


Conversion Factors

Length
1 millimeter 1mm2 = 1000 micrometers 1mm2
1 centimeter 1cm2 = 10 mm
1 meter 1m2 = 100 cm
1 m = 39.37 inches 1in2 [U.S. Survey Foot]
1 kilometer 1km2 = 1000 m
1 km = 0.62137 miles
1 in. = 25.4 mm exactly [International Foot]
1 ft = 304.8 mm exactly [International Foot]
1 mile = 5280 ft
1 nautical mile = 6076.10 ft = 1852 m
1 rod = 1 pole = 1 perch = 16.5 ft
1 Gunter’s chain 1ch2 = 66 ft = 4 rods
1 mile = 80 ch
1 vara = about 33 inches in Mexico and 

California and 33@1>3 inches in Texas
1 fathom = 6 ft

Volume
1 m3 =  35.31 ft3

1 yd3 = 27 ft3 = 0.7646 m3

1 litre = 0.264 gal [U.S.]
1 litre = 0.0013

1 gal [U.S.] = 3.785 litres
1 ft3 = 7.481 gal [U.S.]
1 gal [Imperial] = 4.546 litres = 1.201 gal [U.S.]

Area
1 mm2 = 0.00155 in.2

1 m2 = 10.76 ft2

1 km2 = 247.1 acres
1 hectare 1ha2 = 2.471 acres
1 acre = 43,560 ft2

1 acre = 10 ch2, i .e ., 10 166 ft * 66 ft2
1 acre = 4046.9 m2

1 ft2 = 0.09290 m2

1 ft2 = 144 in.2

1 in.2 = 6.452 cm2

1 mile2 = 640 acres 1normal section2
Angles
1 revolution = 360 degrees = 2p radians
1° 1degree2 = 60′ 1minutes2
1′ = 60″ 1seconds2
1° = 0.017453292 radians
1 radian = 57.29577951° = 57°17′44.806″ 
1 radian = 206,264.8062″
1 revolution = 400 grads 1also called gons2
tan 1″ = sin 1″ = 0.000004848
p = 3.141592654

Other Conversions
1 gram 1g2 = 0.035 oz
1 kilogram 1kg2 = 1000 g = 2.20 lb
1 ton = 2000 lb = 2 kips = 907 kg
1 m>sec = 3.28 ft>sec
1 km>hr = 0.911 ft>sec = 0.621 mi>hr

GPS SiGnAL FrequenCieS

Code Frequency (MHz)

C/A 1.023
P 10.23

L1 1575.42
L2 1227.60
L5 1176.45

eLLiPSOid PArAmeterS

Ellipsoid Semimajor Axis (a) Semiminor Axis (b) Flattening 11>f2
Clarke, 1866 6,378,206.4 6,356,583.8 294.97870

GRS80 6,378,137.000 6,356,752.314 298.257222101
WGS84 6,378,137.000 6,356,752.314 298.257223563



Some Other important numbers in Surveying (Geomatics)

errors and error Analysis
68.3 = percent of observations that are expected within the limits of one standard deviation
0.6745 = coefficient of standard deviation for 50% error 1probable error2
1.6449 = coefficient of standard deviation for 90% error
1.9599 = coefficient of standard deviation for 95% error 1two@sigma error2
electronic distance measurement
299,792,458 m>sec = speed of light or electromagnetic energy in a vacuum
1 Hertz 1Hz2 = 1 cycle per second
1 kilohertz 1kHz2 = 1000 Hz
1 megahertz 1MHz2 = 1000 kHz
1 gigahertz 1GHz2 = 1000 MHz
1.0003 = approximate index of atmospheric refraction 1varies from 1.0001 to 1.00052
760 mm of mercury = standard atmospheric pressure

taping
0.00000645 = coefficient of expansion of steel tape, per 1°F
0.0000116 = coefficient of expansion of steel tape, per 1°C
29,000,000 lb>in.2 = 2,000,000 kg>cm2 = Young’s modulus of elasticity for steel
490 lb>ft3 = density of steel for tape weight computations
15°F = change in temperature to produce a 0.01 ft length change in a 100 ft steel tape
68°F = 20°C = standard temperature for taping

Leveling
0.574 = coefficient of combined curvature and refraction 1ft>miles22
0.0675 = coefficient of combined curvature and refraction 1m>km22
20.6 m = 68 ft = approximate radius of a level vial having a 20″ sensitivity

miscellaneous
6,371,000 m = 20,902,000 ft = approximate mean radius of the earth
1.15 miles = approximately 1 minute of latitude = approximately 1 nautical mile
69.1 miles = approximately 1 degree of latitude
101 ft = approximately 1 second of latitude
24 hours = 360° of longitude
15° longitude = width of one time zone, i .e ., 360°>24 hr
23°26.5′ = approximate maximum declination of the sun at the solstaces
23h56m04.091s = length of sidereal day in mean solar time, which is 3m55.909s of

mean solar time short of one solar day
5,729.578 ft = radius of 1° curve, arc definition
5,729.651 ft = radius of 1° curve, chord definition
100 ft = 1 station, English system
1000 m = 1 station, metric system
6 miles = length and width of a normal township
36 = number of sections in a normal township
10,000 km = distance from equator to pole and original basis for the length of the meter



FPO

Fourteenth Edition

Charles D. Ghilani
Professor of Engineering
The Pennsylvania State University

Paul r. Wolf
Professor Emeritus, Civil and Environmental Engineering
University of Wisconsin–Madison

Elementary  
Surveying
An Introduction  
to Geomatics

Boston  Columbus  Indianapolis  New York  San Francisco  Upper Saddle River 
Amsterdam  Cape Town  Dubai  London  Madrid  Milan  Munich  Paris  Montréal  Toronto 

Delhi  Mexico City  São Paulo  Sydney  Hong Kong  Seoul  Singapore  Taipei  Tokyo



Vice President and Editorial Director, ECS: Marcia Horton
Executive Editor: Holly Stark
Editorial Assistant: Carlin Heinle
Program Management Team Lead: Scott Disanno
Program Manager: Clare Romeo
Project Manager: Camille Trentacoste
Operations Specialist: Linda Sager
Executive Marketing Manager: Tim Galligan
Cover Designer: Black Horse Designs
Cover Image: Jarlath O’Neil-Dunne
Media Project Manager: Renata Butera
Composition/Full Service Project Management: Integra Software Services Pvt. Ltd.

