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General 

Graphic or pictorial descriptions of ground forms have been 

used in describing routes of travel or in planning new construction 

since men first learned to draw pictures on rocks. Originally, all 

Irtaps were xide frein surveys on the ground or from observation points 

by piene table or similar methods. During recent years, however, with 

the increasing use of aeroplanes and improvements in cameras, a 

growing percentage of maps are being made from photographs of the 

ground taken by cameras mounted in aircraft. 

This method of mapping first came into prominence during 

the World War, when the United Etates anny used appromately 56,000 

aerial photographic prints for mapping purposes during the first four 

days of the Meuse-Argonne offensive? At present, almost all major 

land surveys cf the United States and Canadian governments are conduc- 

ted at least partially with aerial photographs. The advantages of 

aerial mapping as compared to methods of ground mapping generally are 

greater speed nd lower cost. The United States Geological Survey 

has estimated that by using aerial mapping. methods, the cost of mapping 

large areas to a scale of one inch equals one mile, with contour 

intervals of 100 feet, can generally be kept lower tlmn 10 cents per 

acre.2 A similar survey made entirely from the ground is likely to 

cost from 25 cents to 50 cents per acre and is also likely to be 

much less accurate. 

Notwithstanding its lower cost and greater speed, however, 

aerial maìping has not been used extensively in logging operations as 

yet, probably because of a general lack of informationoncerning 



methods used. In addition, nuch of the equipment needed in topo- 

graphio mapping from aerial photographs where high degrees of accur- 

acy are required is very expensive, making general usage by the 

average logging operator prohibitive. Logging opera.ons also gener- 

ally require large-scale maps, and the cost of mapping from aerial 

photographs rises rapidly with increases in scale. 

Along this line, United States army engineers have found 

that in general the cost of aerial mapping equals the cost of plane 

table mapping when the scale of the photographs used is somewhere be- 

tween 1:5000 and 1:10,000. When the photograph soale is larger, plane 

table mapping has generally been found to be less expensive for a 

given degree of accuracy. The reason for this is that with plane 

table mapping, the additional cost comes mainly from inclusion of more 

detail. The greatest cost is that of traversing the ground and is 

nearly constant for any scale. The cost of aerial mapping, however, 

increases almost proportionately with the number of photographs 

used since with mapping methods used at present, each photograph must 

be plotted separately. Another disadvantage of aerial matping is 

that for large-scale maps, two-foot contour intervals are used, and 

elevations cannot be determined accurately enough from aerial photo- 

graphs for these maps. 

On a pulpinill project in Canada, the two methods were corn- 

pared a few years ago with aerial maoping appearing faster, cheaper, 

and more accurate than ground mapping.3 A L5O-square mile area was 

mapped with aerial photographs to include river-driving plans, darn 

location, river and log storage facilities, and a mill site. The 
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topography was rough with LOOO-foot ridges separated by deep valleys. 

The aerial photography of the area was completed in one week; the 

ground survey, two weeks; and the office work, including compilation 

of the necessary maps, preparation of a mosaic of the area, and sending 

a report to the owner, five iveks. The entire project was completed 

in two months at a cost of about ll.00 per mile. Mapping an adjacent 

area of 350 square miles with similar topography entirely by ground 

survey required eight months in the field and cost considerably more 

than the mapping of the Lj.50 square miles by aerial photography. 

Engineers of the United States Geological Survey have also 

pointed out that topographic mapping with photographs permits greater 

accuracy than with usual field surveys and that photographs can furnish 

a wealth of information that can be obtained economically in no other 

way. These engineers in 1937 estimated that the cost of completing 

the mapping of Oregon (6!.,777 sq. miles) from aerial photographs 

would be 3,3L3,9OO. The breakdown of this cost is listed in Appendix 

I. Of this area, 25,315 sq. miles were to be mapped topographically to 

a scale of 1:62,500. The final scale of the remainder was to be half 

that. The cost was estimated at approxately 35O.00 per square mile 

or eight cents per acre.5 

of Photographs 

Photographs used in aerial mapping may be either vertical 

or oblique. (Fig. 1) Vertical photographs are taken with the axis of 

the cernera perpendicular to the ground so that the photographic sur- 

face is parallel to the ground surface. Oblique photographs are taken 
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with the photographic plane at an angle with the ground. Generally 

in photographs taken specially for use as oblique photographs, this 

anne varies from 30 to 60 degrees. The scale of vertical photographs 

is approximately uniform in all parts of the photograph except for cer- 

tain distortions due to relief, tilt, tip, shriiilcage of paper, ani 

lens aberration. The scale of oblique photographs, however, varies 

greatly in different parts of the same photograph. (Fig. 2) 

Vertical photographs are generally taken at an elevation of 

from 15,000 to 20,000 feet, and each aeroplane flight generally in- 

eludes an arch about two miles wide. Oblique photographs are generally 

taken at an elevation of about 5000 feet and usually include an area 

from 3 to 6 miles wide. In general, vertical photographs are appli- 

cable to any type of terrain while oblique photographs are mtly 

used only in mapping flat or slightly rolling terrain because dis- 

placement due to relief is so great. Maps constructed with vertical 

photographs are generally more accurate because of the large tilt dis- 

tortion in oblique photographs. The cost of mapping an area with 

vertical photographs is approximately double that of mapping the same 

area using oblique photographs because a much greater area is covered 

in each oblique photograph. In general, inaccuracies found in mapping 

with oblique photographs limits their use to scales smaller than 1 inch 

equals 1 mile. 

