
 1 

Use of Low Distortion Projections 
 

Roger R. Patocka, P.E. 
July 22, 2012 

 
 
As demands for precise measurement of land and natural resources increase, today’s data 
users must sharpen their focus on 1) understanding historical measurements, 2) 
embracing emerging measurement and mapping technology, and 3) planning our 
collective future. 
 
One goal of this paper is an attempt to affirm and clarify the utility and value of statewide 
coverage by LDP’s.  A goal of 20 ppm maximum distortion for each LDP zone in Iowa 
has been set, and another goal is to keep the number of zones to a minimum while not 
crossing county lines. 
 
Consequently, this paper highlights the roots of surveying measurement techniques and 
the convergence of GIS and Engineering / Surveying Data.  Establishing LDP’s is a step 
in promoting better coordination and use of spatial databases among the disparate GIS 
user communities.  Ultimately the goal is to improve decision-making. 
 
The Iowa DOT, with support of the Society of Land Surveyors of Iowa (SLSI), the Iowa 
County Engineers Association (ICEA) and other organizations have started to develop a 
RFP for prequalified geodetic survey consultants to design LDP zones in Iowa.  Mr. 
Norman Miller, IDOT Preliminary Survey Manager, chairs the RFP and consultant 
selection team.  Hopefully, the successful consultant will design LDP’s statewide for 
Iowa within a year. 
 
Errors and Distortions 
 
Errors and distortions have been present in plats and maps ever since land and water were 
first subjected to surveying measurements and practices.  The facts that ground shifts and 
moves, and water elevations change, make surveying even more difficult. 
 
Techniques vary among surveyors, and technology has developed and introduced new 
methods of measurement that were unknown several decades ago. 
 
Realizing that distortions exist, and recognizing dilutions of precision (DOP) are present, 
are sometimes disregarded.  Usually, determining the source of distortions or DOP and 
then quantifying it are often much more challenging. 
 
In addition to blunders and mistakes, errors (and subsequent distortions) can occur due to 
natural causes, instrumental factors, and the observer’s human limitations.  Corrections 
are often made to measurements to account for systematic errors.  Or measurement 
observations are treated as sample values from a probability distribution to account for 
random errors. 
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Traditionally, the relative accuracy of traverses was judged on the basis of their resultant 
closures and the lengths of the traverses.  For example, a traverse with a total length of 
5823.10 feet that exhibited a resultant closure of 1.02 feet would result in a relative 
accuracy of 
               1.02 feet       
  ----------------   =   0.000175   =   1 part in 5710   =   175 ppm 
  5823.10 feet 
 
Approximate adjustments for traverses included the transit rule, the compass rule and the 
Crandall method. 
 
Another more rigorous adjustment, the method of least squares, is currently more 
popular. 
 
Least squares “allows for variation in precision in the observations, minimizes the 
random variations in the observations, provides the best estimates for positions of all 
traverse stations, and yields statistics relative to the accuracies of adjusted observations 
and positions.” (1, p. 411) 
 
The following table “shows the allowable azimuth and position closures for first-, 
second-, and third-order traverses as recommended by the Federal Geodetic Control 
Subcommittee…” (1, p. 423) 
 
 
Horizontal control accuracy standards for traverse 
Order   First  _______Second_______   _______Third_______ 
Class          I       II  I  II___ 
 
Position closure 
  After azimuth          1:100,000              1:50,000            1:20,000       1:10,000             1:5,000 
  adjustment 

 (1, p. 423) 
 
Anderson and Mikhail further state, “Specifications are written to govern the traverse 
geometry, instrumentation, and field operations so that the surveyor can attempt to meet a 
standard for a given traverse.” 
 
The 1:5000 position closure standard for Third Order, Class II surveys was established 
well before the advent of the use of GPS for property surveys.  Furthermore, least squares 
adjustment of traverses has only become more popular as computer technology has 
advanced and programming has developed.  (2, p. xiii ) 
 
It also is not unusual for equipment manufacturers to publish specifications using ppm for 
the performance of their instruments.  For example, Leica’s specs for their GPS System 
500 baseline precision are presented below. 
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 Baseline precision 
 __________________________________ 

 
The following specifications are based 
on measurements processed using 
SKI software and are given as  
baseline rms (root mean square). 