Copyright © 2015, 2012, 2008 by Pearson Education, Inc., Upper Saddle River, New Jersey, 07458, 
Pearson Prentice-Hall. All rights reserved. Printed in the United States of America. This publication 
is protected by Copyright and permission should be obtained from the publisher prior to any  
prohibited reproduction, storage in a retrieval system, or transmission in any form or by any 
means, electronic, mechanical, photocopying, recording, or likewise. For information regarding 
permission(s), write to: Rights and Permissions Department.

Pearson Prentice Hall™ is a trademark of Pearson Education, Inc.
Pearson® is a registered trademark of Pearson plc
Prentice Hall® is a registered trademark of Pearson Education, Inc.

The cover graphic was produced by Jarlath O’Neil-Dunne of the University of Vermont Spatial 
Analysis Laboratory using LiDAR data acquired in 2010 over the City of New York by the Sanborn 
Map Company. The LiDAR data were provided courtesy of the City of New York Department of 
Information Technology and Communications. Section 27.18 in this text discusses data acquisition 
using LiDAR.

Library of Congress Cataloging-in-Publication Data
Ghilani, Charles D.
 Elementary surveying: an introduction to geomatics / Charles D. Ghilani,  
Paul R. Wolf.—Fourteenth edition.
  pages cm
 Includes bibliographical references and index.
 ISBN-13: 978-0-13-375888-7 (alk. paper)
 ISBN-10: 0-13-375888-5 (alk. paper)
1. Surveying. 2. Geomatics. I. Wolf, Paul R. II. Title.
 TA545.G395 2015
 526.9–dc23
 2013039661

ISBN-10:    0-13-375888-5
ISBN-13: 978-0-13-375888-7



Table of Contents

Preface xix

What’s New xx
Acknowledgments xxi

1 • IntroductIon 1

 1.1 Definition of Surveying  1
 1.2 Geomatics  3
 1.3 History of Surveying  4
 1.4 Geodetic and Plane Surveys  8
 1.5 Importance of Surveying  9
 1.6 Specialized Types of Surveys  10
 1.7 Surveying Safety  12
 1.8 Land and Geographic Information Systems  13
 1.9 Federal Surveying and Mapping Agencies  14
 1.10 The Surveying Profession  15
 1.11 Professional Surveying Organizations  16
 1.12 Surveying on the Internet  17
 1.13 Future Challenges in Surveying  17
Problems  19
Bibliography  19



iv Table of ConTenTs

2 •  unIts, sIgnIfIcant fIgures,  
and fIeld notes 21

PART I UnITs And sIgnIfIcAnT fIgURes  21

 2.1 Introduction  21
 2.2 Units of Measurement  21
 2.3 International System of Units (SI)  23
 2.4 Significant Figures  25
 2.5 Rounding Off Numbers  27

PART II fIeld noTes  28

 2.6 Field Notes  28
 2.7 General Requirements of Handwritten Field Notes  29
 2.8 Types of Field Books  30
 2.9 Kinds of Notes  31
 2.10 Arrangements of Notes  31
 2.11 Suggestions for Recording Notes  32
 2.12 Introduction to Survey Controllers  34
 2.13 Transfer of Files from Survey Controllers  38
 2.14 Digital Data File Management  38
 2.15 Advantages and Disadvantages of Survey Controllers  40
Problems  41
Bibliography  42

3 • theory of errors In observatIons 43

 3.1 Introduction  43
 3.2 Direct and Indirect Observations  43
 3.3 Errors in Measurements  44
 3.4 Mistakes  44
 3.5 Sources of Errors in Making Observations  45
 3.6 Types of Errors  45
 3.7 Precision and Accuracy  46
 3.8 Eliminating Mistakes and Systematic Errors  47
 3.9 Probability  47
 3.10 Most Probable Value  48
 3.11 Residuals  49
 3.12 Occurrence of Random Errors  49
 3.13 General Laws of Probability  53
 3.14 Measures of Precision  54
 3.15 Interpretation of Standard Deviation  56
 3.16 The 50, 90, and 95 Percent Errors  56
 3.17 Error Propagation  58
 3.18 Applications  63
 3.19 Conditional Adjustment of Observations  63
 3.20 Weights of Observations  64



Table of ConTenTs v

 3.21 Least-Squares Adjustment  65
Problems  66
Bibliography  68

4 •  levelIng—theory, Methods,  
and equIPMent 69

PART I levelIng—TheoRy And MeThods  69

 4.1 Introduction  69
 4.2 Definitions  69
 4.3 North American Vertical Datum  71
 4.4 Curvature and Refraction  72
 4.5 Methods for Determining Differences in Elevation  74

PART II eqUIPMenT foR dIffeRenTIAl levelIng  81

 4.6 Categories of Levels  81
 4.7 Telescopes  82
 4.8 Level Vials  83
 4.9 Tilting Levels  85
 4.10 Automatic Levels  86
 4.11 Digital Levels  88
 4.12 Tripods  89
 4.13 Hand Level  89
 4.14 Level Rods  90
 4.15 Testing and Adjusting Levels  92
Problems  97
Bibliography  98

5 •  levelIng—fIeld Procedures  
and coMPutatIons 99

 5.1 Introduction  99
 5.2 Carrying and Setting Up a Level  99
 5.3 Duties of a Rodperson  101
 5.4 Differential Leveling  102
 5.5 Precision  108
 5.6 Adjustments of Simple Level Circuits  110
 5.7 Reciprocal Leveling  111
 5.8 Three-Wire Leveling  112
 5.9 Profile Leveling  113
 5.10 Grid, Cross-Section, or Borrow-Pit Leveling  118
 5.11 Use of the Hand Level  118
 5.12 Sources of Error in Leveling  118
 5.13 Mistakes  121
 5.14 Reducing Errors and Eliminating Mistakes  122



vi Table of ConTenTs

 5.15 Using Software  122
Problems  123
Bibliography  126

6 • dIstance MeasureMent 127

PART I MeThods foR MeAsURIng dIsTAnces  127

 6.1 Introduction  127
 6.2 Summary of Methods for Making Linear Measurements  127
 6.3 Pacing  128
 6.4 Odometer Readings  128
 6.5 Optical Rangefinders  129
 6.6 Tacheometry  129
 6.7 Subtense Bar  129