Multiple-Lens Camera 

In recent years, the use of multiple lens cameras in mapping 

has increased the efficiency and lowered the cost of mapping from that 



of previous methods either using single oblique or single vertical 

photographs. The five-lens camera which is now used in aerial photo- 

graphy for practically all important mapping operations of the United 

States takes five pictures at one time, one vertical and four 

obliques.6 The advantage of this camera lies in the later rectification 

of all the negatives into a conmion plane. (Fig. 3) The ccnposite 

photograph thus formed is said to combine the advantages of both 

oblique and vertical photographs by including a larger area per photo- 

graph and allowing the accuracy and uniform scale of the vertical 

photograph. 



Scale Determination 

Since aerial photographs are pictures of actual ground 

areas, the scale of the photograph at any point (a) is equal to the 

distance from the lens of the camera to the photographic surface 

divided by the distance from the lens to the ground, or 

Scale s = (i) 

H-h 

in which s is the scale of the photograph, f is the focal length of 

the camera, H is the elevation of the camera and h is the elevation 

of point (a). By this formula, the scale of the photoraph can be 

expected to vary inversely with changes in elevation, or 

B: H...e (2) 

H-E 

in which R is the ratio between the scale of two points (a and b) 

of a photograph, e is the elevation of a, E is the elevation of b, and 

H is the elevation of the camera. The derivation of these formulas 

is given in Appendix II. 

Distortions in Scale 

When detail and control are plotted from vertical photo- 

graphs, it is on the assmiption that all points are directionally 

homologous with the ground location from the principal point, but this 

is not always the case. In reality, aerial photographs are alvys 

subject to distortions, the principal of which are those due to tilt 

(Fig. 2) and relief (Fig. 3). On every photograph, however, there is 

one point, though not always the principal point, to which all points 
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on the photograph are directionally homologous with the corresponding 

ground location. This point, called the isocenter on a photograph, 

is the point on the photograph pierced by the line bisecting the angle 

formed by a line drawn from the center of the lens through the true 

oenter or principal point of the photograph with the line from the 

oenter of lens perpendicular to the ground. (Fig. 5) 

The line from the center of the lens perpendicular to the 

ground is termed the plumb line and the point at which it pierces the 

photograph is termed the plumb point. On perfectly untilted photo- 

graphs taken with precise cameras, the principal point, isocenter and 

plumb point are the same. These three points and the lens center lie 

in the principal plane of the photograph which is perpendicular to both 

the ground and the photograph surface. The line formed by its inter- 

section with the plane of the photograph is termed the principal line 

of the photograph and is perpendicular to the axis of the tilt. 

Tilt is designated in degrees and is measured by the angle 

between the photographic plane and the plane of the ground. This 

angle is equal to the angle between the plumb line and the line from 

the lens center through the principal point. The distance from the 

principal point along the principal line to the isocenter is found by 

da ftany (3) 

in which d is the required distance, f is the focal length of the 

camera and y is the angle of tilt. The derivation of this formula 

is given in Appendix III. Distortions due to tilt are generally not 

serious if proper care is used. Engineers of the Fairchild Multiple 



Lens cernera company estimate that the magnitude of tilts encountered 

under good flying conditions should be kept to less than one degree.7 

For a tilt cf 3 degrees, it has been computed that the error in 

position of points on a photograph due to tilt is equal to the distance 

from the point to the principal point of the photograph multiplied by 

Using ordinary 5.5 x 5.5 inch photographs, this error would be 

uimot iceable, 

Other types of distortions encountered are those due to 

changes in elevation of the camera between pictures, excessive aber- 

ration in the camera lene, filin shrinkage, and paper shrinkage. These 

distortions can be lessened through use of high quality materials, and 

with the exception of iose due to lens aberration all are adjusted 

automatically with most methods of plotting control. Distortions from 

lens aberration are practically zero in the special lens now used for 

aerial photography. 



Preparation of Maps 

Photographs themselves may be used as maps, but for this 

purpose they are subject to many limitations. The scale of the ground 

as shown in the photograph often varies greatly in different parts of 

the same plate. Fhotographs contain no direct indication of relief, 

and they contain too much confusing detail. The difference in scale 

in the sszne photograph is caused by difference in elevation of the 

ground. As }s been previously pointed out, scale varies inversely 

ith changes in elevation. The confusion of detail may be remedied 

by tracing only desired detail from the photograph. Line naps thus 

formed are inexpensive and easy to prepare, hit they vary in scale 

throughout the map. 

The Principal Point Plot 

To elirninte the inaccuracies of photograohs used as maps, 

various metods have been devised to plot accurate maps from these 

photographs. Perhaps the simplest of these and one requiring no 

equipment except that available in any drafting room is the principal 

point plot method. The procedure followed first requires that the 

center or principal point of each photograph be marked on that photo- 

graph and on every other photograph on wlich it appears. Assuming 

negligible tilt distortion, the draftsman treats each photograph 

individually and draws radial lines from its center to the oenters 

of adjacent photographs located on that photograph. If tilt is 

negligible, the center of the adjacent photographs will lie along 

these radial lines. The distance between the centers of two 
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adjacent photographs is usually taken as the average of the distances 

scaled on each photorath. (Fig. 6A) This procedure is based on the 

principle that if there is no tilt, the principal point of the photo- 

graph may be taken as the isocenter frani which all points on the 

photograph are directionally hoiriologous th their ground location. 

When the distances bebween photograph centers have been 

deternined the photoraphs ire oriented to each other. This is done 

vvhen they are placed so that the lines connecting their center points 

coincide end the centers of each are the determined distance apart. 