 
Differential Phase 

 

 
 
(3, p. 37) 

 
Please do not confuse the above examples of 175 ppm for traverse accuracy, or 10 mm + 
1 ppm specifications for an SR530 GPS in kinematic operation, with a 20 ppm LDP 
design for maximum distortion due to projection.  Specification of 20 ppm maximum 
distortion for LDP projections is not at all related to traverse accuracy or GPS equipment 
specifications.  LDP does not affect the methodology, technique or statutory 
responsibility of the surveyor and the equipment used to close a traverse. 
 
The point is that a specification or description that includes a numerical value of ‘x’ ppm 
can have different meanings depending upon its context.  The 20 ppm specified for each 
Iowa LDP zone is the designed maximum distortion that will be allowed due to 
projection of points from ground to the LDP.  “The total linear distortion of grid (map) 
coordinates is a combination of distortion due to Earth curvature and distortion due to 
ground height above the ellipsoid.”  (4, p. 14) 
 
Plane Surveying and Geodetic Surveying (GPS) Techniques 
 
Plane surveying knowledge was passed down through generations of surveyors by 
teaching and following procedures that would give consistent results when points and 
lines needed to be established and relocated.  It was based upon the concept that 
horizontal is perpendicular to vertical.  Gravity, plumb bobs and spirit levels facilitated 
the measurements relative to vertical at any selected location. 
 
Measurements were typically confined to a relatively small localized area on the surface 
of the earth.  A level surface was considered a flat surface, and plumb lines were 
considered parallel.  Consideration of the earth’s surface as curved or planar depended 
upon the character and magnitude of the survey as well as the precision required. 
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In the past few decades, GPS technology introduced an entirely different method for 
determining the locations of points on the earth.  This new technique basically increased 
the accuracy of measurements by at least an order of magnitude. 
 
The following images focus on traditional plane surveying techniques.  Geodetic 
surveying techniques were reserved for high precision, large area projects performed by 
government agencies.  GPS surveying (discussed later) has supplanted more traditional 
plane and geodetic surveying techniques. 

 
Differential leveling 

 
The differential leveling shown in the above figure represents a plane surveying 
technique for a relatively small, localized area.  The direction of the vertical elevation 
lines were typically assumed to all be parallel. 
 

 
Direct leveling 

 
In the above figure, the curvature of the earth is exaggerated.  If the earth’s curvature is 
taken into consideration, the “vertical” lines would not all be exactly parallel.  The 
curvature of the earth (represented above by a level line) actually “recedes” by 
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approximately 0.67 ft/mi.  It should also be noted that the horizontal line of sight actually 
curves slightly downward and diminishes, by about 14 percent, the effect of the earth’s 
curvature due to atmospheric refraction. (1, p. 167)  This is part of the reason it is 
considered good surveying technique to keep most lines of sight in leveling relatively 
short, and why a backsight distance and a foresight distance are kept approximately 
equal. 

 
 

Plumbing at the downhill end of a horizontal tape. 
 
Just as the technique of leveling is subjected to gravity, levels and lines of sight as 
discussed above, the measurement of distances (as pictured above) is similarly affected 
when we adhere to plane surveying methodology.  If the surveyor is collecting 
measurements over a relatively small localized area, the level surface is considered a 
plane, and plumb lines are considered parallel, then relatively precise, professionally 
acceptable and repeatable results are usually within standards. 
 

 
Slope taping 



 6 

The slope taping technique depicted above represents a forerunner of total stations (angle 
and distance measurement combined in one instrument).  Eventually, total stations 
incorporated digital calculators with trigonometric functions to convert the slope distance 
to horizontal distance. 
 
What is common to all these plane surveying techniques is that observed elevations and 
distances are projected to a “local” datum, or what is sometimes referred to as a flat plane 
located at approximate, local “ground.”  This full-size plane (or datum) on the ground in 
reality was typically transformed to a flat sheet of drafting paper (plat or map) in the 
office.  The horizontal measurements were just scaled down to fit onto the paper plat or 
map. 
 
