope ranging from 50ft./mile to 500ft./mile. 

Average slope was based on Wentworth's equation. In 1953, 

Calef and Newcomb [9] used Wentworth's equation to prepare an 

average slope map of Illinois using 4 classes: less than 1%, 

1-5%, 5-9%, and over 9%. In 1956, Strahler questioned the 

suitability of topographic maps complied by non- 

photogrammetric methods for determining average slope. He 

concluded that only modern maps on scale of 1:24,000 or larger 

made by photogrammetric methods can be safely used for direct 

measurement of slope, and only where slopes are long and 

relief is strong, so that a large number of contours is 

intercepted by a single valley side. 
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The technique of slope estimation described by Strahler 

involves overlaying tracing paper over the contour map. Slope 

determination is made with the aid of dividers set to a fixed 

opening equivalent to a specified horizontal ground distance. 

At a particular point where slope is to be determined, the 

divider points are set down on maps to lie on a line 

orthogonal to contour passing through the point and with 

approximately equal distances falling up-slope and down-slope 

from the point. The drop in elevation is then estimated by 

counting the contour intervals intercepted adding propor- 

tionate parts of incomplete intervals. Slope of the line is 

calculated as the tangent of the slope angle (Figure 2). 

Tan & = Vertical/Horizontal distance (4) 

Because the tangent of the slope angle is the ratio of 

vertical to horizontal distance, it is identical with the 

first derivative of that function which relates vertical to 

horizontal distance and defines this slope profile line. 

In the 1960's the advent of digital computers permitted 

construction of DEMs based upon elevation data coded in matrix 

form from topographic maps or aerial photographs. These data 

could then be examined to estimate slope and aspect. Evans 

[1980] suggested that even if the geomorphologist needs to 
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analyze a particular area for which digital data are not 

available, it is well advised to generate a matrix from the 

best available map. 

Digital Elevation Models 

A Digital Elevation Model (DEM) is simply a discrete 

representation of a continuous surface by a number of selected 

points with known x, y and z coordinates which are generally 

arranged in a systematic grid. The term 'generally' asserts 

that systematic grid representation has, by far, been more 

popular (Mark, 1978), perhaps because digital data acquisition 

techniques are most easily implemented in this manner. For 

example, the grid mode of operation has the distinct advantage 

of not requiring any special skills in the selection of data 

points, and thus lends itself to automated photogrammetric 

compilation methods. The obvious problem with this method is 

that the rough as well as flat surfaces are sampled with same 

density. 

Greysukh [1966] and Peuker and Johnson [1972] developed a 

Similar approach and characterized the surface configuration 

by the sequence of positive and negative differences as 

successive surrounding points are compared to the central 

point. Grender's [1976] algorithm was based on a similar 
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idea using a circular window. The radius of the window is 

doubled on each successive pass through the array to provide 

a filtering effect. The minimum radius is equal to the grid 

spacing and the maximum radius is half the minimum array 

dimensions. His method requires interpolation of z values on 

the radius of the window (Figure 3). 

In 1969, an algorithm was developed by Sharpnack and Akin 

for computing slope and aspect for a grid cell from a matrix 

of surrounding elevation map cells using a specialized formula 

for regression coefficients. This method has_ been 

incorporated in the study and will be discussed in detail in 

Chapter 3. Since then, DEM's have been used by Evans (1972), 

Mark (1978), Grender (1976), O'Neil and Mark (1985), and 

others. 

Monnomier described a method of estimating slope angles 

from DEM using a 3 by 3 moving window. For X-slope the E-W 

neighbors and for Y-slope N-S neighbors were used. O'Neill 

and Mark (1985) used a USGS DEM to estimate the frequency 

distribution of slope values. In their method each grid point 

was used with its northern and eastern grid neighbors to 

define a triangle (Figure 4). For determining X-slope, the 

difference in elevation between the center cell and its 

eastern neighbor was used; for Y-slope the difference in 

14



  
Slope Estimation Method of Grender 

Source: Grender [1976] 

Figure 3 
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elevation between the center cell and its northern neighbor 

was used. 

In 1981 Horn suggested yet another method for calculating 

slope ina 3 by 3 window. This method resembles Sharpnack and 

Akin's method. The equations for east-west slope and north- 

south slope are: 

X-Slope 

(5) 

[Z3 + 2(Z6) + 29 - 21 + 2(Z4) + 27) / 8 * Cellsize 

[Z3 + 2(Z2) + Z1 - Z9 + 2(Z8) + 27] / 8 * Cellsize Y¥~Slope 

(6) 

For z locations refer to Figure 5. 

These methods are based on simple differences in elevation 

among the neighbors. Another approach to calculating slope 

for each cell is to fit a plane through the center cell and 

its nearest 8 neighbors (Figure 6). Evans (1980) estimated 

gradient from a six-parameter quadratic equation fitted to the 

data ina 3 by 3 kernel. 

Jenson [1984] worked on automated derivation of hydrologic 

basin characteristics from DEMs, and found an application to 

slope calculation. Her suggestions are intended to increase 
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the accuracy of estimating slope angles obtained by the plane 

fitting method. She contended that when a cell is a part of a 

drainage path, the desired slope value is the gradient along 

the drainage path regardless of the steepness of the side 

slope. Using her algorithm, drainage cells can be identified 

and slope calculation can be modified to recognize drainage 

cells and use only other neighboring drainage cells to 

calculate their slope. Figure 7 shows a comparison of slopes 

calculated traditionally versus along drainage. 

Some of these computer based methods will be discussed later 

in this study. 
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CHAPTER 3 

Methods and Procedures 

This chapter presents an overview of the methodology used 

for this study. This overview is followed by a detailed 

explanation of the concepts, methods, procedures, and the type 

of data used for the study. 

Methodology Overview 

As has been stated earlier, the purpose of this study is to 

determine the accuracy of various methods for estimating the 

actual slope of a given area. One approach to achieve this 

objective would be to physically measure slope angles and 

compare them with the results obtained by the estimation 

methods. This approach is very labor intensive and expensive, 

and despite the physical measurement, the accuracy of the 

actual slope is dependent on many factors such as type of 

instrumentation used and the likelihood of human error and 

operator variation. Therefore, this approach was not used. 

For the purpose of this study, mathematical equations were 

used to generate artificial surfaces. A function of the form 

f(z) = (x,y) can generate a three dimensional figure which, if 

22



plotted on a graph, can represent a true surface. The first 

order partial derivative of this function using different 

value of (x,y) can represent slope at the specified 

coordinates. The slope thus calculated will be accurate and 

will represent the true slope at a given x,y coordinate. 

The same function used in calculating partial derivatives 

can be used in the four slope estimation algorithms which are 

subject of this study. The function can be solved using a 

range of x,y values to obtain the z value at each coordinate. 

These z values can be represented by an (x,y) matrix of z 

values at successive x,y coordinates. Such a matrix is 

Similar to a DEM which gives the elevation (z) for individual 

cells. The use of mathematical surfaces thus can eliminate the 

degree of human error and variability found in field examples 

and at the same time provide a known basis to make an 

excellent study of differences in different slope estimation 

algorithms. The results obtained by each method can be 

evaluated to test its overall similarity to and variation from 

the real values. For this study 24 mathematical functions 

were chosen together with the DEM of Salem quadrangle in 

Virginia. In the following sections the concepts and slope 

methods incorporated in the study are described. 

23



Definition of Slope 

In order to explain fully the significance of this study, 

it is necessary that the concept of slope be understood. Slope 

can simply be defined as rise over run. It is the vertical 

change over a given horizontal distance. There are two types 

of slopes, true slope and apparent slope. True slope is the 

angle of surface slope of the ground in the direction of 

maximum slope, (that is, perpendicular to the contours). 

This is also termed as gradient and is the main concern of 

this study. Apparent Slope is the angle of surface slope in 

any direction other than that of true slope [Young,1972]. 

Traditional methods of expressing slope are - 

* angle (used in scientific studies), 

* percentage grade ( soil conservation and engineering use) 

* unit rise (the traditional measure in British engineering 

use) 

+ and slope ratio. 