The process by which these photographs are oriented is shown in 

Fig. 6 (A & B). When two photographs have been oriented to each other, 

a third nay be oriented to the previous two and so on until a complete 

strip of photographs is run. 

After a complote strip of photographs has been oriented to 

each other in this way, the centers may be traced to a control sheet 

which will then contain three points at least from each photograph 

(its center and the center of the two adjacent photographs on the strip). 

Any photograph used in making the strip may be oriented to the control 

sheet and env desired detail may easily be traced from the photograph 

on to the control sheet. (Fig. 6) This method of plotting points 

from photographs is fast and inexpensive, but is inaccurate. If one 

photograph is tilted or if one point is incorrectly plotted, the 

entire strip is poorly oriented from that photograph on. 

Radial Plot Method 

The method. most commonly used to plot points from aerial 
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photographs when specialized equipment is not available is called 

the radial plot and is merely an addition to the principal point plot. 

Its great advantage over the principal point is that it automatically 

corrects distortions due to relief, differences in camera elevation, 

paper shrinkage, and changes in scale. It also provides an opportunity 

to correct tilt distortions. 

In starting a strip, the elevations and exact locaions of at 

least three points in the first photograph coìnon to the second must be 

known and plotted on a tracing sheet for control. These points are then 

located and marked on each photograph upon ich they appear and radial 

lines are drawn to them from the center of the photograph. As dis-. 

tortions in locations of points will be radial, except those due to tilt, 

the first photograph in the strip is criented to the tracing sheet when 

it is so placed that the three points on the tracing sheet lie on the 

radial lines drawn through the corresponding points on the photograph. 

In addition to pencilling the radial lines through the point 

on the first photograph wHich represents the center of the second 

photograph, the draftsman locates at least one point along each edge 

of the photograph at right angles to the center line of the strip. If 

multiple lens photographs ere used, at least one point is located on 

each wing photograph. After orienting the photograph to the tracing 

sheet, the draftsman then draws radial lines on the tracinc sheet 

cutting the selected points on each side of the center. When this 

has been done, the second photograph is oriented to the tracing sheet 

by the same three points as was the first. Radial lines are dravn 
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on the tracing sheet from the center of this photograh to the same 

wing points as were chosen on the first photograph or composite. The 

intersections of the radial lines dran from the second photoraph 

with the corresponding radial lines from the first photograph should 

be the correct location of the points. 

If tilt is present, however, in either of the photographs, 

then the isocenter villi be incorrectly located, and radial lines, 

being drawn to an incorrect center, will give inaccurate locations. 

The error in location of the point due to incorrect location of the 

isocenter may be found by the formula 

E : (1 - S (H-h) 
) 

f tan T (L1.) 

f 

in which E is the error in location of the point in inches, S the 

scale of the plotting sheet in relation to the ground, f the focal 

length of the camera in inches, H the elevation of the camera in inches, 

h the elevation of the ground in inches, end T the angle of tilt of 

the photograph. The derivation of this formula is given in Appendix 

III. However, under normal conditions with good equipment and a 

competent crew, the maximum tilt in aerial photographs is less than 

1 degree.9 Assuming a ilying height of 10,000 feet above the highest 

ground, tilt of i degree, a map scale of 1:62,500 (approximately 

1 inch equals one mile) and a camera with a focal length of 5.9 inches 

(type T-3A of the Tjnitod States Army Erineers), the error in map 

location of a point not on the axis of tilt would be about .07 inches. 

(Appendix III) 
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If 'CÌ1C is present In either phokoraph, then when it and the 

adjacent photograçh have been oriented by the principal point plot, the 

radial lines back to the wing control points cannot be adjusted so that 

both will pass through its corresponding control point. This condition 

means that the wing points and the center of the preceding photograph 

are not directioimlly correct with the point selected as isocenter. In 

orienting this photograph correctly, it is revolved until it is in such 

a position that the two control points and the center of the last 

photograph are directionally correct with a certain point (isocenter) 

which is also directionally correct on the preceding photograph .th its 

center. This point may be used as the center in prolonging the strip. 

When the first two photorahs in a strip 1-.ve been oriented 

to the control shoet, a new point is selected in each wing photograph 

ìf multiple lens composites are used or on each edge of the photoraph 

if single lens vertical photographs are used, and a radial line is 

drawn from the isocenter to each. Duplicating the procedure followed 

in orienting the second photograph with the first, the draftsman then 

orients the third photograph to the second and thus to the strip, 

using the two points located on the tracing sheet by the intersecting 

radial lines and the center of the preceding photograph as control 

points. hain, additional wing points are selected and lines are 

drawn to new points in the same manner as before. This procedure is 

until new control points are reached to which the strip may 

be tied. Generally, not more than 15 photographs at most are used in 

any one strip between control points. 
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When the strip is tied in, any error of closure found is 

checked. first for inaccuracies in work, mistaken points, or drafting 

errors. In actual cases, clouds have been used as contri points and 

errors arose when the clouds moved between successive pictures. If the 

cause of an error of closure is not picked up, the control net is 

studied for evidences of tilt, which is shown by triangles of error in 

point locations. If the source of error cannot be found, the error 

is generally treated as accumulative and adjusted back throur!h ail the 

points. 

In plotting adjacent strps of photographs, most draftsmen 

run out each strip independently and after adjusting each to contro]. 

points, they adjust the differences in locations of any points common 

Some, however, consider it more accurate to plot three or four 

photographs on each strip, adjusting the two strips in relation to each 

other at common points before extending the strip. When control 

points are reached in prolonging the strips, both strips are adjusted 

as one. When all the strips have been plotted on the projection 

sheet and adjusted to each other, any photograph making up the strips 

can be oriented in its correct position, relative not only to any 

other photograph bit to the ground itself, since the proj3ction sheet 

is an overlay of the master control sheet with its grid. 