When maps of large areas were needed, cartographers transformed the measurements of 
the earth’s surface to a plane by developing creative projections to fit the map on paper to 
portray geometrical relationships (the angles, areas, distances and directions) between 
features.  Sometimes, significant alterations or distortions of the geometrical relationships 
resulted from the process of projection.  All map projections produce distortions. 
 
Generally speaking, distortion in projections is greatest when large areas are projected.  
Projections of the United States exhibit more distortion than projections of Iowa, Iowa 
more than Polk County, and Polk County more than the City of Des Moines.   
 
Usually, it is possible to preserve fairly accurate representations of at least one 
geometrical relationship, but the accuracy of other relationships are sacrificed and are 
subject to relatively more distortion. (6, p. 63).  Creating an LDP and minimizing 
distortion only makes sense for conformal projections, i.e., linear distortion is the same in 
every direction from a point. (4, p. 14) 
 
During the pre-digital mapping era, maps were created using a predetermined scale and 
projection.  Map accuracy was more or less scale dependent.  Larger scale maps (maps 
representing smaller areas) generally were capable of more detail, and therefore were 
characterized as being of higher accuracy. 
 
With the advent of digital maps created by computer aided drafting (CAD) and 
geographic information system (GIS) techniques, layers of data from various sources 
could be superimposed, and zooming in and out could allow creation of a map at almost 
any desired scale.  The database was now at the whim of the digital mapper, with a wide 
selection of projections to choose from, and a scale factor that could be adjusted at the 
push of a button.  Technology now allowed low resolution measurements to be easily 
used to generate high resolution maps. 
 
A single digital dataset (collection of data with a common theme, e.g., location) can now 
be viewed from a vantage point located anywhere from beyond our moon, to a close-up at 
nanoscopic scale.  Perceived positional relationships of map features are only as accurate 
as the measurements recorded in the dataset, and are influenced by distortions attributable 
to mapmaking activities. 
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Zooming in can contribute to a much greater awareness of positional distortions as we 
change our focus from a macro view, through granular to a molecular level.  Accounting 
for the distortion is especially difficult without metadata, but even greater challenges 
arise if the provenance of the data is unknown or the methods of measurement and data 
processing are lost in history or misunderstood. 
 
Contemporary Geodetic Surveying Techniques 
 
In the early 1970’s the Department of Defense commissioned a study that eventually 
resulted in NAVSTAR GPS.  Civilian use of the several generations of satellite 
constellations and their control segment blossomed in the 1990’s, and thrust surveyors 
into the thick of geodesy. 
 
Van Sickle (7, p.133) relates 

“Satellites have not only provided the impetus for a geocentric datum, they have 
also supplied the means to achieve it.  In fact, the orbital perturbations of man-
made near-earth satellites have probably brought more refinements to the 
understanding of the shape of the earth in a shorter span of time than was ever 
before possible.”  

 
A geocentric datum establishes the center of mass of the earth relative to the constellation 
of GPS satellites, which provides an origin for the coordinate system in which points near 
or on the surface of the earth can be located.    
 

 
 

Position Relationships – Ellipsoid Lat-Lon and the X,Y, Z Geocentric System 
Originating at the Earth’s Center 
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The relationships between the earth’s center of mass, latitude, longitude, the  (X, Y, Z) 
position vector and its resultant, including the ellipsoidal height, h, with respect to the 
reference ellipsoid (a mathematical surface), are portrayed in the above figure. 
 
This system of point location, based on a geocentric datum, is uniquely different than any 
previous system and datum used by earlier surveyors. 
 
GPS is basically a location system which uses relatively weak radio signals to precisely 
measure distances between a radio receiver set up over a point on the earth’s surface and 
usually four or more satellites orbiting at about 20,183 km above the earth.  Since the 
GPS constellation of satellites orbit the earth, the distances between each satellite and the 
center of gravity of the earth are known and predictable.  The position vectors (resultants 
of the X, Y, Z coordinates) of points on the earth’s surface complete the triangulation. 
 