Table 1A and B show conversion between methods of 

expressing slope angle. 
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TABLE 1A 

CONVERSION BETWEEN METHODS OF EXPRESSING SLOPE ANGLE 
BASED ON DEGREES 

  

  

Degrees Degrees and Gradient, or 

and decimals Percentage unit rise. 
minutes of a degree Altan Grade 1 in: 

0°00’ 0-00 0-00* 0-0 oO 
0°10" O-17 4°6 0°3 344 

0°20’ 0°33 7-6 0-6 172 

0°30’ 0°50 9°4 0-9 115 

0°40" 0-67 10°7 1°2 85-9 

0°50’ 083 11-6 1°5 68-8 

0°06’ o-10 2°4 02 573 

0°12’ 0°20 5'4 Org 287 
0°18’ 0-30 7°2 0°5 191 

0°24’ 0°40 8-4 o7 143 

0°30’ 0°50 9°4 o-9 115 

0°36’ 060 10°2 el 95°5 
0°42’ 0°70 10°9 1-2 81-9 

0°48’ 0-80 1is5 1-4 71-6 

0°54’ 0:90 12-0 1-6 63-7 

1 1-00 12°4 18 57°3 

2 2 15°4 3°5 28-6 

3 3 17°2 52 Ig't 
4 4 18-4 7:0 14°3 
5 5 19°4 8-8 Tig 

6 6 20°2 10°5 9°5 

7 7 20°9 12°3 8-1 
8 8 21-5 14'l V1 
9 9 22-0 15°8 6-3 

10 10 22°5 17°6 57 

11 II 22°9 19°4 51 
12 12 23°3 21:3 4°7 
13 13 23°6 2371 4°3 

14 14 24°0 24°9 4°90 
15 15 24°3 26°8 3°7 

16 16 24°6 28-7 3°5 

17 17 24°9 30-6 3°3 
18 18 25:1 32-5 371 

19 19 25°4 34°4 2°9 
20 20 256 36-4 28 

Source: Young [1972]



TABLE 185 

CONVERSION BETWEEN METHODS OF EXPRESSING SLOPE ANGLE 
BASED ON DEGREES 

  

  

Degrees Degrees and Gradient, or 

and decimals Percentage unit rise. 
minutes of a degree Altan Grade 1 in: 

21 ai 25°8 38-4 2°6 

22 22 26-1 40°4 2°5 

23 23 26-3 42°5 2-4 
24 24 26°5 44°5 2°2 

25 25 26-7 46-6 2-1 

26 26 26-9 48-8 21 
27 27 Q7°1 51-0 21 
28 28 27°3 53°2 1g 

29 29 27°4 55°4 1-8 
30 30 27°6 57°7 1-7 

31 31 27:8 60-1 1-7 

32 32 28-0 62°5 1-6 

33 33 28-1 64-9 15 
34 34 28:3 67°5 15 
35 35 28-5 70-0 1-4 

36 36 28-6 72°7 14 

37 37 28-8 73°4 1:3 
38 38 28-9 78-1 IS 

39 39 2971 81-0 1-2 
40 40 292 83-9 1-2 

41 41 20°4 86-9 1-2 

42 42 29°5 go-o vl 

43 43 29°7 93°3 Il 
44 44 29°8 96-6 1-0 

45 45 30-0 100°0 1-0 

50 50 30°8 1192 0-84 
60 60 32°4 173°2 0°58 

70 70 34°4 274°8 0°36 
80 80 37°5 567-1 0-18 

go go 60-0* — 0:00 

  

* Values conventionally assigned. 

Source: Young [1972}



Calculation of slope from elevation models 

All slope methods assume a raster database of elevation 

values and slope is calculated for each cell using various 

combinations of neighbors in its eight-cell neighborhood. All 

these methods have been briefly discussed in chapter 2 and 

will be described here in detail. 

Method 1 

This method has been described by Monmomier and Muerchke 

[1980], and Burrough [1986]. In a 3 by 3 cell window centered 

on the cell of interest, X slope is calculated using the 

cell's eastern and western neighbors while Y slope is 

calculated using the northern and southern neighbors. The 

center cell is not used. The calculation is expressed in the 

following equation where the center cell is the cell for which 

slope is being calculated. 

X-Slope (Z6 - Z4) / 2 * Cellsize (7) 

(Z8 - Z2) / 2 * Cellsize (8) Y-Slope 

To get gradient 

Gradient (I,J) = ATAN (SQRT(X-Slope**2 + Y-Slope**2)) (9) 

To convert in degrees 
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Gradient (I,J) = Gradient (I,J) *57.29578 (10) 

Figure 8 illustrates this method. 

Method 2 

In the second method, each cell is used with its eastern 

and northern neighbors to define a triangle. Projected into a 

horizontal plane, this is a right angled isosceles triangle 

[O,Neill & Mark 1987] (See Figure 9). While the method was 

described graphically by O'Neill and Mark, actual equations 

were not listed. Therefore using the triangle concept the 

following equations were developed. 

X-Slope (Z6 - Z5)/ cellsize (11) 

Y-Slope (Z8 - Z5)/ cellsize (12) 

4 

The equation for the gradient remains the same for all 

methods. 

Method 3 

One of the first methods to use DEM for slope calculation 
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was suggested by Sharpnack and Akin [1969]. It uses all the 

8 neighbors in a 3 by 3 cell matrix. The X slope and the Y 

slope equations are 

X-Slope ( Z234+Z6+Z9) - (Z1+Z4+Z7) / 6 * cellsize (13) 

Y-Slope ( Z1+Z2+Z3) - (Z7+Z8+Z9) / 6 * cellsize (14) 

Figure 10 shows this method. 

Method 4 

This is considered to be a sophisticated method of 

calculating slope. It requires more computation because for 

each cell it fits a plane through its nearest eight neighbors. 

The process requires solving the following simultaneous 

equations: 

_ 2 ExX,¥ = bo=X, + b,EX,? + boEX,X, 

EXoY = bo=X_ + b EX,X. + byEXo%... (15) 
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where 

by = constant value related to the mean of the observations 

b, = E-W coordinate component or X slope 

b, = N-S coordinate component or Y slope 

The equation can also be written in matrix form. 

The values of X slope and Y slope are used in the gradient 

equation and a slope value is assigned to each cell. The four 

methods described above will be refered to as SL1, SL2, SL3, 

and SL4 respectively. 

Calculation of slope from idealized surfaces 

In order to make a comparison of the results, each method 

was applied to different surfaces. The results were then 

compared to each other and also to a known correct slope 

value. The known correct slope value for a natural surface 

can come only from ground survey. However, if the surface has 

been generated from an equation, the correct slope value can 

be obtained by calculating partial derivatives and then the 

gradient. 

Surface Models 

A surface can be modeled by a function (f) of two 

independent variables (x,y) that denote geographic position. 
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Surfaces can be represented - 

* by means of a surface-random, coordinate-specific grid of 

preselected density comprised of X, Y, and Z values. 

* by means of surface-specific, coordinate-random, irregularly 

distributed data points positioned in selected locations. 

* or by a functional expression such as Z = f(x,y). 

In the following paragraphs these surface modeling 

techniques are described in detail. 

USGS Digital Elevation Models 

USGS DEMS are an example of a surface-random, coordinate- 

specific representation of surface. The USGS compiles DEMs 

for 7.5 minute and 1 degree quadrangles at a scale of 1:24,000 

and 1:25,0000 respectively. The DEM for the USGS 7.5 minute 

quadrangle of Salem, VA was used in this study. Data are 

presented as a regular array of elevations referenced in the 

UTM coordinate system, ordered from South to North in profiles 

sequenced from West to East. The spacing between the profiles 

is 30m in both N-S and E-W directions. Profiles do not always 

have the same number of elevations due to the variable angle 

between true north and grid north of the UTM coordinate 

system. Figure 11 shows how the data are arranged. The DEM 
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data were read from magnetic tape using the FORTRAN program 

listed in Appendix B. 

The area of this study includes Catawba, Fort Lewis, 

Brushy, and Little Brushy mountains in the north, the town of 

Salem and part of the city of Roanoke in the center, and the 

Roanoke River in the south. Elevation ranges from 200 to 938 

meters. The total area was represented by 173,445 grid cells. 

A sample from the north-western part of this quadrangle, 

comprising of 180 rows and 171 columns, was selected to study 

the effect of different algorithms on slope calculations. 

Triangulated Irregular Network (TIN) 

A surface-specific, coordinate-random technique of represent- 

ing surfaces is Triangulated Irregular Network, (TIN) consist- 

ing of points of interest which are connected by triangles. 

These points can specifically follow ridges, stream lines, and 

other important topological features. TIN is a terrain model 

that uses a sheet of continuously connected triangular facets 

based on Delanary triangulation and irregularly-spaced nodes 

or observation points (Figure 12) [Burrough 1986]. The TIN 

model is a vector topological structure and is used in vector 

GIS packages like ARC/INFO. 

36



  

  

  

    

Triangulated Irregular Network 

Source: Burrough (1986) 

Figure 12 
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TIN was developed in 1978 by Peuker [Burrough, 1986] and 

has the advantage of avoiding redundancies of the altitude 

matrix while allowing extra information to be gathered in 

areas of complex relief. 

In this study, the TIN model is not used because all the 

methods selected for comparison require a raster database. 