On this projection sheet, points are then located from 

each photograph by the radial line plot method used in extending 

control. Enough points are plotted so that all detail between them 

can be interpolated and plotted by eye. If a photograph is tilted 

badly so that accurate interpolation is difficult, it is sometimes re- 
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produoed by photostat by placing the camera in a position corresponding 

to its position in taking the photograph, thus removing most of the tilt 

distortion. Whi all detail required has been plotted, the resultant 

wiap can be as inclusive as desired with the exception that this method 

does not give any direct indication of topography. 

Topography 

Details of relief or topography such as contours may be added 

to line maps aich as the above by carrying working sheets constructed 

from these maps into the field and plotting topography on them directly 

or by use of special stereoscopic equipnt. Combimations of ground 

mapping and aerial mapping vary greatly with conditions which can throw 

the weight of economy toward one extreme or the other. It is generally 

accepted that for contour intervals of 1, 2, or 5 feet, plane table 

metods are more practi-al than aerial photograph ntods, other things 

being equal. On the other hand, the more inaccessible an area in 

general, the greater is the advantage of aerial mapping over ground 

mapping. 

All methods of plotting contours from vertical photographs 

employ various stereoscopic principles of determining differences in 

relief. These principles are in general based upon the process j which 

human eyes operate to determine distance, i.e. by subconsciously 

xrasuring the differences in angles of vision made by the lines of 

sight from each eye. In all stereoscopic methods an attempt is made 

to reconstruct the rays of light reflected to the camera from an area 

to be mapped in such a way that a stereoscopic model of the area is 
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formed. The apparent relative distance from the eye to ground levels 

in the stereoscopic model, if it is reconstructed correctly, will be 

in the same proportions as when the terrain was viewed on the original 

flight. 

An instrunnt which has the property of making a photographic 

inge appear in three dimensions is called a stereoscope. Often, with 

stereoscopic devices uded in aerial mapping, this third dimension is so 

strongly emphasized that differences in elevation of 50 feet can be 

clearly detected on models prepared from photographs taken at an ele- 

vation of 15,000 feet, This unusually strong stereoptical effect when 

aerial photographs are viewed is due to the fact that these photographs 

are ener1ly taken several tousand feet apart as compared with the 

normal eye base of two and a half inches. 

The maximum angle difference between lines of sight from each 

eye that ordinarily can be perceived by the normal human is about 30 

seconds. Assuming a normal eye base of 2- inches, the maximum distance 

then vdthin which a person can accurately discern differences in 

distance is about a q'arter of a mile. However, a person usually esti- 

nted distances subconsciously by comparative scale of the objects he 

sees. For points more than a quarter of a mile from an observer, a 

person with one eye can usually estirrate distances as well as a person 

with normal vision. 

Stereo-c omparagraph 

Instruments generally used in plotting contours from aerial 

photographs are the aero-cartograph, stereoplanigraph, multiplex 
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aero-projector, and the stereo-comparagraph. T} United States army 

engineers generally use the multiplex aero-projeotor to extend 

horizontal control and the stereo-eomparagraph to plot topography. 

The aero-cartograph and the stereoplanigraph, allow the most accurate 

mapping, but are more cumbersome and expensive than the other two. The 

degrees of accuracy which may be expected with each cf the four machìies 

is listed in Appendix IV. 

The simplest to operate and most adaptable of the four machines 

is the United States army stereo-comparagraph. It operates on the basis 

that the angle made by the lines of sights from each of two eyes (the 

amount of parallax in vision) changes with differences in distance 

from the eye to an object. Two photographs of an area are used, each 

from a different camera station. The machine directs lines of sight 

from each eye by mirrors to a separate photograph. When the machine 

is adjusted so that the two photographs appear clearly as one, a third 

dimensional effect is obtained. The optical system of the stereo- 

comparagraph is illustrated in Figures 7-10, inclusive. 

Before any plotting is done, the "eye-base" is adjusted for 

the inter-pupillary distance of the individual operator. The machine 

p j5 adjusted when the operator can fuse the index marks in the eye pieces 

of the machine into one mark and briig their fuzed image into the 

spacial model formed by the fusion of the two photographs without eye 

strain. To use this method, the elevations of at least four poirrs on 

each photograph should be determined by other means. In determining 

elevations with this machine (measurement of changes in parallax), the 

adjustable mirrors on the machine are moved so that the index point is 



raised or lowered on the spacial model until it just touches a control 

point for which the elevation is known. The change in parallax for a 

given change in elevation needed to place the index on a contour line 

is found by the formula, 

dp fxL (5) 
(H - h)2 )- dh) 

in which dp is the difference in parallax, f the focal length of the 

camera in feet, L the length of the airbase between camera settings, 

H the elevation of the airbase, h the elevation of the control point, 

and dh the change in elevation from the control point to the desired 

contour line. The derivation of this formula is given in Appendix V. 

Tables are generally available which tabulate changes in 

parallax for changes in elevation. A sample of such a table is listed 

in Appendix VI with an example of its application. 