PART II dIsTAnce MeAsUReMenTs by TAPIng  129

 6.8 Introduction to Taping  129
 6.9 Taping Equipment and Accessories  130
 6.10 Care of Taping Equipment  131
 6.11 Taping on Level Ground  132
 6.12 Horizontal Measurements on Sloping Ground  134
 6.13 Slope Measurements  135
 6.14 Sources of Error in Taping  137

PART III elecTRonIc dIsTAnce MeAsUReMenT  141

 6.15 Introduction  141
 6.16 Propagation of Electromagnetic Energy  142
 6.17 Principles of Electronic Distance Measurement  145
 6.18 Electro-Optical Instruments  147
 6.19 Total Station Instruments  149
 6.20 EDM Instruments Without Reflectors  150
 6.21 Computing Horizontal Lengths from Slope Distances  151
 6.22 Errors in Electronic Distance Measurement  153
 6.23 Using Software  158
Problems  159
Bibliography  160

7 • angles, azIMuths, and bearIngs 161

 7.1 Introduction  161
 7.2 Units of Angle Measurement  161
 7.3 Kinds of Horizontal Angles  162
 7.4 Direction of a Line  164



Table of ConTenTs vii

 7.5 Azimuths  164
 7.6 Bearings  165
 7.7 Comparison of Azimuths and Bearings  166
 7.8 Computing Azimuths  168
 7.9 Computing Bearings  170
 7.10 The Compass and the Earth’s Magnetic Field  171
 7.11 Magnetic Declination  173
 7.12 Variations in Magnetic Declination  175
 7.13 Software for Determining Magnetic Declination  175
 7.14 Local Attraction  177
 7.15 Typical Magnetic Declination Problems  177
 7.16 Mistakes  179
Problems  180
Bibliography  182

8 •  total statIon InstruMents;  
angle observatIons 183

PART I ToTAl sTATIon InsTRUMenTs  183

 8.1 Introduction  183
 8.2 Characteristics of Total Station Instruments  183
 8.3 Functions Performed by Total Station Instruments  186
 8.4 Parts of a Total Station Instrument  187
 8.5 Handling and Setting up a Total Station Instrument  190
 8.6 Servo-Driven and Remotely Operated Total  

Station Instruments  193

PART II Angle obseRvATIons  195

 8.7 Relationship of Angles and Distances  195
 8.8 Observing Horizontal Angles with Total Station Instruments  196
 8.9 Observing Multiple Horizontal Angles by the Direction Method  198
 8.10 Closing the Horizon  200
 8.11 Observing Deflection Angles  201
 8.12 Observing Azimuths  202
 8.13 Observing Vertical Angles  203
 8.14 Sights and Marks  205
 8.15 Prolonging a Straight Line  206
 8.16 Balancing-In  207
 8.17 Random Traverse  208
 8.18 Total Stations for Determining Elevation Differences  209
 8.19 Adjustment of Total Station Instruments and Their Accessories  210
 8.20 Sources of Error in Total Station Work  214
 8.21 Propagation of Random Errors in Angle Observations  220
 8.22 Mistakes  221
Problems  221
Bibliography  223



viii Table of ConTenTs

9 • traversIng 224

 9.1 Introduction  224
 9.2 Observation of Traverse Angles or Directions  226
 9.3 Observation of Traverse Lengths  227
 9.4 Selection of Traverse Stations  228
 9.5 Referencing Traverse Stations  229
 9.6 Traverse Field Notes  230
 9.7 Angle Misclosure  230
 9.8 Traversing with Total Station Instruments  232
 9.9 Radial Traversing  233
 9.10 Sources of Error in Traversing  235
 9.11 Mistakes in Traversing  235
Problems  235

10 • traverse coMPutatIons 237

 10.1 Introduction  237
 10.2 Balancing Angles  238
 10.3 Computation of Preliminary Azimuths or Bearings  240
 10.4 Departures and Latitudes  241
 10.5 Departure and Latitude Closure Conditions  243
 10.6 Traverse Linear Misclosure and Relative Precision  243
 10.7 Traverse Adjustment  244
 10.8 Rectangular Coordinates  247
 10.9 Alternative Methods for Making Traverse  

Computations  248
 10.10 Inversing  252
 10.11 Computing Final Adjusted Traverse Lengths  

and Directions  253
 10.12 Coordinate Computations in Boundary Surveys  255
 10.13 Use of Open Traverses  257
 10.14 State Plane Coordinate Systems  260
 10.15 Traverse Computations Using Computers  261
 10.16 Locating Blunders in Traverse Observations  261
 10.17 Mistakes in Traverse Computations  264
Problems  264
Bibliography  267

11 •  coordInate geoMetry In  
surveyIng calculatIons 268

 11.1 Introduction  268
 11.2 Coordinate Forms of Equations for Lines  

and Circles  269
 11.3 Perpendicular Distance from a Point to a Line  271



Table of ConTenTs ix

 11.4 Intersection of Two Lines, Both Having  
Known Directions  273

 11.5 Intersection of a Line with a Circle  275
 11.6 Intersection of Two Circles  278
 11.7 Three-Point Resection  280
 11.8 Two-Dimensional Conformal Coordinate  

Transformation  283
 11.9 Inaccessible Point Problem  288
 11.10 Three-Dimensional Two-Point Resection  290
 11.11 Software  293
Problems  294
Bibliography  298

12 • area 299

 12.1 Introduction  299
 12.2 Methods of Measuring Area  299
 12.3 Area by Division into Simple Figures  300
 12.4 Area by Offsets from Straight Lines  301
 12.5 Area by Coordinates  303
 12.6 Area by Double-Meridian Distance Method  307
 12.7 Area of Parcels with Circular Boundaries  310
 12.8 Partitioning of Lands  311
 12.9 Area by Measurements from Maps  315
 12.10 Software  317
 12.11 Sources of Error in Determining Areas  318
 12.12 Mistakes in Determining Areas  318
Problems  318
Bibliography  320

13 •  global navIgatIon satellIte  
systeMs—IntroductIon and  
PrIncIPles of oPeratIon 321