Mathematical Surfaces 

Mathematical surfaces can be generated by a functional 

expression z = f(x,y) where x and y are independent variables 

while z is the dependent variable. A function f of two 

variables is a rule or correspondence that assigns a unique 

value of a variable z to each ordered pair of variables x and 

y in a certain set, D, called the domain of the function. 

Given a function, the derivatives can be calculated which in 

turn can be used to calculate slope at any place on the 

surface. The derivative was independently invented by Isaac 

Newton and Gottfried Liebniz in the seventeenth century. 

Liebniz's notation z/ y = 6z/Sy has become a conventional 

sign for representing derivatives. 

In a function of two variables, partial derivatives are 

calculated. In order to do so, one of the variables is held 
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constant. The derivative calculated with respect to x while 

temporarily holding y constant is called "the partial deriva- 

tive with respect to x", It is denoted as "6z/éx" and 

represents slope in x direction. The partial derivative with 

respect to y denoted as 6éz/Sy describes slope in the y 

direction. The partial derivatives can be used to compute 

gradient. "Directional derivative" is the slope in a direction 

specified by a unit vector. The directional derivative 

assumes its maximum value when taken in the direction of the 

gradient and is denoted as 

| f(x,y) | or (16) 

Gradient = SQRT((6z/6x)2 + (6z/8y2) (17) 

Max value Df 

Methodology 

Elevation models using 24 functions were generated using a 

software package called SURFER.! SURFER, a PC-based version 

of SURFACE II, is a collection of terrain modeling algorithms 

with the capability of generating surfaces from equations and 

plotting these surfaces. The SURFER FUNCTION routine was made 

to write ASCII files for the z values of each equation. These 

  

1 Copyright (C) Golden Software Inc. 1987 
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data were analyzed by a computer program which calculated 

slope angles from the various methods and also the gradient 

value derived from calculus. The partial derivatives for each 

equation were calculated manually. Statistical Analysis of 

ANOVA and Regression were conducted to evaluate the similarity 

of methods, their accuracy, spatial patterns of differences 

and site-specific differences. The null hypothesis that all 

the means of the methods are equivalent, was tested against 

the alternative hypothesis that the means of the methods are 

different. The LOTUS ? spreadsheet was used to conduct 

these tests. Two slope methods, SL1 and SL2, were applied on 

the USGS DEM surface to evaluate the similarity of the 

methods. Mean, standard deviation, and frequency distribution 

of slope angles were calculated to describe each surface. 

  

2 copyright (C) LOTUS Corporation 
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CHAPTER 4 

Analysis of Data 

In Chapter 3, the methodology developed for achieving the 

goals of this study was outlined. Accordingly, the mathemati- 

cal surfaces had to be generated and then four sets of slope 

data for each surface, representing each method had to be 

calculated. Analysis of the data was subsequently conducted, 

the details of which are outlined in this chapter. 

The major objective of this study is to determine 

differences, if any, among the slopes calculated by the four 

methods and to examine differences between these estimates and 

slopes calculated by the calculus. A further objective is to 

explain variances observed in the results and to speculate on 

the impact of such differences on GIS applications. 

In order to generate mathematical surfaces, equations of 

varying complexity were selected. Over fifty equations were 

used initially and, as it is difficult to visualize a surface 

from an equation, the SURFER software package was used to 

generate plots. Only 24 equations were finally included in 

the study depending on their similarity to a natural surface. 

Equations used are listed in Appendix A along with the means 
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and standard deviations of the slope values as derived by 

calculus. 

In order to limit the size of the data set, each equation 

was processed to generate a surface represented by a 29 by 29 

elevation grid. This grid translates into 841 cells for each 

surface. The elevation grid was used by the slope methods to 

generate slope data. The four methods require E-W and N-S 

neighbors to calculate slope for the center cell of a 3 by 3 

window. Because neighbors are not available for the first and 

last rows and first and last columns of a grid, slope values 

could not be calculated at edges of the grid and the data set 

for each area of 841 values was reduced to 729 values for this 

analysis. 

It was found that SL3 and SL4 generate results which were 

similar to the fourth decimal place. SL4 uses all the nine 

values in a 3 by 3 window while SL3 uses the eight neighbors 

of the center cell. SL3 requires simple subtraction and SL4 

requires computation to solve simultaneous linear equations 

for each cell. In order to strongly conclude that the 

similarity between the methods was true not only for some 

isolated cases but for all cases, the methods were tested on 

a number of different cells from a number of different 

surfaces. Three examples of comparisons between the two 
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methods are shown in Tables 2, 3, and 4. Before this study it 

was not known that the two methods could generate exactly same 

results. Considering the extensive computations required for 

SL4 and very simple calculations required for SL3, the 

similarity between the two methods is regarded as one of the 

major conclusions of the study. Because SL3 and SL4 were 

found to be so similar, SL4 was no longer used. 

Evaluating Similarity of Methods 

After calculating data for each of the surfaces, the next 

step was to analyze data in order to compare results from 

different methods. ANOVA was used to assess the equivalency of 

the three methods. The null and alternate hypothesis tested 

were : 

Hp : #1 = w2 = y3 

H, : at least one mean is different. 

ANOVA evaluates the possible equality of two or more 

population means. To do this test, certain assumptions are 

necessary, name ly : 

* each set of replicates represents random samples from 

different populations 
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TABLE 2 

SLOPE COMPUTATIONS FOR METHOD SL4 

  

  

»* Z 
  

8.5954 
8.696 
8.9303 
7.9701 
8.0707 
8.305 
6.7964 
6.897 
7.1314 0 

© 
~
1
0
 

0 
~
1
0
 

0 
~)

 
e 

eo 
e 

e 
e 

. 
c
f
 

. 
e 

e
C
o
0
0
0
0
0
0
0
0
 

W
W
W
N
N
N
F
P
 

P
H
Y
 

C
o
0
0
0
0
c
0
0
c
0
0
o
O
o
 

ll 
K 

Using the above values and the formula for method SL4 

bl = 0.167467 
b2 = -0.899483 

SLOPE = ATAN (SQRT b1**2 + b2**2) *57.29578 = 42.456645 

Using the above values and the formula for SL3 

X SL 
Y_SL 

0.167467 
0.899483 

SLOPE = ATAN (SQRT X_SL**2 + Y SL**2)%*57.29578 = 42.456645 
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TABLE 3 

SLOPE COMPUTATIONS FOR METHOD SL4 

  

  

  

Xx ¥ Z 

13.0 13.0 11.7627 
14.0 13.0 11.992 
15.0 13.0 12.0955 
13.0 14.0 12.259 
14.0 14.0 12.4883 
15.0 14.0 12.5919 
13.0 15.0 11.8497 
14.0 15.0 12.079 
15.0 15.0 12.1825 

Using the above values and the formula for method SL4 

0.166417 
0.043500 

SLOPE = ATAN (SQRT b1**2 + b2**2)¥*57.29578 

Using the above values and the formula for SL3 

X SL 
Y_SL 

SLOPE = 

0.166417 
-0.043500 

9.759827 

ATAN (SQRT X_ SL**2 + ¥Y SL**2)*57.29578 = 9.759827 
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TABLE 4 

SLOPE COMPUTATIONS FOR METHOD SL4 

  

x ¥ Z 

1.0 4.0 -0.6028 
2.0 4.0 -0.5592 
3.0 4.0 -0.1331 
1.0 5.0 -1.0281 
2.0 5.0 -0.9845 
3.0 5.0 -0.5584 
1.0 6.0 -0.5309 
2.0 6.0 -0.4873 
3.0 6.0 -0.0612 

Using the above values and the formula for method SL4 

bl = 0.234850 
b2 = 0.035950 

SLOPE = ATAN (SQRT b1i*¥*2 + b2**2)*57.29578 = 13.364862 

Using the above values and the formula for SL3 

X_ SL 
Y_SL 

0.234850 
-0.035950 

SLOPE = ATAN (SQRT X_SL*¥*2 + Y SL**2)*57.29578 = 13.364862 
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* each parent population is normally distributed, and 

* each parent population has the same variance. 

In a one-way ANOVA, total variance of the data set is 

broken into two parts,i.e., variance within each set of 

replicates and variance among the samples. Statisticians have 

developed a formalized procedure for analysis of variance 

which is contained within an ANOVA table. This table lists the 

sources of variation, a column of corrected sum of squares 

resulting from the various sources, degrees of freedom 

associated with each, a column called 'mean squares' which are 

the sample-based estimates of the variances and the F value. 