GPS observations are potentially fraught with uncertainties of surveyed positions.  
Fortunately, significant science and methodology have been developed to counteract 
uncertainty caused by unfavorable satellite locations and ionospheric effects, for 
example.  Dilution of precision (DOP) factors for GPS observations have been developed 
to alert GPS operators to the presence of some of these uncertainties. (7, pp. 73–77)  And 
innovation continues with Precise Point Positioning. (8, pp. 10-12, 14-16) 
 
Referring to Van Sickle’s comment that “obital perturbations of man-made near-earth 
satellites have probably brought more refinements to the understanding of the shape of 
the earth” gives just a hint of the complexity involved in GPS surveying computations. 
 
Van Sickle discusses the geoid as a surface that best fits the earth’s gravity field in this 
fashion: 
 

“Gravity is not consistent across the topographic surface of the earth.  At every 
point it has a magnitude and a direction.  In other words, anywhere on the earth, 
gravity can be described by a mathematical vector.  Along the solid earth, such 
vectors do not have all the same direction or magnitude, but one can imagine a 
surface of constant gravity potential.  Such an equipotential surface would be 
level in the true sense.” (7, pp. 134-135) 

 
Van Sickle emphasizes that Mean Sea Level and the surface of the geoid are relatively 
close in shape, but are not the same.  He also relates that 

 
“Just as the geoid does not precisely follow mean sea level, neither does it exactly 
correspond with the topography of the dry land.  It is irregular like the terrestrial 
surface, and it has similar peaks and valleys.  It is bumpy.”  “…like the earth 
itself, the geoid defies such mathematical consistency and departs from true 
ellipsoidal form by as much as 100 meters in places.” (7, p. 135) 
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So, in essence, the GPS surveyor works with three surfaces:  the topographical surface, 
the ellipsoid (a relatively easy to calculate mathematical surface), and the geoid.  A 
sketch of the three surfaces, and their relationship is presented below. 
 

 
Ellipsoid, Geoid and Topography Relationships 

 
The image below depicts the variations of the Geoid 96 elevations in the continental 
United States which were determined from empirical observations of gravity.  The Geoid 
96 elevations (and data for other geoid models) can be downloaded from the NGS web 
site.  In the conterminous United States, geoid heights range from a low of -51.6 meters 
in the Atlantic (magenta) to a high of -7.2 meters (red) in the Rocky Mountains.  Note the 
mid-continent rift that runs through Iowa. 
 

 
Color Image of National Geodetic Survey Geoid-96 (9, 

http://www.ngs.noaa.gov/GEOID/GEOID96/) 
  

From a global perspective “the separation between the bumpy surface of the geoid and 
the smooth GRS80 ellipsoid worldwide varies from about +85 meters to about -106 
meters.” (7, 146)   
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Surveying instruments depend upon plumb bobs and spirit levels for spatial orientation.  
The variations in gravity (bumpiness of the geoid) cause surveying instruments to be 
aligned with respect to the local shape of the geoid. 
 
If one imagines a huge oversized tripod and leveled instrument, as shown below, drawn 
on the previous sketch, the relationship of perpendiculars to the geoid and perpendiculars 
to the ellipsoid can be visualized (just viewed below in one dimension).  The angular 
difference between these perpendiculars is known as the deflection of the vertical. 
 

 
Deflection of the Vertical  

 
 The NGS web site provides the following information: 
 

“The heights obtained from GPS are in a different height system than those 
historically obtained with geodetic leveling. GPS data can be readily processed to 
obtain ellipsoidal height (h). This is height above or below a simple ellipsoid 
model of the Earth. Geodetic leveling gives rise to a height called orthometric 
height (H), often known as height above mean sea level. These are the heights 
found on topographic maps, stamped on markers, or stored in innumerable digital 
and paper data sets. To transform between these height systems, one 
requires geoid height (N).  These height systems are related by the equation: h = 
H + N.” (9) 

 
Van Sickle states it another way, “elevations determined by level circuits are orthometric; 
that is, they are defined by their vertical distance above the geoid as it would be measured 
along a plumb line.  However, orthometric elevations are not directly available from the 
geocentric position vectors derived from GPS measurements.  The vectors are not 
difficult to reduce to ellipsoidal latitude, longitude, and height because the reference 
ellipsoid is mathematically defined and clearly oriented to the earth if not perfectly 
geocentric.” (7, pp. 145-146) 
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The relationships between the topographical surface, the selected ellipsoid, and the geoid 
are illustrated below: 
 

 
Relationships between Ellipsoid Height, Geoid-Ellipsoid Height Difference, and 

Elevation 
 
It is noted that Robinson, et. al., discusses vertical control networks and their dependency 
upon Mean Sea Level as a place to start (10, pp.56-58).  Robinson seems to consider 
Mean Sea Level and the Geoid as being the same surface, which is not in agreement with 
Van Sickle.  It is possible that the development of GPS in recent years now allows more 
ubiquitous positioning where more accurate vertical networks never existed. 