 13.1 Introduction  321
 13.2 Overview of GPS  322
 13.3 The GPS Signal  324
 13.4 Reference Coordinate Systems  327
 13.5 Fundamentals of Satellite Positioning  337
 13.6 Errors in Observations  339
 13.7 Differential Positioning  347
 13.8 Kinematic Methods  349
 13.9 Relative Positioning  350
 13.10 Other Satellite Navigation Systems  353
 13.11 The Future  356
Problems  357
Bibliography  358



x Table of ConTenTs

14 •  global navIgatIon satellIte  
systeMs—statIc surveys 359

 14.1 Introduction  359
 14.2 Field Procedures in Static GNSS Surveys  361
 14.3 Planning Satellite Surveys  363
 14.4 Performing Static Surveys  375
 14.5 Data Processing and Analysis  376
 14.6 Things to Consider  384
 14.7 Sources of Errors in Satellite Surveys  386
 14.8 Mistakes in Satellite Surveys  388
Problems  389
Bibliography  391

15 •  global navIgatIon satellIte  
systeMs—KIneMatIc surveys 392

 15.1 Introduction  392
 15.2 Planning of Kinematic Surveys  393
 15.3 Initialization  395
 15.4 Equipment Used in Kinematic Surveys  396
 15.5 Methods Used in Kinematic Surveys  398
 15.6 Performing Post-Processed Kinematic Surveys  401
 15.7 Communication in Real-Time Kinematic Surveys  404
 15.8 Real-Time Networks  405
 15.9 Performing Real-Time Kinematic Surveys  406
 15.10 Machine Guidance and Control  408
 15.11 Errors in Kinematic Surveys  411
 15.12 Mistakes in Kinematic Surveys  411
Problems  411
Bibliography  412

16 • adjustMents by least squares 413

 16.1 Introduction  413
 16.2 Fundamental Condition of Least Squares  415
 16.3 Least-Squares Adjustment by the Observation Equation Method  416
 16.4 Matrix Methods in Least-Squares Adjustment  420
 16.5 Matrix Equations for Precisions of Adjusted Quantities  422
 16.6 Least-Squares Adjustment of Leveling Circuits  424
 16.7 Propagation of Errors  428
 16.8 Least-Squares Adjustment of GNSS Baseline Vectors  429
 16.9 Least-Squares Adjustment of Conventional Horizontal  

Plane Surveys  435
 16.10 The Error Ellipse  444
 16.11 Adjustment Procedures  449



Table of ConTenTs xi

 16.12 Other Measures of Precision for Horizontal Stations  450
 16.13 Software  452
 16.14 Conclusions  452
Problems  453
Bibliography  459

17 • MaPPIng surveys 460

 17.1 Introduction  460
 17.2 Basic Methods for Performing Mapping Surveys  461
 17.3 Map Scale  462
 17.4 Control for Mapping Surveys  464
 17.5 Contours  465
 17.6 Characteristics of Contours  467
 17.7 Method of Locating Contours  468
 17.8 Digital Elevation Models and Automated Contouring Systems  470
 17.9 Basic Field Methods for Locating Topographic Details  471
 17.10 Planning a Laser-Scanning Survey  481
 17.11 Three-Dimensional Conformal Coordinate Transformation  483
 17.12 Selection of Field Method  485
 17.13 Working with Survey Controllers and Field-to-Finish Software  485
 17.14 Hydrographic Surveys  488
 17.15 Sources of Error in Mapping Surveys  492
 17.16 Mistakes in Mapping Surveys  492
Problems  493
Bibliography  494

18 • MaPPIng 496

 18.1 Introduction  496
 18.2 Availability of Maps and Related Information  497
 18.3 National Mapping Program  498
 18.4 Accuracy Standards for Mapping  498
 18.5 Manual and Computer-Aided Drafting Procedures  500
 18.6 Map Design  501
 18.7 Map Layout  503
 18.8 Basic Map Plotting Procedures  505
 18.9 Contour Interval  507
 18.10 Plotting Contours  507
 18.11 Lettering  508
 18.12 Cartographic Map Elements  509
 18.13 Drafting Materials  512
 18.14 Automated Mapping and Computer-Aided Drafting Systems  512
 18.15 Migrating Maps between Software Packages  518
 18.16 Impacts of Modern Land and Geographic Information  

Systems on Mapping  519
 18.17 Sources of Error in Mapping  519



xii Table of ConTenTs

 18.18 Mistakes in Mapping  519
Problems  520
Bibliography  522

19 •  control surveys and geodetIc  
reductIons 523

 19.1 Introduction  523
 19.2 The Ellipsoid and Geoid  524
 19.3 The Conventional Terrestrial Pole  526
 19.4 Geodetic Position and Ellipsoidal Radii of Curvature  528
 19.5 Geoid Undulation and Deflection of the Vertical  530
 19.6 U.S. Reference Frames  532
 19.7 Transforming Coordinates Between Reference Frames  537
 19.8 Accuracy Standards and Specifications for Control Surveys  542
 19.9 The National Spatial Reference System  545
 19.10 Hierarchy of the National Horizontal-Control Network  545
 19.11 Hierarchy of the National Vertical-Control Network  546
 19.12 Control Point Descriptions  546
 19.13 Field Procedures for Conventional Horizontal-Control Surveys  549
 19.14 Field Procedures for Vertical-Control Surveys  554
 19.15 Reduction of Field Observations to Their Geodetic Values  559
 19.16 Geodetic Position Computations  572
 19.17 The Local Geodetic Coordinate System  575
 19.18 Three-Dimensional Coordinate Computations  576
 19.19 Software  579
Problems  579
Bibliography  582

20 •  state Plane coordInates  
and other MaP ProjectIons 583

 20.1 Introduction  583
 20.2 Projections Used In State Plane Coordinate Systems  584
 20.3 Lambert Conformal Conic Projection  587
 20.4 Transverse Mercator Projection  588
 20.5 State Plane Coordinates in NAD27 and NAD83  589
 20.6 Computing SPCS83 Coordinates in the Lambert Conformal  

Conic System  590
 20.7 Computing SPCS83 Coordinates in the Transverse Mercator 

System  595
 20.8 Reduction of Distances and Angles to State Plane Coordinate  

Grids  602
 20.9 Computing State Plane Coordinates of Traverse Stations  611
 20.10 Surveys Extending from One Zone to Another  614
 20.11 The Universal Transverse Mercator Projection  616
 20.12 Other Map Projections  616