The ANOVA table is outlined in Table 5. The terms used are: 

* SST = Total variance of all observations (all replicates of 

all samples) 

* SSA = Total variance among the samples 

* SSW = Total variation within a sample 

* m = number of samples (3 in our case) 

*on = number of replicates/observations per sample 

* MSA = variance among = SSA/(m-1) 

* MSW = variance within = SSW/(n-m) 

In order to conduct the Analysis of Variance, three sets of 

mean slope values derived from SL1, SL2, and SL3 for each of 

the 24 surfaces were used. 
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TABLE 5 

  

  

  

    

Source of Sum of Degrees of Mean 
Variation Squares Freedom Squares F Test 

Among Samples SS, m-— 1 MS, MS,/MSyw 

Within Replications SSw N-m™ MSy 

Total Variation SS, N-1           

Analysis of Variance Table 

Source: Davis [1986] 

 



Table 6 lists the data used and also the ANOVA table 

generated by the analysis. In the ANOVA Table are listed the 

variance within and among surfaces, and the F value which will 

be used in deciding to accept or reject the null hypothesis. 

The critical F value at an alpha level of 0.05 is 3.07. The 

F value obtained from ANOVA was 0.1789. The null hypothesis 

stating that results from all the methods are alike was, 

therefore, accepted. 

These results demonstrate that, for these data, variation 

in slopes estimated using the three different methods is small 

compared to variation among the 24 surfaces. These surfaces 

were specifically selected to represent a wide range of 

slopes; their wide range may have the effect of reducing 

apparent differences between methods. It may therefore be 

misleading to conclude that the three methods are equivalent 

in practical applications to real topographic surfaces. In 

addition, it must be noted that the examination of differences 

between means may conceal substantial variations in their 

accuracies. 

Evaluating the Accuracy of the Methods 

The next goal was to determine the accuracy of slope 
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TABLE 6 

ANALYSIS OF VARIANCE USING METHODS SL1,SL2,SL3 

=e ee eee eee BOSE Be EBM ME BOB ee Te ee EB ew Be Sw BP wet ew EO Fe BABE Be EE eee Eee 
eS SS SS 8 ESSE SSS SSS TSS SS SS SS SSR SS SST awe esses esaaeeceroe 

SURFACES MEAN OF MEAN OF MEAN OF 
SL1 SL2 SL3 

1 30.07251 33.05342 26.98647 
2 1140881 10.27733 11.4333 
3 7.038 7.207061 6.854417 
{ 24,30417 25.02461 24.30417 
5 8444329 84.65705 8444329 
6 17.82646 18.27929 16.47288 
7 $8.31871 88.52809 88.3187 
8 55,74465 38.3581 §5.74465 
§ 58.50689 59.4938 58.1601 

10 30.63889 30.9363? 30.63889 
ll 7809933 77.83788 78.06669 
12 39.7914 39.70384 39.64733 
13 31.68855 31.52472 31.56944 
\f 35.00607 35.33523 35.00607 
15 3699437 36.74571 3647717 
16 26.41732 26.72356 26.41698 
17 22,61495 21,9744] 22.60485 
18 32.48643 32.99352 30.39084 
19 77.93236 77.99123 77,9065 
20 72,15949 73,13389 72.15949 
ai 28.12128 28 90363 27,20427 
22 79.98395 60.56434 79.98395 
23 29,4782 47.1728 18.27299 
24 62.51111 70.90706 99.88193 

wee we See eB eRe Te BART ES Se ee SOE Se RT OTe EE Ee Te TWO e wee eB Tew Bw ew ewesawewe 

ere ee BOO OO ew BeBe eS BEA EP OE Ow EE Ee DOE ERS se ees ese ee De BeBe eet eZee weseses ee ee eee ee eS ee tt ee ee ee St ee ee 

SOURCE VARIATION SUM OF DEGREE OF MEAN F TEST 
SQUARES FREEDOM SQUARES 

AMONG SAMPLES 712,37348 2 36.197 0.178921 
WITHIN SAMPLES 13959.01 69 202.305 
TOTAL VARIATION 14031.41 1 
sane wows eres w ee RE BHO SHOE OP eee FSS Bee SCOOT OE ROH EHO Beeewesenaee eee tee



methods in estimating actual slope. This analysis used the 

idealized surfaces and their derivatives. Once again the 

ANOVA was used to evaluate the following null and alternate 

hypothesis. 

Hp = Ml = 2 = 3 = YA 

H, : at least one mean is different. 

From the previous analysis it is known that the three 

methods are similar and this analysis reveals the similarities 

or differences between them and the calculus method (Table 7). 

The critical F value at an alpha level of 0.05 is 2.68 and the 

F value from the ANOVA was 1.47397. Once again the null 

hypothesis was accepted, thus statistically proving that all 

methods are very accurate in estimating the true slope. 

While the statistical analysis proves the accuracy of the 

methods in estimating actual slope of an area for all the 24 

surfaces, the results could be misleading for individual 

surfaces. A closer look at Table 7 points out the differences 

between the means of the methods and calculus slope. 

Evaluting spatial pattern of differences 

It was observed in many instances that there was very 

little difference between slope estimated by the calculus and 
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TABLE 7 

ANALYSIS OF VARIANCE USING SL1, SL2, SL3, AND CALCULUS SLOPES 

See we Bee ew we ee Oe Ss Be ee HE OEE ESS SEE SRO OO EE SE EEO Oe Tew Few we wT EE EE BER ewe ER Te EET Eee 
oe ee ee ee ee ee ee ee ee ee ee ee ee we OE ee ae ee ee ae ae ee ae ee Oe eS ae AE ee 

SURFACES MBAN OF MEAN OF MEAN OF MEAN OF 
Sh1 SL2 SL3 CALCULUS 

1 30.0725] 33.05342 26.98647 49.7972] 
2 11.4088 10.27733 11.4333 4.974863 
3 7.038 7.207061 6.854417 3.942145 
4 24.3041? 25.02461 24.30417 42.45258 
5 8444329 84,§5705 84, 44323 6.47015 
6 1782646 18.27923 16.47289 33.32929 
7 88.3187] 88.52809 88.31871 $9.65067 
q 55. 74465 58.3581] 55.74465 75.41491 
3 58.50689 59,4938 54.1601 78.23569 

10 30.63889 30.93637 30.63889 30.34891 
11 7809933 77. 83788 78.06669 7856995 
12 39.67914 39.70384 39.64733 59.51097 
13 31.68855 3152472 31.56944 44.97209 
14 35.00607 35.3352) 35.00607 4790194 
15 36.59437 36.74571 36.47717 33.16754 
16 26.41732 26.72356 2641698 44.94375 
1] 22.61495 21.97441 22.60485 40.3171 
1a 32.48643 32.99352 30.39084 51.95947 
19 77.93236 77.99123 77.9065 86.04368 
20 72.15349 13.13389 72.15949 82.51731 
21 28.12128 28.90363 27.20427 46.74875 
22 79.98395 80.56434 79.98395 6.92378 
23 29.4782 47.1728 18.27299 15.43997 
a4 62.51111 70.90706 59.88193 42.2663 

S28 we Oe Se Oe 2 BO 28 SOE OOO TOO EO EEE SERS HAZE SSF SOS Bese es Seles ew sess Zn eee ee Fseeeevaewreeee 

ANOVA TABLE 

Oe OOS SSS SO PSSST HSS SSS STFS SF Se Ses SHS FSS BTS FST ZB Fe Ss eH BETZ Zee Few eH eBwsensene OS 8 0 8 8 8 8 2 OOS OS 8822S ES SSS SSSA SSTSO SE SSSA Sas Ses Seseecesanenes 

SOURCE OF SUM OF  DBGREE OF HEAW F VALUE 
VARIATION SQUARES FREEDOM SQUARES 

AMONG SAMPLE 2739.02] 3.00 913.0073 1.473970 
WITHIN SAMPLE 56986.67 = 92.00 619.4203 
TOTAL VARIATION $9725.69 95.00 
See 88 Oe MB OE Oe BOO BES BeOS SE 2 OOS OEE ESS SHB SSS SST Renee DEK vsewcascese



slope estimated by the three slope methods. In other 

instances, however, the differences were large. Hence, the 

next objective was to determine if there was a spatial pattern 

of these differences. 

A regression analysis was conducted to study if there was 

any pattern which was affected by either the steepness or the 

smoothness of the slope. 

The first step in simple regression analysis is to express 

the relationship between two quantities in mathematical terms. 