Multiplex Aero-projector 

This nchine is the one most commonly used by the United 

States army engineers for extending horizontal control from aerial 

photographs although it is satisfactory for plotting topography as 

well. Like the aero-cartograph, it is based on the stereoscopic 

principles of reconstructing actual ground models. Images of the ground 

are projected on a drafting table from projectors occupying as nearly 

as rossible the positions corresponding to those occupied by the 

cariera in teking the pictures. Like the stereo-comparagraph, two 

pictures are taken of each section of ground each from a different 

camera position. One is projected in blue and the other in red on 

the drafting table. 1then the intersectiig rays are viewed simul- 
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taneously through siuiilarly colored stereoscopic glasses, a model of 

the ground area is reconstructed in space over the drafting table. 

Each projector must be adapted to the oasnera for which it 

has been designed. When the United States army type T-3A camera is 

used, the negatives are reduced from a 150 imn focal length negative 

to a L6 nun focal length diapositive in a special reduoin machine. 

This machine must be precise as a slight error in these reduced positives 

would cause a large distortion in their enlarged projection on the 

drafting table. The projection distance from the projector to the 

drafting table generally varies from 280 mm to k5O mm, with 360 rim 

usually accepted as the optimum distance.12 This makes the scale of the 

stereoscopic model 36o/1.6 or 7.33 times the scale of the reduced 

positive and 2.)4 times the scale of the original T-3A photograph. 

These positives are placed in projectors which are mounted on 

a bar over the drafting table. hen the projectors are correctly 

adjusted in relation to each other for distance between camera stations 

( x variations), distances either to right or left of the center line of 

the strip (y variations), changes in elevation of the tekiig camera 

(z elevations) swing of the camera, tilt to either side, or tip, the 

stereoscopic model formed by the intersecting light rays from the pro- 

jector is homologous vth the ground it represents. Detail may then 

be directly plotted from it to map sheets on the tracing table. A 

floating mark equipped with a pencil can be set so that it touches 

the model at a given elevation. Then when it is moved about over the 

model continually touching the surface of the model, it traces a contour 

1m. 
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The accuracy of this machine varies directly with the length 

of the stereoscopic base multiplied by the focal length of the camera 

13 and inversely with the square of the flight altitude. For a given 

camera, however, the stereoscopic base and the focal length is constant. 

A more corrlete description of the operation of the machine, the de-. 

rivation of these statements, and sets of curves showing ratios of 

plotting scale to flight altitude (as developed by the United States 

army) and the plotting scale of the Multiplex aero-projector to the 

contour interval to be used are given in U. S. Army Pubi. TM5-230. 

Captain B. B. Talley, of the United States Army Engineers, 

estimates that the average operator with three months' eerience 

using the 3-fold multiplex unit with all vertical photographs can 

adjust and plot one pair of plates of average terrain with a corres- 

ponding contour interval in an eight-hour shift.4 With the model 

T-3A camera, the negative measures 5.5 inches x 5.5 inches. Assuming 

a 6e percent overlap in the direction of flight and a scale of 2 

inches to i mile, the area covered in one photograph is approniately 

3 square miles. Using oblique photographs, the same operator can 

usually plot one pl&te pair of average terrain in two eight-hour shifts. 

Assuming conditions identical to the above, each plate pair will then 

include 5 square miles. 

The equipment listed by Captain B. B. Talley for this 

operation is three T-3A projectors (vertical or oblique, depending 

upon the photographs used), 1 bar, 1 tracing stand, i multiplex table, 

and i set of accessories. The personnel required is listed as 

1 operator, 1 assistant operator who may be a junior draftsman, and 
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i draftsman.15 

Although lt is clear that this machine represents a great 

increase in speed and reduction in cost over ground mapping methods for 

maps of comparatively high scale, greater speed and economy may be 

obtained by mounting strips of projectors on a single bar and orienting 

them to each other. As many as 18 projectors are often used to 

project a strip 15 miles long at a scale of 2 inches to 1 mile. The 

objection to this is that the topography is often plotted directly 

from the stereoscopic model after a line map is made from the image 

vithout resetting the projectors. When strips of projectors are used 

they must be reset before topography can be plotted. An advantage of 

using strips of projectors is that control points are needed only at 

each end of the strip while each plate pair must contain adequate 

control within itself although this control may be taken from adjacent 

photographs which have already been oriented. 

With an 18-fold projector, an operator can plot an entire 

strip amounting to approximately LO square miles in three eight-hour 

shifts. The equipment and personnel required are the saine as above 

with the addition of two draftsmen, a longer bar, an extra tracing 

table, and an extra set of accessories.15 The cost in both cases varies 

directly with the number of photographs used or with the square f the 

map scale. The number of control points required also varies directly 

with the scale of the maps. Generally, for maps with a scale of 

1:20,000 and over, every third photograph at least should contain a 

control point. 
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Before detail can be accurately plotted from the projected 

images the projectors must be oriented in three ways: The diapositives 

must be oriented in the projector (interior); the projectors must be 

adjusted to each other (relative); and the entire model formed by the 

projectors after being adjusted to each other must be adjusted to the 

ground (absolute). Interior orientation is accomplished when the center 

mark of the diapositive coincides with center mark in the lens. The 

procedure to be followed in relative and absolute orientation is listed 

in Appendix VII. 

Aoro-cartograph 

The aero-cartograph is a stereoscopic instrument with special 

attachments for plotting points of equal elevation. Two 7-inch by 

9-inch negatives of an area as taken from different camera positions are 

reprinted on glass plates about the size of postage stamps. This must 

be done with extreme precision as an error of .0001 on these glass 

plates wìll subtend an error of several feet on the ground. From these 

plates, ies are projected on the drafting table by two adjacent 

projectors, set up similarly to those used in the multiplex aero-pro- 

jeotor, one operating with red light and the other with blue. Each 

projector is adjusted through the same process as the multiplex to 

occupy the position corresponding to the camera when the photograph was 

taken. 