Table of ConTenTs xiii

 20.13 Map Projection Software  620
Problems  622
Bibliography  625

21 • boundary surveys 626

 21.1 Introduction  626
 21.2 Categories of Land Surveys  627
 21.3 Historical Perspectives  628
 21.4 Property Description by Metes and Bounds  629
 21.5 Property Description by Block-and-Lot System  632
 21.6 Property Description by Coordinates  634
 21.7 Retracement Surveys  634
 21.8 Subdivision Surveys  637
 21.9 Partitioning Land  639
 21.10 Registration of Title  640
 21.11 Adverse Possession and Easements  641
 21.12 Condominium Surveys  641
 21.13 Geographic and Land Information Systems  648
 21.14 Sources of Error in Boundary Surveys  648
 21.15 Mistakes  648
Problems  649
Bibliography  651

22 • surveys of the PublIc lands 652

 22.1 Introduction  652
 22.2 Instructions for Surveys of the Public Lands  653
 22.3 Initial Point  656
 22.4 Principal Meridian  657
 22.5 Baseline  658
 22.6 Standard Parallels (Correction Lines)  659
 22.7 Guide Meridians  659
 22.8 Township Exteriors, Meridional (Range) Lines,  

and Latitudinal (Township) Lines  660
 22.9 Designation of Townships  661
 22.10 Subdivision of a Quadrangle into Townships  661
 22.11 Subdivision of a Township into Sections  663
 22.12 Subdivision of Sections  664
 22.13 Fractional Sections  665
 22.14 Notes  665
 22.15 Outline of Subdivision Steps  665
 22.16 Marking Corners  667
 22.17 Witness Corners  667
 22.18 Meander Corners  668
 22.19 Lost and Obliterated Corners  668
 22.20 Accuracy of Public Lands Surveys  671



xiv Table of ConTenTs

 22.21 Descriptions by Township, Section, and Smaller Subdivision  671
 22.22 BLM Land Information System  672
 22.23 Sources of Error  673
 22.24 Mistakes  673
Problems  674
Bibliography  676

23 • constructIon surveys 677

 23.1 Introduction  677
 23.2 Specialized Equipment for Construction Surveys  678
 23.3 Horizontal and Vertical Control  682
 23.4 Staking out a Pipeline  683
 23.5 Staking Pipeline Grades  684
 23.6 Staking out a Building  686
 23.7 Staking out Highways  690
 23.8 Other Construction Surveys  695
 23.9 Construction Surveys Using Total Station Instruments  696
 23.10 Construction Surveys Using GNSS Equipment  699
 23.11 Machine Guidance and Control  701
 23.12 As-Built Surveys with Laser Scanning  703
 23.13 Sources of Error in Construction Surveys  703
 23.14 Mistakes  704
Problems  704
Bibliography  705

24 • horIzontal curves 707

 24.1 Introduction  707
 24.2 Degree of Circular Curve  708
 24.3 Definitions and Derivation of Circular Curve Formulas  710
 24.4 Circular Curve Stationing  712
 24.5 General Procedure of Circular Curve Layout by Deflection Angles  713
 24.6 Computing Deflection Angles and Chords  715
 24.7 Notes for Circular Curve Layout by Deflection Angles  

and Incremental Chords  717
 24.8 Detailed Procedures for Circular Curve Layout by Deflection Angles  

and Incremental Chords  718
 24.9 Setups on Curve  719
 24.10 Metric Circular Curves by Deflection Angles and Incremental 

Chords  720
 24.11 Circular Curve Layout by Deflection Angles and Total Chords  722
 24.12 Computation of Coordinates on a Circular Curve  723
 24.13 Circular Curve Layout by Coordinates  724
 24.14 Curve Stakeout Using GNSS Receivers and Robotic Total Stations  730
 24.15 Circular Curve Layout by Offsets  731
 24.16 Special Circular Curve Problems  734



Table of ConTenTs xv

 24.17 Compound and Reverse Curves  735
 24.18 Sight Distance on Horizontal Curves  735
 24.19 Spirals  736
 24.20 Computation of “As-Built” Circular Alignments  741
 24.21 Sources of Error in Laying out Circular Curves  744
 24.22 Mistakes  744
Problems  745
Bibliography  747

25 • vertIcal curves 748

 25.1 Introduction  748
 25.2 General Equation of a Vertical Parabolic Curve  749
 25.3 Equation of an Equal Tangent Vertical Parabolic Curve  750
 25.4 High or Low Point on a Vertical Curve  752
 25.5 Vertical Curve Computations Using the Tangent-Offset Equation  752
 25.6 Equal Tangent Property of a Parabola  756
 25.7 Curve Computations by Proportion  757
 25.8 Staking a Vertical Parabolic Curve  757
 25.9 Machine Control in Grading Operations  758
 25.10 Computations for an Unequal Tangent Vertical Curve  759
 25.11 Designing a Curve to Pass Through a Fixed Point  761
 25.12 Sight Distance  762
 25.13 Sources of Error in Laying out Vertical Curves  764
 25.14 Mistakes  764
Problems  765
Bibliography  766

26 • voluMes 767

 26.1 Introduction  767
 26.2 Methods of Volume Measurement  767
 26.3 The Cross-Section Method  768
 26.4 Types of Cross-Sections  769
 26.5 Average-End-Area Formula  770
 26.6 Determining End Areas  771
 26.7 Computing Slope Intercepts  774
 26.8 Prismoidal Formula  776
 26.9 Volume Computations  778
 26.10 Unit-Area, or Borrow-Pit, Method  780
 26.11 Contour-Area Method  781
 26.12 Measuring Volumes of Water Discharge  782
 26.13 Software  784
 26.14 Sources of Error in Determining Volumes  785
 26.15 Mistakes  785
Problems  785
Bibliography  788



xvi Table of ConTenTs

27 • PhotograMMetry 789

 27.1 Introduction  789
 27.2 Uses of Photogrammetry  790
 27.3 Aerial Cameras  791
 27.4 Types of Aerial Photographs  793
 27.5 Vertical Aerial Photographs  793
 27.6 Scale of a Vertical Photograph  795
 27.7 Ground Coordinates from a Single Vertical Photograph  799
 27.8 Relief Displacement on a Vertical Photograph  801
 27.9 Flying Height of a Vertical Photograph  803
 27.10 Stereoscopic Parallax  804
 27.11 Stereoscopic Viewing  807
 27.12 Stereoscopic Measurement of Parallax  808
 27.13 Analytical Photogrammetry  810
 27.14 Stereoscopic Plotting Instruments  811
 27.15 Orthophotos  816
 27.16 Ground Control for Photogrammetry  817
 27.17 Flight Planning  818
 27.18 Airborne Laser-Mapping Systems  820
 27.19 Remote Sensing  821
 27.20 Software  826
 27.21 Sources of Error in Photogrammetry  828
 27.22 Mistakes  828
Problems  829
Bibliography  831