In this study an attempt was made to estimate the average of 

one variable as a linear function of the other. The dependent 

or estimated variable is denoted as Y and the other variables 

are the independent variables denoted as X. An equation for 

the relationship is: 

Y = bo + b,X (18) 

For this analysis, the average difference between actual 

Slope by the calculus method and SL1, SL2, SL3 methods was 

made the dependent variable and the actual slope was made the 

independent variable. The regression results showed a very 

low R-square value ( 0.0377) implying that there was no 

relationship between steeper slopes and higher differences and 

gentler slopes and lower differences or vice versa. Since no 

Significant results were obtained using simple regression, 
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multiple regression was applied. In this case the mean and 

standard deviation of actual slope were used as independent 

variables to be able to determine if the two variables 

together are able to establish any relationship with the 

differences from actual slope. Standard deviation and mean 

are representative measures of a data set. While mean is the 

average value or the general value, standard deviation 

indicates the degree of variation and therefore, by adding 

another element of the data to the regression analysis, it was 

assumed that some relationship between differences in actual 

slope and calculated slope, might surface. The R-square value 

of 0.0995 as once again very low, implying that there was no 

relationship whatsoever between the actual slope and the error 

(Table 8). 

Evaluating site-specific differences 

As stated before, substantial site-specific differences 

were found in all of the surface examples and these can be 

very important for certain applications and also for many al- 

gorithms in raster mode that operate cell by cell to make 

overlays. While the statistical analyses of ANOVA conducted 

earlier led to the conclusion that the results from the three 

methods are similar and that they are accurate in estimating 

actual slope of an area, a quick look at Table 7 indicates 
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TABLE 8 

REGRESSION ANALYSIS TO DETERMINE RELATIONSHIP BETWEEN 
ERROR AND ACTUAL SLOPE 

er SE S32 DT wee ei ae a ei eee i ei ie ei i i i i ee eee ee ee ee ee —-—_—_——— ee eee ee eee ee eee ee eee ee eee eee ee ee 

Linear Regression Output: X = Mean calculus slope 
Y = Average difference SL1,§L2,8L3 

R Squared 0.037727 
No. of Observations 24 
Degrees of Freedom 22 

Multiple Regression Output:xX = Mean calculus slope 

and standard deviation 
Y = Average difference SL1,SL2,SL3 

R Squared 0.099567 
No. of observations 24 
Degrees of Freedom 21 
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that there are differences which need further investigation. 

A credible analysis of these issues could be based on 

examination of site-specific differences for the three methods 

applied to all 24 surfaces. This approach would subject each 

method to the full range of variation encountered in the 

surfaces. For the present study, however, a few surfaces were 

selected for more complete analysis. 

The analysis done to evaluate site-specific differences 

falls in the following categories:- 

* Analysis of variance of individual surfaces rather than 

means of all surfaces. 

* Regression Analysis to find a relationship between maximum 

difference in cell elevation values in a 3 by 3 matrix and 

site-specific differences. 

Analysis of Variance of Individual Surfaces 

In the previous analyses, all the 24 surfaces were used and 

each surface (729 cells) was represented by its mean. Because 

mean is a measure of the 'general level' ina set of data, it 

is not a useful measure for explaining site-specific details. 

For evaluating site-specific differences, 3 surfaces, (3,11, 

and 23) were selected and each of the 729 cells was used as an 
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observation. The selection of 3 surfaces was not randon. 

According to Table 7, surfaces 3 and 11 had similar results 

from SL1, SL2, SL3 and calculus while surface 23 had very 

different results from all the methods. Six paired analyses 

were then done for each surface, the 6 pairs being - (SL1 - 

SL2), (SL1 - SL3), (SL2 - SL3), (SL1 - CALC), (SL2 - CALC), 

and (SL3 - CALC). 

In these 2 sample - tests, the null and alternative 

hypothesis are :- 

The t - test statistic was used in evaluating the hypothesis. 

The equation for t - test is :- 

t = (x1 - x2)/spv(i/ni1 + 1/n2) 

where x1 = mean of sample 1 

x2 = mean of sample 2 

sp v¥(nil - 1)s21 + (n2 -1)s22/(n1 + n2 - 2) 

Decision rule : Reject H if |t| > t a/2, m 

where m, is the value for the degrees of freedom. 
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The critical t value for a sample larger than 29 (infinity) 

at an alpha level of 0.05 is 1.645. The results from all the 

6 analysis for each surface are listed in Table 11. All the t- 

statistics for surface 3 and 11 are less than the critical t- 

value of 1.645. Therefore, the null hypothesis is not rejecte- 

d. However, for surface 23, the null hypothesis is rejected 

in all comparisons and the difference between the critical t 

and the computed t is comparatively large. This analysis 

proves that it would be misleading to conclude that the three 

methods are similar for all surfaces because differences vary 

from surface to surface. 

Maximum Difference in Elevation in a 3 by 3 Matrix versus 

Site-specific Differences 

Since all the slope methods are based on finite differences 

of elevation in a 3 by 3 neighborhood, it was hypothesized 

that possibly the maximum difference in elevation among all 

the nine cells might provide an insight to site-specific 

differences in the methods. 

A FORTRAN program was written to calculate the maximum 

difference in elevation in a neighborhood of nine cells. 36 

combinations of cells covered the maximum possible difference 

in a 3 by 3 cell neighborhood. This value was computed and 
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attributed to the center of the cell of the 3 by 3 window. 

Defining the maximum difference as the independent variable 

and the error or deviation from calculus slope for each method 

as the dependent variable, regression analysis was conducted. 

The concept tested here was whether the maximum difference in 

elevation in the 3 by 3 neighborhood could predict the level 

of error for each method. This analysis was done on a sample 

of the surfaces and the regression statistics are listed in 

Table 9. The range of the R-square statistic was from 0.15 to 

0.9. This implies that the results are surface specific and no 

definite overall conclusions about the relationship between 

the maximum difference in elevation and the error can be 

drawn. It might be argued that for SL1 and SL2 the maximum 

difference in elevation in all the 9 cells may not be of 

Significance since they do not use all the cells in 

calculating slope and that the effective maximum difference 

would be between the cells they use. While the argument is 

valid for SL1 and SL2, for SL3, which uses all the cells, no 

conclusive pattern between maximum difference and error could 

be drawn (Table 9). 

Evaluating slope methods on a USGS DEM 

The analysis once completed on artificial surfaces was then 

done on an actual surface to identify similar patterns and to 
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TABLE 9 

RESULTS OF REGRESSION ANALYSIS CONDUCTED T0 STUDY THE RELATIONSHIP 
BETWEEN MAXIMUM CELL ELEVATIONS AND ERROR IN SLOPE PREDICTION 

meee mw ee meme ew ee et we we ee tee em ee Re eee ee we wee MO ew ee me wee wee mew ee wee mE ewe ee ew ew ee eee eee See ew ee eR 8 ee 8 8 eS SS 8 RSE SFT BERR SS RS Se See Re RSE RS Se SRS HERES 

www mewn we ewe me ee ew eee me ee en ee we ee we eee we ee em Ee ee wee wm ee ewe ewe me ee Be eww ee BB eH Oe we ww EB ew ee wee eee See 8 eS 8 eo SSS eS RO OR EOE OES Se TSS SR eR BS RS SR BEET eS ew eee 

Regression Output POR SLI: 
R Squared 0.175737 0.908459 0.793554 0.389841 0.724092 0.246210 0.495772 
Ho. of Observations 728 728 728 728 7128 728 728 
Degrees of Freedon 726 726 726 726 726 726 726 

ae eee wee eee eee eee eee Ee ee ee we ee ewe ee Eee ewe ee we we ewe ee ee He EE we Be ew BR ee ee ewe 

Regression Output FOR SL2: 
R Squared 0.157289 0.904821 0.836735 0.182499 0.764093 0.237808 0.465912 
No. of Observations 728 728 728 728 728 728 728 
Degrees of Freedos 726 726 726 726 726 726 726 

wwe ew ew ee ew ewe ee ee ee ew eR ee www ee we ee eee ee we ew wee ee ew ee Be ew Be we ee eww ee we ee Bee eee eee 

Regression Output FOR SL3: 
R Squared §.175039 0.907353 0.793554 0.362113 0.724092 0.246377 0.499754 
No. of Observations 724 128 128 128 128 728 728 
Degrees of Freedom 726 726 726 7126 126 126 126 

awe te eww ete Be ne eee ewe ee eee ee ee ee ER we Be em Be et eee Be we eee ee ee Bee wee ww et ew wee meee



test the suitability and the significance of the study in 

application to realistic situations. 

Samples of natural surface were drawn from the USGS digital 

elevation model of Salem, Virginia. The digital elevation 

model for the USGS 7.5 minute Salem quadrangle consists of 465 

rows and 373 columns for a total of 173,445 grid cells. The 

north-western part of the quadrangle, consisting of 180 rows 

and 171 columns (30,780 cells) was selected for the study. 

Salem DEM was chosen for two reasons, the first was availabil- 

ity and the second was that it was found to be a good represe- 

ntative of various types of relief. Slope angles using SL1 and 

SL2 were computed. 