Contour plotting is done by means of a small fixture with an 

illumiiated pin hole mounted directly above a pencil point of light set 

at a given elevation. The operator moves the fixture about over the 
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image, keeping the point of light in constant contact with the surface 

of the illusory ground. The line thus traced passes through all points 

of that elevation.1-7 The accuracy of this method is almost uncanny. For 

a 5 inch focal length camera, the accuracy a few years ago was equal 

under average conditions to 1/1500 of the elevation of the ceiiera, but 

instruments now developed supposedly reach an accuracy of .]. of a 

50 meter contour interval,'8 



C oriol u sion 

With any of the above types of stereoscopic equipment, 

control points must he located from ground surveys or triangulation to 

give ample opportunity for checks on accuracy. The image should always 

be well-lighted and clear-cut. This allows the iris of the eye to 

contract, increasing the depth of focus of -the eye and lessening eye 

strain. If a type of instrument is used which is based upon mirrors 

reflecting images of the photograph to the eyes, care should be taken 1 

see that the photographs lie flat, since bumps or wrinkles in them can 

give the appearance of relief. The photographs should be rotated about 

their principal points until their relevant airbases are parallel to 

the eye base. Otherwise, a false tilt may be introduoed in the model 

because the normal parallazes are disturbed. Lakes or seas are usefül 

in leveling the photograph since the false tilt introduced into the iimge 

would make them appear to be sloping. 

The equipment and methods listed in this paper are by no means 

the ultimate to be expected in aerial mapping. New methods are con- 

tinually being introduced to incroae the speed and accuracy of 

stereoscopic mapping. ftt present, aerial mapping is widely used by 

various government agencies, but its potentialities for private mapping 

are apparently almost untouched. As new methods requiring lower initial 

investment are evolved, the practice of aerial mapping will probably 

become much more popular until it may completely replace ground mapping 

except for base control and special maps of sirll aread or of very 
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high scale. 

It seems that the trend is toward an increasing amount of 

aerial rapping for private use. Large companies now should be able to 

find that a large part of the mapping they now do from ground surveys 

could be done much more economically from the air. For inaccurate maps 

of proposed road routes, drainages and transportation systems, detail 

can often be traced directly from photographs much more economically 

than it can be plotted from the ground. It probably would be a safe 

guess that in 10 or 20 years, aerial mapping will take over large-scale 

private mapping as it has goverrmient mapping. 
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ortion found in oblique 
phs. Line BC on Photograph 
me AD, but it is obvious 
same lines are not equal 
on the ground. his also 
shows distortion6 due to 

camera tilt. 
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e Five-Lens Composite. 
r ol)lique hotographs 
en rectified to the 
f the vertical and 

fitted together. 

Scale distortion caused by relief. 
a is the true ground location of the hin top. b is the location as it 
appears on the photograph. ab is the 
distortion due to relief. 
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I 
AB represents tilted photogrph. 
C is the principal r,oint or oentr 

. of the photogrcph. 
o P is the plump point of the photo- 
\. graph. Line FO is perpendicular 
\ N to the gromid. 
\ N I i$ the isoceter or radial 
\\ N conter oí the photograph. 

L QQ: L òi 
\ N G is th lens. 

fig. G 

Frincipal Ioint Plot method of orienting aerial 
photographs in strips. 

Fig. A shows first photograph (29) oriented 
to the control sheet. 

Fig. B shovs second photograph (30) oriented 
to 29 and. the control sheets 

Pig. O shows a strip of oriented ceuter points 
of photographs. 

Identi'icetion Iuabers Indicte centers of the 
photogra:oh of 
that number. 
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Camera 

Pig. 8 Aerial hotogra:h of 
sie section shoiing relief 
from nei c:ier. position. 

Fig. 9 Optical System upon which Stereoscope depends showing how 
third dimensional effect is oiitained ±roca pnotograDhs above. 
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Optical Sy$ten of Stereo-cornparEgraph Linchin. 

The diffreiice in elevtion betweon rosition e & 'o is found 
from thc adjustment neces$ary in the position of the rnirror 
to bring one point into clear focus ±ter th mirrors hve 
been adjusted for the othei'. he photographs with points 
& b are th same a those develdied in Figures 7 & 8. 
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Appendix I 

Engineers of the United States Geological Survey estin.ted 

in 1937 that the cost of mapping the remaining 64,777 square miles of 

Oregon with aerial photographs would cost 3,343,9OO.18 This cost 

estimation was divided as follows: 

I TEM TOTAL COST COST / 

Horizontal ground control, in which 
points were plotted by triangu- 
lation for horizontal control.....,. 376,700 .¶ 5.81 

Vertical control, in which the ele- 

vations of points were deter- 
mined previous to photographic 

plotting. . . . . . . . s s s . . . I S 392,000 6.05 

Aerial photography and development 
of prints. . . . . . . . . . . . . . . . . . . . . . . . . . . 174,000 2.69 

Compilation of planimetric maps 
from aerial photoraphs............. 723,700 11.19 

Reproduction of planirnetric maps ........ . L4,3OO .67 

Plotting topography on planimetric 
maps. . . . . . .. s . e . . s . ........ . . . 1,478,000 22.82 

Advance sheet reproduction............... 26,500 

Final publication, including final 

engravedcopies..................... 128,700 1.98 

T otal. . . . . . . . . . . I I S .33,3L3,9OO 51.62 
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Appendix !. 