 
Convergence Toward Congruence 
 
Legal property boundaries rely upon physical monuments and evidence on the ground.  
Plats and legal descriptions can be thought of as a set of instructions that directs 
professional surveyors to the monuments and other evidence in the field, assuming that 
standard surveying procedures and methods were followed at the time of the original 
surveys and at the present time of retrieval. 
 
Surveyors and engineers research the records of property corners and boundaries, in 
addition to determining if any changes have occurred to the property corners, boundaries 
and the land over time.  Subdivisions, improvements to real estate, effects of natural 
phenomena and proposed development all must be considered to create new plans and 
specifications for construction.  As portrayed in the following figure, if changes in 
professional practice and technology are ignored, mash-ups are possible. 
 
As briefly discussed in the earlier section on Plane Surveying and Geodetic Surveying 
(GPS) Techniques, mash-ups of data are not unique to engineers and surveyors. 
 
Geographic Information System (GIS) technology has a large, diverse user community, 
ranging from recreational mappers to professional cartographers, engineers and 
surveyors.  More data from more diverse professionals increases the probability of a 
greater number of GIS mash-ups. 
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Assembling Technologies that Span Different Time Periods 
 

While everyone seems to appreciate a “more accurate” map or dataset, the expense of 
creating a survey-grade dataset and subsequent plats or maps may not be warranted 
depending upon the application.  However, especially when survey-grade datasets and 
maps are needed, it is important to recognize the care and attention needed to synthesize 
information from diverse and disparate sources.  Measurement provenance and metadata 
are extremely important. 
 
The Oregon Coordinate Reference System Handbook and User Guide provided an 
excellent visualization of the convergence of GIS and Engineering / Surveying Data 
which is presented below.  
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Convergence of GIS and Engineering / Surveying Data (4, p. 37) 
 
As discussed in a previous section, individual hand drafted maps from the pre-digital 
mapping era were not as susceptible to issues of accuracy and distortion.  Today’s digital 
mapping techniques are highly dependent upon data layers derived from a wide variety of 
sources, measurement techniques, and data management ranging from rubber-sheeting to 
projection. 

 
 
The range to zoom in and out on a digital database is only limited by single-, double- or 
quadruple-precision floating-point formats, as well as the fidelity of the input data 
measurements.  Unfortunately this tool contributes to misuse, misunderstanding and even 
some unnecessary tension and effort expended by the various users. 
 
This is precisely why it is beneficial to all users to understand and appreciate the methods 
underlying the use of GIS and Engineering/Surveying data.  Simplifying procedures and 
reducing distortions are highly desirable to promote teamwork and convergence of data 
use, but pitfalls must be avoided. 
 
Users of spatial data must continue to pursue convergence on congruent information to 
promote and achieve better communication and decision-making.  Use of LDP’s will help 
simplify techniques and further reduce dilutions of precision (used here in the broadest 
sense of the term). 
 
Prior to the advent of GPS surveying, few people were even aware of distinctions 
between elevation, ellipsoid height and geoid-ellipsoid differences.  But considering the 
importance to public safety (e.g., predicting flood crests and the timely evacuation of 
potential victims), the shared understanding of the difference between the vertical 
position of observed points with reference to the earth’s geocentric origin, or a sea level 
datum or a vertical datum is vital. 
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Efforts to improve vertical measurements using GPS techniques are a continuing goal.  
Please refer to the NGS website on height modernization. (11)  Unfortunately, pursuing 
height modernization is an expensive task. 
 
Just as facilitating improvements in vertical measurements is a noble goal, so is the 
establishment of LDP’s, which diminishes distortions in horizontal measurements.  
Fortunately, establishing LDP’s is a significantly less expensive task. 
 