28 •  IntroductIon to geograPhIc  
InforMatIon systeMs 833

 28.1 Introduction  833
 28.2 Land Information Systems  836
 28.3 GIS Data Sources and Classifications  836
 28.4 Spatial Data  836
 28.5 Nonspatial Data  842
 28.6 Data Format Conversions  842
 28.7 Creating GIS Databases  845
 28.8 Metadata  851
 28.9 GIS Analytical Functions  852
 28.10 GIS Applications  856
 28.11 Data Sources  857
Problems  859
Bibliography  861



Table of ConTenTs xvii

aPPendIX a • taPe correctIon ProbleMs 863

 A.1 Correcting Systematic Errors in Taping  863

aPPendIX b • eXaMPle noteforMs 866

aPPendIX c • astronoMIcal observatIons 873

 C.1 Introduction  873
 C.2 Overview of Usual Procedures for Astronomical Azimuth 

Determination  874
 C.3 Ephemerides  876
 C.4 Definitions  879
 C.5 Time  882
 C.6 Timing Observations  884
 C.7 Computations for Azimuth from Polaris Observations  

by the Hour Angle Method  885
 C.8 Azimuth from Solar Observations  887
 C.9 Importance of Precise Leveling  888

aPPendIX d •  usIng the WorKsheets froM  
the coMPanIon WebsIte 889

 D.1 Introduction  889
 D.2 Using the Files  889
 D.3 Worksheets as an Aid in Learning  893

aPPendIX e • IntroductIon to MatrIces 895

 E.1 Introduction  895
 E.2 Definition of a Matrix  895
 E.3 The Dimensions of a Marix  896
 E.4 The Transpose of a Matrix  897
 E.5 Matrix Addition  897
 E.6 Matrix Multiplication  897
 E.7 Matrix Inverse  899



xviii Table of ConTenTs

aPPendIX f •  u.s. state Plane coordInate  
systeM defInIng ParaMeters 901

 F.1 Introduction  901
 F.2 Defining Parameters for States Using the Lambert Conformal  

Conic Map Projection  901
 F.3 Defining Parameters for States Using the Transverse Mercator  

Map Projection  903

aPPendIX g • ansWers to selected ProbleMs 906

IndeX 911



Preface

This 14th Edition of Elementary Surveying: An Introduction to Geomatics is a 
readable text that presents basic concepts and practical material in each of the 
areas fundamental to modern surveying (geomatics) practice. It is written pri-
marily for students beginning their study of surveying (geomatics) at the college 
level. Although the book is introductry to the practice of surveying, its depth and 
breadth also make it ideal for self-study and preparation for licensing examina-
tions. This edition includes more than 400 figures and illustrations to help clarify 
discussions, and numerous example problems are worked to illustrate compu-
tational procedures. Recognizing the proliferation of intelligent phones and the 
intention of Internet browsing ability in these phones and tablet devices, QR 
Codes have been introduced with this edition. These codes indicate that a video 
lesson on the material is available from the companion website for this book at 
http://www.pearsonhighered.com/ghilani and are accessible using a smart phone 
or other device with a QR code reader. See sample QR Code to the right. The 
65 videos provide complete, step-by-step solution walkthroughs of representative 
problems from the text and proper instrumentation procedures to use when in the 
field. These videos also provide additional assistance for students when working 
with equipment during homework and field exercises or in preparing for an exam 
or quiz. Please note: Users must download a QR code reader to their smartphone or 
tablet. Data and roaming charges may also apply.

In keeping with the goal of providing an up-to-date presentation of surveying 
equipment and procedures, total stations are stressed as the instruments for making 
angle and distance observations. With this in mind, a section on planning a ground-
based laser scanning survey has been introduced in this edition. Additionally, the 
LandXML format to exchange mapping files has also been introduced.

Since taping is now limited to distances under one-tape length and since tape 
corrections are seldom, if ever, performed in practice, tape correction problems 

http://www.pearsonhighered.com/ghilani
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have been moved to Appendix A. However, it is still important that the study of 
surveying including a complete presentation of taping so that students understand 
the proper use of tapes. Thus a discussion of the correction for systematic errors 
found in taping are still retained in this edition. Furthermore, transits and theodo-
lites, which are not used in practice, are just briefly introduced in the main body 
of the text for historical purposes. For those who still use these instruments, the 
reader should refer to previous editions of this book.

As with past editions, this book continues to emphasize the theory of 
errors in surveying work. At the end of each chapter, common errors and mis-
takes related to the topic covered are listed so that students will be reminded 
to exercise caution in all of their work. Practical suggestions resulting from the 
authors’ many years of experience are interjected throughout the text. Many of 
the 1000 after-chapter problems have been rewritten so that instructors can cre-
ate new assignments for their students. An Instructor’s Manual is available on 
the companion website at http://www.pearsonhighered.com/ghilani for this book 
to instructors who adopt the book by contacting their Prentice Hall sales repre-
sentative. Also available on this website are the short videos presenting the solu-
tion of selected example problems in this book.

Updated versions of STATS, WOLFPACK, and MATRIX are available 
on the companion website for this book at http://www.pearsonhighered.com/
ghilani. These programs contain options for statistical computations, traverse 
computations for polygon, link, and radial traverses; area calculations; astronom-
ical azimuth reduction; two-dimensional coordinate transformations; horizon-
tal and vertical curve computations; and least-squares adjustments. Mathcad® 
worksheets and Excel® spreadsheets are included on the companion website 
for this book. These programmed computational sheets demonstrate the solu-
tion to many of the example problems discussed herein. For those desiring addi-
tional knowledge in map projections, the Mercator, Albers Equal Area, Oblique 
Stereographic, and Oblique Mercator map projections have been included with 
these files. Additionally, instructional videos are available on the companion 
website demonstrating the solutions of selected problems throughout this book.