Since the rays of perspective from points on the ground 

move in a straight line from the ground through the center of the lens 

and since the plane of an untilted photograph is parallel to the ground, 

the triangle formed by any two points on the ground and the lens of a 

camera is similar to the triangle formed by the saine two points on the 

untilted photograph end the lens. Therefore, the length of the per- 

pendicular line from the lens to the photographic surface (focal length) 

divided by the length of the perpendicular line from the lens to the 

ground (elevation of ground subtracted from elevation of camera) equals 

the distance between any two points on the photograph divided by the 

distance between the corresponding points on the ground (scale). 

If (f) represents the focal length of the camera; (H), the 

elevation of the camera; (h), the elevation of the ground; end (s) the 

scale of the photograph, then 

6= f (1) 

H-h 

However, if (E) represents the elevation of a point (a) on 

the ground, then 

Scale (E) 
H-E 

And if (e) represents the elevation of another point (b) on 

the ground, then 



Scale (e) r 

H-e 

Scale (E) : 
Scale (e) 

or R : 

(f) 
(H-E) - 

(f 
'll - e 

H- e 

H-E 

H- e 
H-E 

(2) 

in which R is the ratio of the photograth scale at a point with elevation 

(E) to the scale at a point with elevation (e). 
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Appendix !! 

In Figure 11, 0 represents 

the lens; P, I, and L represent 

the Principal Point, Isocenter 

and Plunib Point, respeotivoly, of 

a photograph. A, B, and C repre- 

sent the corresponding points on 

the ground. EL is drawn parallel 

to the ground; then L PLE repre- 

sents the angle of tilt (Y) of 

photograph FIL (by definition). 

Also by definition, EL is 

perpendicular to OL, and OP is 

perpendicular to PL. Therefore, 

¿ POL ¿ PLE = Y 

By definition, ¿ POI ¿ IOL 

Therefore, ¿ PoI Y 

Since Tan ¿ POI 
Po 

Then TanY j 
Po 

But PO focal length or f 

And PI Distance from principal point to 
Isocenter (d) 

Then tanYz d 

f 

or d ftanly (3) 
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- -i--- 2 
Figure 12 represents the 

possible error in location of a 

point by drawing radial lines to 

a point incorrectly taken as the 

/ ( 

Y isocenter of a photograph. Let 

I represent he Principal point 

(incorrectly taken as the iso- 

Í X center) and I, the isocenter, 

Then d w-iii be the error in loca- 

P ï_i_i tion of the radial center of the 

h----- d _._--_. photograph. 

Fi: 12 If Y (the distance on the 

photograph front a point (a) to 

( I), the isocenter) represents 

ground distance (n), then the scale of the photograph (s) is ! . If 

X on map represents the same distance, then scale of map (s) is 

Since abc and alP are similar triangles, 

Then bc : Y-X 
f -y 

or letting E be 

E_ Y-X 
d Ï 

substituting E sR - SR s - S 

a sR s 

But a : ftanY (3) 

and s f (i) 

II-h 
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f -s 

Then E = 
H-h ftanY 

f 

H-h 

= S(H -11)) f tan Y (Li.) 

r 

For a one degree error in tilt which is the nmximum generally 

encountered under good flying conditions,'9 assuming a flying height 

of 10,000 feet above the highest ground, a map scale of 1:62,500 

(approximately i inch equals 1 mile) and a camera with a focal length 

of 5.9 in. 

Then E (1 _ 5.9 in. 
) 59 x .017L6 

62,500 
(10,000 ft.) 

: .07136 inches. 
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Appendix 
!!. 

A Table showing Accuracies to be Expected in the use 

of the four most coimnon machines in map construction from aerial 

photographs 20 

ACHI1'E HORIZONTAL RATIO OF' CONTOUR 
ACCURACY INTERVAL TO FLIGHT ELEV. 

Stereo-planigraph 1:1000 1:1200 

Aero-cartograth 1:500 1:600 

Multiplex Aero-projector 1:500 1:350 

Stereo-oomparagraph 1:500 1:250 
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Appendix 

If two aerial photographs of an area are taken L distance 

apart with point (A) common to both photographs, if (P) represents 

parallax and if (H - h) represents the difference in elevation between 

the camera end point (A), then 

p_ fxL 
- 

if f represents focal length of the camera and the units of measure- 

ment are the same for each factor. 

This formula may be proven by the following: 

\ 

Fi . 13 

M and N represent two camera positions, with a distance 

between them represented by Airbase (L). Fhotoraphs are represented 

by the lines P(M) - A(M) and P(N) - A(N). A point on the ground (A) 

with elevation h is represented on the photographs by A(M) and A(N) 

respectively. P(M) and P(N) are the respective centers of the photo- 

graphs and E is the elevation of the camera. Then absolute parallax 

(p) of A is equal to PA(M) added to PA(N). If' NA(M) is drawn parallel 
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to MA(M), then P is equal to A(N)A(M). But triangle MAN is similar 

to triangle NA(ÌlI)A(N). Therefore, 

NP(N) A(M)A(N) 
H-h - L 

Since NP(N) f 

And A(M)A(N) : p 

f - p 
H-h - 

p fxL 
H- h 

and differentiating, 

dP/dh -fxL 
(H-h)2 

or : _dh( (fxL) 
(H - 

(5) 

This formula can be proven true for any point (A). 
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A Table showing parallax for differences in elevation from 

the ground to the carriera, assuming a stereoscopic base of 100 nm. 