The mean slope for the area using SL1 was 16.47 while the 

mean from SL2 was 17.4 degrees. The standard deviation for 

both was 8.8. This confirmed the conclusion that, on the 

whole, it does not matter which method is used. However, as 

stated earlier, differences do exist as is evident from the 

frequency distribution of slope angles from the two methods 

(Table 10). The steepest slope for SL1 was 51 degrees for 

three cells having elevations of 739, 747, 782 meters; for 

SL2, the highest slope was 65 degrees for a completely 

different set of 3 cells with an elevation of 682 meters. The 

maximum difference of 37 degrees between SL1 and SL2 was found 
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TABLE 10 

EeLOPE RANGE AND FREQUENCY OF SALEM DEM 

ee ewe mee eee ee eae i i i a ae i eae 

SLOPE RANGE SLi SL2 

0 441 379 

eB 0B 2347 
—6-10s—s—<“—s™sSSSTDB 5572 
ate ——iADG 9917 
19-300 989 10323 
—3l-s0 9 
40-70 

am ee eet cme we ee ee ee ee re ee ee ee ee wwe we eee we ee ee eee eae ae ee a 
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TABLE 11 

ANALYSIS OF VARIANCE OF INDIVIDUAL SURFACES 

Sete et eM eee a ewe we me Dee ee wee Te Te ew eee Ow OH eee wee ee Be wee we eee 

ewe ee ween ew Oe eM wee ww DOM e eee we wee SE ee EE ee we wee ee Be ewe ee 

lt 0.368524 = 0.457 -0.72044 -0.32301 -1.11588 -0.76122 

eset we ewe meee EE Ewe TOE Re Ee EE PEO RE OEE eee EE Ee ee eee 

awe ewe emote te ew EB ee Oe ew we we ew OE ee ew Kew ew EPO eB EE ew ee we ee ew Dee eee 
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at a cell with elevation of 751 meters where, according to 

SL1, the slope should be 49 degrees and according to SL2 the 

slope is only 12 degrees. The 3 by 3 grid for this particular 

cell was examined to understand the varied behavior of the two 

methods and is shown in Figure 13. The differences between 

the elevation of the center cell and the north cell neighbor 

is 5 meters and that between the center cell and its eastern 

neighbor is 4 meters and therefore it is understandable why 

SL2 would bring about only 12 degrees while SL1, which is 

affected by the bigger difference to the south (64 meters), 

will calculate 49 degrees. This analysis shows how the 

adifference in elevation in the cells is responsible for the 

variation in results from the methods. However, the 

relationship between maximum difference and error (difference 

between calculus or actual slope and the slope computed by the 

slope estimation methods) could not be examined because actual 

slope for this cell was not known. 

The conclusions from all these analyses will be presented 

in the next chapter where the limitations and_ the 

contributions of this study will be discussed along with 

suggestions and recommendations for further research. 
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CHAPTER 5 

Results and Conclusions 

The results obtained from the analysis detailed in Chapter 

4 are discussed here from the point of view of their 

significance and limitations. One of the major conclusions of 

the study has been that the methods SL3 and SL4 have been 

found to produce similar results up to the fourth decimal 

place. The importance of this conclusion lies in the fact 

that both these methods use very different computations where 

SL4 uses matrices and simultaneous equations and SL3 simply 

uses the elevation differences. The computations required by 

SL4 are long and can be replaced by simple computations of 

SL3. 

The other significant result obtained in this study the 

similarity of results between methods SL1, SL2, and SL3. This 

similarity in results can be explained from the fact that all 

the methods use the same neighboring cells in various 

combinations and thus the basic data values are very similar 

in each. In the choice of a method to be used SL1, SL3 or SL4 

can be used interchangeably as the results obtained by these 

three methods are very similar. SL2 however, shows slight 

variations from the other methods. The reason for this 
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variation is because the other methods use from four to nine 

neighboring cells, while SL2 only uses two neighbors and the 

center cell. SL2 thereby averages over fewer number of cells. 

In cases where the elevations of neighbors vary a lot, the 

results of the SL2 method have been found to be different from 

the other methods. For non-site-specific applications, such 

variations were not found to be statistically significant, 

implying that all the methods can be used interchangeably. 

The most important conclusion of this study has been in 

determining the similarity of all the slope estimation methods 

to the true slope calculated by calculus. For the surfaces 

tested in this study, it was found that the similarity was 

significant although for certain slopes the average 

differences were found to be as high as 43 degrees. The 

analysis of variance done on a sample of three surfaces led to 

the conclusion that the methods are similar for some surfaces 

and different for others. The results obtained from the study 

of spatial patterns of the differences could not show any 

relationship of the differences to the slope steepness and 

error. In associating maximum difference in elevation ina 3 

by 3 matrix with error, it was observed that for some surfaces 

the maximum difference in z values could predict the level of 

error while for other surfaces, this value did not prove to be 
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as useful. It is, therefore assumed that differences are 

dependent on the topography of the particular surface and do 

not have any known pattern. 

A study of the topography of each of the surface revealed 

that wherever the surfaces were rough, meaning that the 

adjacent cells had high differences in slope values, the 

calculus and the estimation methods showed greater differences 

aS against the surfaces which were smoother where the 

differences were less. This can be explained by taking into 

consideration the difference in the methods used by calculus 

and the estimation algorithms in calculating slope. The 

estimation methods used cell neighbors which have varying Z 

values that affect slope calculations. The calculus method is 

not affected by the neighbors and therefore estimates exact 

slope of a point irrespective of the sampling distance. For 

example, for some almost flat surfaces used in the study, 

while the calculus method estimated a zero slope, the estima- 

tion methods calculated the slope values ranging from 1 

through 10 degrees (Table 12). The basic differences were 

found at the flex points, that is, at points where slope 

suddenly changed in degree and either rose or fell. While 

calculus was able to calculate the exact slope at the flex 

points, the estimation methods lagged because the neighboring 

cells affected the slope. This lag was however, found to be 
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TABLE 12 

Slope Data 

SL1 SL2 SL3 Calculus 

13.6276 11.4217 13.3844 - 0000 
11.7683 10.1247 11.6262 -0000 
10.4873 9.2003 10.4074 .0000 
8.7466 7.8835 8.7222 0000 
8.1044 7.3762 8.0916 0000 
7.5580 6.9346 7.5519 0000 
7.0849 6.54493 7.0827 0000 
6.6699 6.1973 6.6701 0000 
6.3022 5.8851 6.3037 0000 
5.3737 5.6028 5.9759 . 0000 
5.6782 5.3462 5.6808 -0000 
5.4108 5.1119 5.4136 0000 
9.1676 4.8970 5.1704 0000 
4.9455 4.86933 4.9482 -0000 
4.5540 4.3478 4.5564 0000 
4.3806 4.1908 4.3829 - 0000 
4.2139 4.0447 4.2221 - 0000 
4.0706 3.9083 4.0727 -0000 
3.8015 3.6611 3.8033 - 0000 
3.6739 3.5488 3.6816 - 0000 
3.4586 3.3435 3.4600 0000 
3.3575 3.2495 3.35898 0000 
3.2622 3.1605 3.2635 0000 

11.7683 10.1247 11.6262 - 9000 
1.7709 1.7332 1.7704 0000 
1.7246 1.6887 1.7242 - 0000 
1.6815 1.6472 1.6811 -0000 
1.6414 1.6086 1.6410 - 0000 
1.6039 1.5724 1.6035 - 0000 
1.5688 1.5386 1.5684 - 0000 
1.5358 1.5068 1.5354 -0000 
1.5048 1.4770 1.5045 -0000 
1.4756 1.4488 1.4753 - 0000 
1.4480 1.4222 1.4477 - 6000 
1.4219 1.3370 1.4216 - 0000 
1.3972 1.3731 1.3969 - 0000 
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corrected subsequently and as iterated earlier, forms the 

basis for differences between the slope estimation methods and 

the calculus method. 

Summary 

The significance of this study is that it has been found that 

the slope calculation methods under study do not differ 

significantly from each other. Site-specific differences 

have been encountered and should be given due consideration 

based on the sensitivity of the desired application. The 

limitations however are, that the site-specific differences 

which were observed need further research to be able to 

determine a definite pattern and find the variables which 

affect the calculation of true slope. 
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APPENDIX A 

Equations Used in Generating Mathematical Surfaces 

1. SIN ( X + 2Y ) 

2. x /¥Y 

3. cos (xX /¥Y) 

4. COS (X) - SIN (Y) 

5. (X*X)-(Y¥* Y) 

6. COS (X) * SIN (Y) 

7. X * * * 3 + 2X - SY 

8. X * SIN (X) + COS (X) 

9. Y SIN (X) 

10. X + SIN (Y) 

11. (xX / SIN (Y)) - ( ¥ * COS (X)) 

12. Y - LOG (Y) * COS (X) - X + SIN (Y) 

13. Y + LOG (Y¥) - LOG (X) + COS (Y¥) * SIN (X) 

14, X + SIN (Y) + COS (X) - LOG (Y) 

15. Y - COS (Y) * SIN (X) - X + SIN (Y) 

16. SQRT ( 1+ X ** 2 = Y **2) 

17. SQRT (X * Y) 

18. SIN (X - Y) + COS (X + Y) 

19. x cOS (Y) -Y*#yY 

20. (X-Y+1)* 2 

21. SIN (X) + SIN (Y) + COS (X+/Y) 
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22. 

23. 