Minkel and Dennis outline the rationale for establishing LDP’s:  (12, 
http://www.ngs.noaa.gov/Convocation2005/Presentations/Low_Distortion_Projections_D
_Minkel.ppt) 
 

• An LDP is “A mapping projection that minimizes the difference between 
distances depicted in a GIS when compared to the real-world distances “at 
ground”. 

•  “Standard” mapping projections are “at sea level” (ellipsoid), elevation increases 
the distortion 

• “Standard” mapping projections usually do not have Central Meridian and 
Latitude origin near project, which increases distortion variability and 
convergence angle. 

• Engineers & Surveyors use them daily 
• The value of a GIS increases directly as a function of its accurate portrayal of 

items of interest 
– Local govt. GIS managers are realizing the benefits of incorporating as-

builts and COGO 
– Better decision support from the GIS 

• There is virtually no “cost” to using them 
– “On-the-fly” reprojection is a reality 

• Standard Projections are not good enough for local GIS  
– UTM distortion is 1:2,500 (2.1 ft per mile) 
– SPC distortion is 1:10,000 (0.5 ft per mile) 
– But in both cases distortion at ground usually much greater” 

 
Emphasis needs to be placed on Minkel and Dennis’s observation that engineers and 
surveyors already use LDP’s daily.  However, it may not be obvious to engineers and 
surveyors because we have not called our project datums “LDP’s.”  As stated previously 
in the discussion on horizontal taping and slope taping, “What is common to all these 
plane surveying techniques is that observed elevations and distances are projected to a 
“local” datum” with its unique point of beginning (POB), “or what is sometimes referred 
to as a flat plane located at approximate, local “ground.” 
 
Rather than projecting data to a state plane coordinate system when we do not need to 
make a map for an area the size of several counties, it makes more sense to use LDP’s.   
Computers, databases and GIS are essential “card catalogs” for spatial data that is part of 
the legal public record.  We have a responsibility to preserve this data, preferably in a 
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well-planned, coordinated repository simply projected to local ground (LDP’s), rather 
than projected to state plane coordinates with accompanying scale factors. 
 
Armstrong (4, p. 29) recognized the need to incorporate LDP zones “into the appropriate 
‘coordinate system management/definition’ module of that software” being used in the 
field.  Establishment and publication of parameters for each “standard” LDP zone would 
also help eliminate confusion.  However, pursuit of a coordinated state “system” of 
LDP’s should not be mistaken as prohibiting anyone from creating their own “private” 
projection.  Iowa Surveyors have indicated that their professional organization (SLSI) 
may be interested in pursuing codification of the “standard” LDP’s at a later time. 
 
Projections 
 
Basically, measured points on the earth’s surface can be projected onto a developable 
(capable of being “flattened”) surface, similar to the shadow of a moth (located near a 
light bulb) being projected onto a lamp shade. 
 
The diagrams below show the mathematical relationships between lat-long (phi-lamda) of 
a point on the earth’s surface (3D, on the left), and its corresponding X-Y coordinate 
locations on a developed map (2D, on the right).  Anderson and Mikhail (1, pp.629-659) 
provide an excellent resource on projection theory. 
 

Latitude = φ (phi) and Longitude = λ (lamda) 
                   V 

 
     φ = fφ(X,Y)                X = fX (φ, λ) 
     λ = fλ (X,Y)                Y = fY (φ, λ) 

 
Latitude-Longitude Positions Projected onto a Developed Cone  

 
Armstrong (4) provides excellent diagrams, details and discussion on this concept, 
especially as it pertains to LDP’s.  The diagram below portrays a cross-section of the 
earth along its axis, a cross-section of a developable cone projection plane (Oregon State 
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Plane grid), a cross section of the ground surface and a cross-section of a Local Datum 
Plane (LDP). 
 

 
 

Local Datum Plane Coordinate System 
enlarged to show spheroid to LDPC plane (4, p. 6) 

 
A developable cone projection was chosen for discussion because it is anticipated that a 
Lambert Conformal Conic projection would possibly provide the best fit for Iowa’s 
geometry, but other projections are possible. 
 
Dennis (4, pp. 10 -14) has determined that there are two general types of map projection 
distortion:  linear distortion due to earth curvature, and linear distortion due to ground 
height above the ellipsoid, which are detailed in the two following figures. 
 