Elevation Parallax Parallax Difference 
in Feet for 20-foot Contour 3_n flJfl 

in trim. 

2L1.,000 1.078 .08L1. 

23,900 )4.L1.98 .08)4 

23,800 )4.919 .08)4 

23,700 5.3)40 .08)4 

If contour intervals are to be plotted using this table with 

the sterea-comparagraph, the elevation of a control point must be known 

first. If the flight elevation is 2)4,000 feet and a point 200 feet in 

elevation is known, then the machine is adjusted on this point and the 

200-foot contour is drawn. To determine the parallax for the 300-foot 

contour (P300), the operator finds the parallax for the 200-foot contour 

(2L.,000 - 200 23,800) from the tables as )4.919 mm. P300 fron the 

tables is 5.3)40 rrrn. The difference between these parallaxes is .L2l mm. 

Since the stereoscopic base of his instrument measures .533 mm., the 

parallax as measured on his instrument is .!t21 mm. x .533 or .22)4 run. 

If a 20-foot contour interval is desired, the parallax 

difference may be taken directly from the tables as .08)4 mm. Multiplied 

by .533, this equals .0)45 rum., but the minimum parallax difference that 

the average operator can determine accurately is .05 mm. 
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Appendix VII 

The procedure used in adjusting the projectors used by 

the United States army in plotting detail from aerial photographs 

with the multiplex aero-projector as described by Captain B. B. Talley, 

21 
is separated into three operations. The first (interior orienta- 

tion) is accomplished when the diapositive reprinted from the aerial 

photograph is so adjusted in the projector that the principal point of 

the lens and the center point of the diapositive, both of which are 

marked, coincide, Two adjacent projectors, containing correctly 

oriented diapositives reprinted from adjacent overlapping photographs, 

are then adjusted on the bar over the drafting table so that their 

1Dz scales (adjusts for elevation of camera) and by scales (adjusts 

for sidearial motion of aircraft) correspond. 

When this has been done, the projectors are moved along the 

bar (bx correction) until the projected images overlap and appear as 

one image when intersected in space by the opaque top of the tracing 

stand at a projection distance of approximately 360 iimi. Scattered, 

well-defined point images are then selected as in Figure ]J.. 

7 

1 

.:: 
.21 

.:j 
.'i 

Fig. 14 
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To remove vertical parallax maladjustments, the procedure is 

listed by Captain B. B. Talley as follows: Remove vertical parallax at 

Point 2 (center of inge I) by swing adjustment of projector II. 

Point i (center of image II) by swing adjustment of projector I. 

Point 3 (corner of image I) by tilt adjustment of Projector II. 

Point )4. & 5 (corners of images I & II) by tipping either or both 
projectors. 

Note a. Developed horizontal parallax is removed by the bx motion 

vhich may also be used to maintain the tracing stand at the 

desired height. 

b. In correction of tilt, the observed error should be over- 

corrected by an amount equal to l- times the original error 

and then restored by following the first two steps in the 

adjusnent operation. 

C. This routine of adjustment should be repeated until vertical 

parallax is eliminated. Three repetitions should be sufficient 

to effect the removal of all visible parallaxes at the selected 

image points. 

d. Final adjustments should be made with glasses and by searching 

the tracing table for small residual parallax differences, 

Elevation adjustments (bz) are used to correct variations in 

the altitude of the photograph plane to allow operation of the projec- 

tors within the range of sharp focus of the projector lenses and to 

correct for residual parallax errors. Bz adjustments may sometimes 

be determined from statoscope readings which simplifies the orientation 

of the image to the cortrol points. 
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When two ohotographs have been orientated to each other and 

a third is to be oriented to the first two, the first two obvius1y can- 

not be moved in making the adjustment. The procedure recousnended is to 

remove vertical parallax at 

Point 8 (center image III) by adjustment of projector ITT. 

Point i (center image II) by swing adjustment of III. 

Point 7 (corner II) with bz adjustment cf III. 

Point 9 (corner II) by tilting III. 

Points 3 & 4 (corners III) by tipping III. 

As before, in correction for tilt, the projector should be 

overtilted an amount approximately ].- times the original tilt. This 

should be restored with by adjustments at point 8 and bz adjustments 

at point 7. 

Orientation of the photographs to the ground (absolute 

orientation) requires two located control points to determine scale and 

at least three (preferably five) control points to orient the photo- 

graphs horizontally and vertically. The seale of the image should be 

determined with bx adjustments. The drawing sheet should be oriented 

so that the plotted control points agree as nearly as possible. The 

model should then be shifted as a whole until the points agree abso- 

lutely. 

When oblique photographs are oriented, the procedure is the 

same except that vertical parallax is removed at: 

Point 2 (isocenter of image I) by swinging projector II. 

Point i (isocenter of image II) by swinging projector I. 
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Point 3 (on y axis of II) by tilting projector II. 

Point )4 (on y axis of I) by tilting projector I. 

Point 5 (on extreme edge of I) by tipping projector I. 

Point 6 (on extreme edge of II) by tipping projector II. 

Vhen the image of a third projector is oriented to the 

first two inages, the procedure is the sasne as With vertical photo- 

graphs With vertical parallax being removed at: 

Point 7 (isocenter of image III) with y adjustment of projector III. 

Point i (isocenter of image II) by swinging projector III. 

Point 8 (on y axis of III) With bz adjustment of projector III. 

Point 9 (on rear edge of iii) by tilting projector III. 

Point 10 (on extending edge of iii) by tipping projector III. 

In every case, the tilt adjustment should be over-corrected 

br an amount l times the original tilt and restored as before. 