WhAT’s neW

	 •	 Video lessons on proper usage of instruments presented in this book.
	 •	 Images of new instruments and field book pages that match today’s 

instruments.
	 •	 Increased discussions on the changes in reference systems.
	 •	 Discussion on planning a laser-scanning survey.
	 •	 Discussion on the LandXML drawing exchange format.
	 •	 Revised discussion on point codes in field-to-finish surveying.
	 •	 Extended coverage on errors present in electronic distance measurements.
	 •	 Introduction to mobile mapping systems.
	 •	 Revised problem sets.
	 •	 Seven new instructional videos, demonstrating instrumental procedures 

and record keeping.

http://www.pearsonhighered.com/ghilani
http://www.pearsonhighered.com/ghilani
http://www.pearsonhighered.com/ghilani
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 ■ 1.1 Definition of Surveying

Surveying, which is also interchangeably called geomatics (see Section 1.2), has 
traditionally been defined as the science, art, and technology of determining the 
relative positions of points above, on, or beneath the Earth’s surface, or of estab-
lishing such points. In a more general sense, however, surveying (geomatics) can 
be regarded as that discipline that encompasses all methods for measuring and 
collecting information about the physical Earth and our environment, process-
ing that information, and disseminating a variety of resulting products to a wide 
range of clients. Surveying has been important since the beginning of civilization. 
Its earliest applications were in measuring and marking boundaries of property 
ownership. Throughout the years its importance has steadily increased with the 
growing demand for a variety of maps and other spatially related types of infor-
mation, and with the expanding need for establishing accurate line and grade to 
guide construction operations.

Today, the importance of measuring and monitoring our environment is 
becoming increasingly critical as our population expands; land values appreciate; 
our natural resources dwindle; and human activities continue to stress the quality 
of our land, water, and air. Using modern ground, aerial, and satellite technolo-
gies, and computers for data processing, contemporary surveyors are now able 
to measure and monitor the Earth and its natural resources on literally a global 
basis. Never before has so much information been available for assessing current 
conditions, making sound planning decisions, and formulating policy in a host of 
land-use, resource development, and environmental preservation applications.

Recognizing the increasing breadth and importance of the practice of 
 surveying, the International Federation of Surveyors (see Section 1.11) adopted 
the following definition:

1
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2 INTRODUCTION

A surveyor is a professional person with the academic qualifications and 
technical expertise to conduct one, or more, of the following activities;

	 •	 to determine, measure and represent the land, three-dimensional objects, 
point-fields, and trajectories;

	 •	 to assemble and interpret land and geographically related information;
	 •	 to use that information for the planning and efficient administration of the 

land, the sea and any structures thereon; and
	 •	 to conduct research into the above practices and to develop them.

Detailed Functions

The surveyor’s professional tasks may involve one or more of the following 
activities, which may occur either on, above, or below the surface of the land 
or the sea and may be carried out in association with other professionals.

 1. The determination of the size and shape of the earth and the measure-
ments of all data needed to define the size, position, shape and contour 
of any part of the earth and monitoring any change therein.

 2. The positioning of objects in space and time as well as the positioning 
and monitoring of physical features, structures and engineering works 
on, above or below the surface of the earth.

 3. The development, testing and calibration of sensors, instruments and sys-
tems for the above-mentioned purposes and for other surveying  purposes.

 4. The acquisition and use of spatial information from close range, aerial 
and satellite imagery and the automation of these processes.

 5. The determination of the position of the boundaries of public or private 
land, including national and international boundaries, and the registra-
tion of those lands with the appropriate authorities.

 6. The design, establishment, and administration of geographic informa-
tion systems (GIS), and the collection, storage, analysis, management, 
display and dissemination of data.

 7. The analysis, interpretation, and integration of spatial objects and phe-
nomena in GIS, including the visualization and communication of such 
data in maps, models and mobile digital devices.

 8. The study of the natural and social environment, the measurement of 
land and marine resources and the use of such data in the planning of 
development in urban, rural, and regional areas.

 9. The planning, development and redevelopment of property, whether 
urban or rural and whether land or buildings.

 10. The assessment of value and the management of property, whether 
urban or rural and whether land or buildings.

 11. The planning, measurement and management of construction works, 
including the estimation of costs.

In application of the foregoing activities surveyors take into account 
the relevant legal, economic, environmental, and social aspects affecting 
each project.
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The breadth and diversity of the practice of surveying (geomatics), as well 
as its importance in modern civilization, are readily apparent from this definition.

 ■ 1.2 geomaticS

As noted in Section 1.1, “geomatics” is a relatively new term that is now com-
monly being applied to encompass the areas of practice formerly identified as 
surveying. The principal reason cited for making the name change is that the 
manner and scope of practice in surveying have changed dramatically in recent 
years. This has occurred in part because of recent technological developments 
that have provided surveyors with new tools for measuring and/or collecting 
information, for computing, and for displaying and disseminating information. 
It has also been driven by increasing concerns about the environment locally, 
regionally, and globally, which have greatly exacerbated efforts in monitor-
ing, managing, and regulating the use of our land, water, air, and other natural 
 resources. These circumstances, and others, have brought about a vast increase 
in demands for new spatially related information.

Historically surveyors made their measurements using ground-based meth-
ods, with the transit and tape1 as their primary instruments. Computations, analy-
ses, and the reports, plats, and maps they delivered to their clients were prepared 
(in hard-copy form) through tedious manual processes. Today’s  surveyor has an 
arsenal of tools for measuring and collecting environmental information that in-
cludes electronic instruments for automatically measuring distances and angles, 
satellite surveying systems for quickly obtaining precise positions of widely spaced 
points, and modern aerial digital imaging and  laser-scanning systems for quickly 
mapping and collecting other forms of data about the Earth. In addition, com-
puter systems are available that can process the measured data and automatically 
produce plats, maps, and other products at speeds unheard of a few years ago. 
Furthermore, these products can be prepared in electronic formats and be trans-
mitted to remote locations via telecommunication systems.

Concurrent with the development of these new data collection and pro-
cessing technologies, geographic information systems (GISs) have emerged and 
 matured. These computer-based systems enable virtually any type of spatially re-
lated information about the environment to be integrated, analyzed, displayed, 
and disseminated.2 The key to successfully operating GISs is spatially related data 
of high quality, and the collection and processing of this data is placing great new 
demands upon the surveying community.