To assist the reader with visualization, the dark blue curve (cross-section of the Ellipsoid, 
or spheroid surface, near sea level) represents a meridian on the spheroid (north pole to 
left, and south pole to right).  The green line (Projection surface or secant) represents a 
projection of the meridian on a developable cone (apex of the cone to the left, and base of 
the cone to the right). 
 
Linear distortion is “The difference in distance between a pair of grid (map) coordinates 
when compared to the true (ground) distance, … shown by δ” in the tables accompanying 
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the two figures.  “This may be expressed as a ratio of distortion length to ground length: 
e.g., feet of distortion per mile; parts per million.” (4, p. 11) 
 

 
(4, p. 12) 

 
Dennis (4, pp. 11 -14) classifies a second source of linear distortion as relative to ground 
surface height above the ellipsoid, but not because of any relationship with the curvature 
of the ellipsoid.  The distortions are tabulated below. 
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(4, p. 13) 

 
Additional computational relationships using different nominal units of measure 
evaluated by Iowa DOT and SLSI are presented below to provide comparisons: 
  

Distortion Caused by Projection 
200 ppm, or 1:5000;  approx. 1’ per mile 
100 ppm, or 1:10,000;  approx. 0.5’ per mile, or 3’ per township 
33.3 ppm, or 1:30,000;  approx. 0.17’ per mile, or 1’ per township, or 4’ per county 
20 ppm, or 1:50,000;  approx. 0.1’ per mile, or 0.6’ per township, or 2.4’ per county 
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Dennis has developed computer programs that analyze the earth curvature and the terrain 
height above the ellipsoid, and then classify those locations for a maximum ppm 
distortion.  The color-coded map below for the Bend-Redmond-Prineville Zone depicts 
those areas where distortion is within or outside of an acceptable design range.  The more 
densely populated areas where low distortions are more necessary are between the 
mountain ranges. 
 

 
(4, p. A-4) 
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Dennis (4, pp. 15 – 18) outlines six steps for designing a low distortion projection (LDP).  
Basically, once the maximum distortion is established (i.e., 20 ppm), project areas are 
defined, and a representative ellipsoid height, ho (not elevation) is established.  “Note that 
as the size of the area increases, the effect of Earth curvature on distortion increases, and 
it must be considered in addition to the effect of topographic height, e.g., for areas wider 
than about 56 km (35 miles) perpendicular to the projection axis (i.e., ~28 km or ~18 
miles either side of projection axis), distortion due to curvature alone exceeds 5 parts per 
million (ppm).  (4, p. 15) 

 
Diagram showing the affect of scaling the projection to a representative height above the 

ellipsoid (4, p. 15) 
 

Designing, establishing and publishing a series of coordinated LDP zones within a state 
helps data users to quantify linear distortion due to earth curvature and ground height 
above ellipsoid in that projection.  Using LDP zones where the range of linear distortion 
is “controlled” allows a better realization of the remaining sources of distortion inherent 
in the measuring activity.  Having this information is helpful in assessing and accounting 
for distortion within project “distortion budgets” to determine the final adjusted solution. 
 
This paper is offered as a step in a continuing effort to promote better understanding of 
land and feature measurements, both historic and contemporary, especially when data 
layers from different eras are superimposed.  A clearer awareness of accuracy issues and 
an appreciation of the skills of our fellow data users are necessary characteristics of 
converging professions. 
 
Helping people make informed decisions is the essence of education, teamwork and 
efficiency. 
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Summary 
 
What is an LDP? 

· An LDP is a mapping projection that minimizes the difference between distances 
depicted in a GIS digital map when compared to the real-world distances “at ground”. 

· “Standard” mapping projections are “at sea level” (ellipsoid), and elevation increases 
the distortion. 

· “Standard” mapping projections usually do not have Central Meridian and Latitude 
origin near project, which increases distortion variability and convergence angle. 

 
How would it make project surveying easier? 

· Engineers and Surveyors have used datums “at ground” for years.  What is common 
to practically all plane surveying techniques is that observed elevations and distances 
are projected to a “local” datum” with its unique point of beginning (POB), or what is 
sometimes referred to as a flat plane located at approximate, local ground.  Higher-
precision technology has made distortions more noticeable. 