24. 

cos Y - X * x 

COS (X*Y) 

COS (Y¥) + COS (X) - TAN (X * Y) 
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APPENDIX B 

FORTRAN PROGRAMS 

CEKKKKEEKKEKKKEKEKEEKEERKEERKEREKEEKEEKKEEKEEECKEEKKKKEKKKEKE 

Cc PROGRAM NAME: USGSDEM.FOR 

Cc 

Cc PURPOSE: This program reads elevation values from a 

Cc USGS 7.5 min digital file and writes it in 

Cc a matrix form 

Cc 

Cc AUTHOR: Priti Mathur, July 1989. 

CEKRKKEEEKKEKEKEKEEKEEKKERKKEREEAKKKAREEEKEEKKKKKKKKKKKKARKKEKK 

Cc 

Cc 

Cc 

Cc 

I n t e g e r * 2 

IROW, ICOL, NROWS ,NCOLS, CELL (475,373) ,CELSIZ, 

& ELEV2 (465) , NUMROWS, NUMCOLS, IDROW, IDCOL 

Real * 8 X1,Y¥1,X2,Y¥2,X3,Y3,X4,Y4,XGO, YGO,X, XMIN 

& XMAX , LOCMAX, LOCMIN, YMIN, YMAX 

CELSIZE = 30 

XMIN = 9999999 
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XMAX = 0 

YMIN 9999999 

YMAX = 0 

READ (15,100) X1,¥1,X2,Y¥2,X3,Y3,X4,Y4,IROW, ICOL 

100 FORMAT (255X,255X,36X,4(2D24.15) ,114X,2I6) 

IF (X1.LT.XMIN) XMIN = X1 

IF (X2.LT.XMIN) XMIN = X2 

IF (X3.LT.XMIN) XMIN = X3 

IF (X4.LT.XMIN) XMIN = X4 

IF (¥Y1.LT.YMIN) YMIN ¥1 

IF (X1.GT.XMAX) XMAX = X1 

IF (X2.GT.XMAX) XMAX = X2 

IF (X3.GT.XMAX) XMAX = X3 

IF (X4.GT.XMAX) XMAX = X4 

IF (Y¥1.GT.YMIN) YMIN = Y1 

Cc IF (Y2.GT.YMIN) YMIN = Y2 

IF (Y¥3.GT.YMIN) YMIN Hl Y¥3 

IF (Y4.GT.YMIN) YMIN = Y4 

Write(6,212) XMIN,YMIN 

Write(6,212) XMAX, YMAX



NUMCOLS 1 + INT((XMAX-XMIN) /CELSIZ) 

NUMROWS = 1 + INT( (YMAX-YMIN) /CELSIZ) 

WRITE (6,215) NUMCOLS,NUMROWS 

215 FORMAT (2I6/) 

212 FORMAT (2F10.2/) 

DO 12 I=1,465 

DO 11 J=1,373 

CELL(I,J) = 0 

11 CONTINUE 

12 CONTINUE 

DO 14 L = 1,373 

300 READ (15,*) IDROW, IDCOL,NROWS,NCOLS, XGO,YGO,X,LOCMIN, 

& LOCMAX, (ELEV2(K) ,K=1,NROWS) 

I = 1 + INT((YGO - YMIN) /CELSIZ) 

q It 1 + INT((XGO - XMIN) /CELSIZ) 

CELL(I,J) = ELEV2(1) 

DO 15 K = 2,NROWS 

I=I+i 

CELL(I,J) = ELEV2(K)



15 

14 

400 

66 

CONTINUE 

CONTINUE 

DO 66 I = 1,475 

WRITE(6,400) (CELL (I,J) ,J=1,373) 

FORMAT (20(1814,/) ,1314,///) 

CONTINUE 
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KEKKEKEKKKKEEKEKEKEKREEKKAEEKEKEKEKEKEKREKEKEKKKKAKKKKK KEKE 

Cc PROGRAM NAME: MAIN.FOR 

Cc 

Cc PURPOSE: This program calculates slope angles for 

c mathematical surfaces which are 30 x 30. C 

It uses data files generated by SURFER. Cc 

The partial derivatives were calculated 

Cc and hardcoded in the program. 

Cc 

Cc AUTHOR: Priti Mathur, July 1989. 

CEKEKEKKKEEKKKEEKKKEEKKEEKKEKKEKEEKEEKKKKKKKAKKAKKKKKKKKKAKKKKES 

kkk 

SLARGE 

SNOFLOATCALLS 

SSTORAGE: 2 

$DEBUG 

Cc 

C Variables used 

Cc 

Cc Elev (30,30) - The elevation matrix 

Cc Gradient(30,30) - The gradient matrix 

Cc Xslope - The slope of the x axis at each 
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Cc cell for SL3 

Cc Yslope - The slope of the y axis at each Cc 

cell for SL3 

Cc XSL1 - The slope of the x axis at each 

Cc cell for C SL1 

Cc Y¥SL1 ~- The slope of the Y axis at each 

Cc cell for SL1 

Cc XSL2 - The slope of the x axis at each 

Cc cell for SL2 

Cc Ysl2 - The slope of the y axis at each cell 

for Cc SL2 

c XSL3 - The x derivative 

Cc YSL3 - The y derivative 

CHK KKK KEKE KKK EEE IIE EEE 

EKKEKC 

Cc 

Integer nrows ,ncols 

R e a 1 * 8 

Xslope, Yslope,GRAD,cell,elev,xsl1,xsl2,ysll1,ysl2, 

& gradl1,grad2,grad3,xs13,ys13 

Di mens iiooon 

Elev(30) ,Grad(30,30) ,grad1(30,30) ,cel1(30,30), 

& grad2 (30,30) ,grad3 (30,30) 
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CHARACTER*15 Mapfile, outfile 

Write(*,*)'zeroing the matrix' 

DO 12 I=1,30 

DO 11 J=1,30 

CELL(I,J) = 0.0 

11 CONTINUE 

12 CONTINUE 

Cc 

Cc 

5 WRITE(*,101) 

101 FORMAT(1X,'Enter the name of input data file : ',\) 

c 

READ(*,'(A)') MAPFILE 

Cc 

Open (Unit=7, file=MAPFILE, status='OLD', ERR=5) 

c 

c 

6 WRITE (*,102) 

102 FORMAT (1X, 'Enter the filename for your output values: 

",\) 

READ(*,'(A)') OUTFILE 

Open (Unit=8 ,file=OUTFILE,status='UNKNOWN' , ERR=6) 

READ (7,*)NROWS,NCOLS 

Write(*,*)nrows,ncols 

84



15 

14 

Write(*,*) ‘Reading Nrows and Ncols' 

Write(*,*)'reading the data and filling the matrix' 

DO 14 L=1,nrows 

READ (7,*) (ELEV(K) ,K=1,ncols) 

DO 15 K =1,NCOLS 

I=L 

J=K 

CELL (I,J) =ELEV (K) 

CONTINUE 

CONTINUE 

Write(*,*)'Calculating the gradient’ 

Do 21 I=1,nrows 

Do 18 J=1,ncols 

If(I.EQ.1..OR.I.EQ.nrows.OR.J.EQ.1.OR.J.EQ.ncols) 

then 

Grad(I,J) = 0.0 

Else 

XSLOPE = ((CELL(I-1,J+1) + CELL(I,J+1) + 

CELL (I+1,J+1) ) 

- (CELL(I-1,J-1) + CELL(I,J-1) + 

CELL(I+1,J-1) )) 

/6.0 

YSLOPE = ((CELL(I-1,J-1) + CELL(I-1,J) + 
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CELL (I-1,J+1) ) 

- (CELL(I+1,J-1) + CELL(I+1,J) + 

CELL (I+1,J+1))) 

/6.0 

xSl1 = (cell(I,J+1)-cell(I,J-1))/2.0 

ysli = (cell (I-1,J)-cel1l(I+1,J))/2.0 

xsl2 = (cell (I,J+1) - Cell(I,J)) 

ysl2 = (cell (I+1,J) - cell (I,dJ)) 

IF (Mapfile.eq.'SUR1.DAT') THEN 

xS13 = ((J*T + I*I) *24I - 

2*T*I* (2*T)) / ((T*#I+I*T) **2) 

Ysl13 = ((J*T + I*I) *2%*T - 

2*I*(2*T*I)) / ((T#TI+I*I) **2) 

ELSEIF (Mapfile.eq.'SUR2.DAT') THEN 

xS13 = I*( (SEC) **2) *(J*I) 

ysl3 = J*( (SEC) **2)*(J*I) 

ELSEIF (Mapfile.eq.'SUR3.DAT') THEN 

xs13 1/I - I/(d*J) 

-~J/(Y*Y) + 1/d ysl3 

ELSEIF (Mapfile.eq.'SUR4.DAT') THEN 

XS13 = (3*(T*#I+I*I) *(4*I*T) -— (64S) *¥(2*T*T4T) ) 
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/ (9% (TkI+I*L) **2) 

YS13 = (3*(TkI+I*I) *2*T*AT -— 6*I*(2*T*T*I)) / 

((3*IT*I+3%1I*I) **2) 

ELSEif (MAPFILE .eq. 'SUR5.DAT') THEN 

xs13 COS (J+2*I) 

Ysl3 = 2*COS(J+2*I) 

ELSEIF (Mapfile.eq.'SUR6.DAT') THEN 

xs13 = 1/I 

ysl3 = -d/(I*I) 

ELSEIF (Mapfile.eq.'SUR7.DAT') THEN 

xsl3 = (1/1) *COS(J/T) 

ysl3 = -J*(SIN(I))-2*(I) 

ELSEif (MAPFILE .eq. 'SUR8.DAT') THEN 

xS13 = (-1/I)*SIN(J/TI) 

Ysl3 = J/(I*I)*SIN(J/I) 

ELSEIF (Mapfile.eq.'SUR9.DAT') THEN 

xs13 = -1/J 

ysl3 = 1/1 

ELSEIF (Mapfile.eq.'SUR10.DAT') THEN 

xsl13 ~SIN(J) 

ys13 -COS(T) 

ELSEif (MAPFILE .eq. 'SUR11.DAT') THEN 

xS13 = 2*J 

Ys13 = -2*I 

ELSEIF (Mapfile.eq.'SUR12.DAT') THEN 
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xs13 

ysl3 

ELSEIF 

xs13 

ysl13 

ELSEif 

xs13 

Ys13 

ELSEIF 

xs13 

ysl13 

ELSEIF 

xs13 

ysl13 

ELSEif 

xsl13 

Y¥s13 

ELSEIF 

xs13 

Ys13 

ELSEIF 

xs13 

Ys13 

ELSEif 

xsl13 

(Mapfile.eq.'SUR13.DAT') THEN 

SIN(I) *(-SIN(J) ) 

COS(J) *COS(I) 

(MAPFILE .eq. 'SUR14.DAT') THEN 

(3*(T#T) + 2%J) 

= -5 

(Mapfile.eq.'SUR15.DAT') THEN 

= -SIN(J)+J3*(COS(J)) + SIN(J) 

= 0 

(Mapfile.eq.'SUR16.DAT') THEN 

= I*COS(J) 

= SIN(J) 

(MAPFILE .eq. 'SUR17.DAT') THEN 

=1 

Cos (TI) 

(Mapfile.eq.'SUR18.DAT') THEN 

((S#I) *2*T — (T#I+I) *I) / ( (T*I) **2) 

((J*I) — S#(T*I+I) ) / ((T*T) ¥*2) 

(Mapfile.eq.'SUR19.DAT') THEN 

(2*I) / ((S+I) **2) 

—(2*I) / ((S+I) **2) 

(MAPFILE .eq. 'SUR20.DAT') THEN 

= 1/SIN(I) + I*(SIN(J)) 
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Ysl13 = -COS(J) 

ELSEIF (Mapfile.eq.'SUR21.DAT') THEN 

xsl13 

ysl3 

= LOG(I)*SIN(J) -1 

1-(COS(J) /I) +COS(I) 

ELSEIF (Mapfile.eq.'SUR22.DAT') THEN 

xs13 

ysl3 

ELSEif 

xs13 

Ysl13 

-1/3+COS (I) *COS(J) 

1+(1/1I)-SIN(I) *(SIN(J) ) 

(MAPFILE .eq. 'SUR23.DAT') THEN 

1-SIN(J) 

COS (I)-1/I 

ELSEIF (Mapfile.eq.'SUR24.DAT') THEN 

xsl13 

ys13 

COS(I) *COS(J)-1 

1+SIN (I) *SIN(J) +COS(T) 

ELSEIF (Mapfile.eq.'SUR25.DAT') THEN 

xs13 

Ys13 

ELSEif 

xs13 

Y¥s13 

ELSEIF 

xs13 

= -1/(2*SQRT(1+I*J +1*1I))*24T 

= -1/(2*SQRT(14+IT*J +I*I)) *2*I 

(MAPFILE .eq. 'SUR26.DAT') THEN 

= -I/(2*SQRT(J*I) ) 

= -J/(2*SQRT(J*I) ) 

(Mapfile.eq.'SUR27.DAT') THEN 

= (2*I*T) / ((T*I+I*T) #2) * (2% (T)) 

ysl13 = (-4*I*(T#IT+I*I) + 

2eI* (QIK) ) /((TRIF+I*I) **2) 

Cc ELSEIF 

Cc xs13 

(Mapfile.eq.'SUR28.DAT') THEN 

= COS(J)/SIN(I) 
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Cc. e s ° e e e s e 

ysl3 

ELSEif 

xs13 

Ysl13 

ELSEIF 

xs13 

ysl3 

ELSEIF 

xs13 

ysl3 

ELSEif 

xs13 

Ysl13 

ELSEIF 

xs13 

ysl3 

-SIN(J) / ((SIN*SIN) *I) *COS(I) 

(MAPFILE .eq. 'SUR29.DAT') THEN 

= COS(J-I) -SIN(J+I) 

= -COS(J-I) - SIN (J+I) 

(Mapfile.eq.'SUR30.DAT') THEN 

cos(I) 

-J* (SIN(I) )-2*(T) 

(Mapfile.eq.'SUR31.DAT') THEN 

2* (J~I+1) 

~2*(J-I+1) 

(MAPFILE .eq. 'SUR32.DAT') THEN 

=I-1 

= J-1 

(Mapfile.eq.'SUR33.DAT') THEN 

COS(J) -SIN(J+I) 

COS (I) -SIN(J+I) 

ELSEIF (Mapfile.eq.'SUR34.DAT') THEN 

ysl3 

ELSEif 

xs13 

Y¥sl13 

ELSEIF 

xs13 

xs13 (COS(J)*2*I + 

SIN (J) *(2*J*I) ) / (COS*COS(J) ) 

-J* (SIN(I))-2%*(I) 

(MAPFILE .eq. 'SUR35.DAT') THEN 

= -2*J 

~SIN(TI) 

(Mapfile.eq.'SUR37.DAT') THEN 

= -I*SIN(J4*I) 
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ysl3 = -X*SIN(J*I) 

ELSEif (MAPFILE .eq. 'SUR38.DAT') THEN 

xs13 COS (J) 

Ys13 = -1 

ELSEIF (Mapfile.eq.'SUR39.DAT') THEN 

xsl13 -SIN(J) - I*(SEC*SEC*(J*I) ) 

ysl3 = -SIN(I)-J*(SEC*#SEC *(J*I)) 

ELSEIF (Mapfile.eq.'SUR40.DAT') THEN 

xs13 = - COS(J)- I 

ysl3 = (SEC*SEC*(I)) - J 

ENDIF 

Cc Calculate the gradient 

Grad36(1I1,d9a) = 

ATAN (SQRT (Xslope**2+Yslope**2) ) *57.2957 

Cc 

Grad1(I,J) = ATAN(SQRT(Xs11**2+Ys11**2) )*57.2957 

Cc 

Grad2(I,J) = ATAN(SQRT(Xs12**2+Ys12**2) )*57.2957 

c 

Grad(I,J) = ATAN(SQRT(Xs13**2+Ys13%**2) )*57.2957 

Endif 

Cc 

18 Continue 

21 Continue 
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cé6é00 

cé601 

400 

27 

24 

Write(*,*) 'Calculated the gradient' 

Write(*,*)'writing to a file’ 

write (8,600) 

format (6x, 'Slope Results') 

write (8,601) 

format (14x, 'SL1',5x, 'SL2',5x,'SL3',5x, 'Calculus') 

Do 24 I=2,28 

ado 27 J=2,28 

(8,400)I,J,cell(I,J) ,GRAD1(I,J) ,grad2(I,J),grada3(I,J), 

grad(I,J) 

format (214,5f10.4) 

CONTINUE 

continue 

Stop 

End 
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APPENDIX C 

Surface Plots 
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