· The value of a GIS increases directly as a function of its accurate portrayal of items 
of interest: 

o Local government GIS managers are realizing the benefits of incorporating 
as-builts and COGO. 

o LDP’s provide better decision support from GIS. 
· There is virtually no “cost” to using LDP’s once they are established.  “On-the-fly” 

reprojection is a reality and the distortion due to earth curvature and ground height 
above the ellipsoid is quantifiable. 

· Standard Projections are not good enough for local GIS and other applications:  
o UTM distortion is 1:2,500 (2.1 ft per mile). 
o SPC distortion is 1:10,000 (0.5 ft per mile). 
o But in both cases distortion at ground is usually much greater. 

 
Would LDP use be mandatory? 

· Utilization of LDP’s would be optional.  However, it makes sense to reproject to an 
LDP “on-the-fly” to help simplify techniques and reduce distortions. 
 

How will LDP’s be implemented? 
· Oregon has committed to establishing LDP’s and other states reportedly are moving 

in that direction.  The Iowa DOT is developing an RFP for geodesists to establish a 
statewide, coordinated system of LDP’s.  Implementation in Iowa could happen with 
or without input from other interested organizations, but broad participation, 
coordination and education would be prudent. 

· Measurement provenance and metadata are extremely important. 
· GIS technology has a large, diverse user community, ranging from recreational 

mappers to professional cartographers, engineers and surveyors.  More data from 
more diverse professionals increases the probability of a greater number of GIS 
mash-ups. 

· When all users better understand and appreciate the methods underlying the use of 
GIS and Engineering/Surveying data, everyone benefits.  Simplifying procedures and 
reducing distortions are highly desirable to promote teamwork and convergence of 
data use. 



 22 

Sources Cited 
 

1. Anderson, James M. and Edward M. Mikhail, Surveying Theory and Practice, 7th 
Ed., McGraw Hill, ISBN 0-07-015914-9, 1998. 

2. Wolf, Paul R. and Charles D. Ghilani, Adjustment Computations, Wiley 
Interscience, ISBN 0-471-16833-5, 1997. 

3. Leica Geosystems AG, GPS System 500 Equipment User Manual, Version 1.0, 
St. Gallen, Switzerland, 1998. 

4. Armstrong, Mark L. (Lead Author), Oregon Coordinate Reference System 
Handbook and User Guide, Version 1.0, Oregon Department of Transportation 
Highway Division, Geometronics Unit, April 16, 2010. 
[Version 2.00, March 25, 2011 available at 
http://www.oregon.gov/ODOT/HWY/GEOMETRONICS/docs/OCRS_Handbook
_User_Guide.pdf?ga=t] 

5. Moffitt, Francis H., and Harry Bouchard, Surveying, 7th Edition, ISBN 0-06-
044559-9, 1982. 

6. Robinson, Arthur H., Joel L. Morrison, Phillip C. Muehrcke, A. Jon Kimerling 
and Stephen C. Guptill, Elements of Cartography, 6th Edition, ISBN 0-471-55579-
7, John Wiley & Sons, 1995. 

7. Van Sickle, Jan, GPS for Land Surveyors, 2nd Edition, ISBN 1-57504-075-1, 
Sleeping Bear Press, 2001. 

8. Schrock, Gavin, “After RTK,” Professional Surveyor, Vol. 32, No. 6, June 2012. 
9. National Geodetic Survey, http://www.ngs.noaa.gov/GEOID/GEOID96/ 
10. Robinson, Arthur H., Joel L. Morrison, Phillip C. Muehrcke, A. Jon Kimerling 

and Stephen C. Guptill, Elements of Cartography, 6th Edition, ISBN 0-471-55579-
7, John Wiley & Sons, 1995. 

11. National Geodetic Survey, http://www.ngs.noaa.gov/heightmod/ 
12. Minkel, Dave and Michael Dennis, “Low Distortion Projection Tools - additions 

to the Geodetic Tool Kit,” National Geodetic Survey, 
http://www.ngs.noaa.gov/Convocation2005/Presentations/Low_Distortion_Projec
tions_D_Minkel.ppt 

  
 
 