As a result of these new developments noted above, and others, many feel 
that the name surveying no longer adequately reflects the expanded and chang-
ing role of their profession. Hence the new term “geomatics” has emerged. In 
this text, the terms “surveying” and “geomatics” are both used, although the 

1These instruments are described in Appendix A and Chapter 6, respectively.
2Geographic information systems are briefly introduced in Section 1.9 and then described in greater 
detail in Chapter 28.
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former is used more frequently. Nevertheless students should understand that 
the two terms are synonymous as discussed above.

 ■ 1.3 HiStory of Surveying

The oldest historical records in existence today that bear directly on the sub-
ject of surveying state that this science began in Egypt. Herodotus recorded that 
Sesostris (about 1400 b.c.) divided the land of Egypt into plots for the purpose of 
taxation. Annual floods of the Nile River swept away portions of these plots, and 
surveyors were appointed to replace the boundaries. These early surveyors were 
called rope-stretchers, since their measurements were made with ropes having 
markers at unit distances.

As a consequence of this work, early Greek thinkers developed the science 
of geometry. Their advance, however, was chiefly along the lines of pure sci-
ence. Heron stands out prominently for applying science to surveying in about 
120 b.c. He was the author of several important treatises of interest to surveyors, 
including The Dioptra, which related the methods of surveying a field, drawing 
a plan, and making related calculations. It also described one of the first pieces 
of  surveying equipment recorded, the diopter [Figure 1.1(a)]. For many years 
Heron’s work was the most authoritative among Greek and Egyptian surveyors.

Significant development in the art of surveying came from the practical-
minded Romans, whose best-known writing on surveying was by Frontinus. 
Although the original manuscript disappeared, copied portions of his work have 
been preserved. This noted Roman engineer and surveyor, who lived in the first 
century, was a pioneer in the field, and his essay remained the standard for many 
years. The engineering ability of the Romans was demonstrated by their exten-
sive construction work throughout the empire. Surveying necessary for this con-
struction resulted in the organization of a surveyors’ guild. Ingenious instruments 

(a) (b)

Figure 1.1  
Historical surveying 
instruments: (a) the 
diopter and (b) the 
groma.
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were developed and used. Among these were the groma [Figure 1.1(b)], used for 
sighting; the libella, an A-frame with a plumb bob, for leveling; and the choro-
bates, a horizontal straightedge about 20 ft long with supporting legs and a groove 
on top for water to serve as a level.

One of the oldest Latin manuscripts in existence is the Codex Acerianus, 
written in about the 6th century. It contains an account of surveying as practiced 
by the Romans and includes several pages from Frontinus’s treatise. The manu-
script was found in the 10th century by Gerbert and served as the basis for his 
text on geometry, which was largely devoted to surveying.

During the Middle Ages, the Arabs kept Greek and Roman science alive. 
Little progress was made in the art of surveying, and the only writings pertaining 
to it were called “practical geometry.”

In the 13th century, Von Piso wrote Practica Geometria, which contained 
instructions on surveying. He also authored Liber Quadratorum, dealing chiefly 
with the quadrans, a square brass frame having a 90° angle and other graduated 
scales. A movable pointer was used for sighting. Other instruments of the period 
were the astrolabe, a metal circle with a pointer hinged at its center and held by 
a ring at the top, and the cross staff, a wooden rod about 4 ft long with an adjust-
able crossarm at right angles to it. The known lengths of the arms of the cross 
staff permitted distances to be measured by proportion and angles.

Early civilizations assumed the Earth to be a flat surface, but by noting the 
Earth’s circular shadow on the moon during lunar eclipses and watching ships 
gradually disappear as they sailed toward the horizon, it was slowly deduced that 
the planet actually curved in all directions.

Determining the true size and shape of the Earth has intrigued humans 
for centuries. History records that a Greek named Eratosthenes was among the 
first to compute its dimensions. His procedure, which occurred about 200 b.c., is 
illustrated in Figure 1.2. Eratosthenes had concluded that the Egyptian  cities of 
Alexandria and Syene were located approximately on the same meridian, and 

Earth

O�

Alexandria

R

S

�

Syene

Sun’s rays
(assumed parallel)

Figure 1.2  
Geometry of the 
procedure used 
by Eratosthenes 
to  determine 
the Earth’s 
circumference.
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he had also observed that at noon on the summer solstice, the sun was directly 
overhead at Syene. (This was apparent because at that time of that day, the 
image of the sun could be seen reflecting from the bottom of a deep vertical well 
there.) He reasoned that at that moment, the sun, Syene, and Alexandria were 
in a common meridian plane, and if he could measure the arc length between the 
two cities, and the angle it subtended at the Earth’s center, he could compute 
the Earth’s circumference. He determined the angle by measuring the length 
of the shadow cast at Alexandria from a vertical staff of known length. The arc 
length was found from multiplying the number of caravan days between Syene 
and Alexandria by the average daily distance traveled. From these measure-
ments, Eratosthenes calculated the Earth’s circumference to be about 25,000 mi. 
Subsequent precise geodetic measurements using better instruments, but tech-
niques geometrically similar to Eratosthenes’, have shown his value, though 
slightly too large, to be amazingly close to the currently accepted one. (Actually, 
as explained in Chapter 19, the Earth approximates an oblate spheroid having 
an equatorial radius about 13.5 mi longer than the polar radius.)

In the 18th and 19th centuries, the art of surveying advanced more rapidly. 
The need for maps and locations of national boundaries caused England and 
France to make extensive surveys requiring accurate triangulation; thus, geodetic 
surveying began. The U.S. Coast Survey (now the National Geodetic Survey of 
the U.S. Department of Commerce) was established by an act of Congress in 
1807. Initially its charge was to perform hydrographic surveys and prepare nauti-
cal charts. Later its activities were expanded to include establishment of reference 
monuments of precisely known positions throughout the country.

Increased land values and the importance of precise boundaries, along with 
the demand for public improvements in the canal, railroad, and turnpike eras, 
brought surveying into a prominent position. More recently, the large volume of 
general construction, numerous land subdivisions that require precise records, 
and demands posed by the fields of exploration and ecology have entailed an 
augmented surveying program. Surveying is still the sign of progress in the devel-
opment, use, and preservation of the Earth’s resources.

In addition to meeting a host of growing civilian needs, surveying has  always 
played an important role in our nation’s defense activities. World Wars I and II, 
the Korean and Vietnam conflicts, and the more recent conflicts in the Middle 
East and Europe have created staggering demands for precise measurements and 
accurate maps. These military operations also provided the stimulus for improv-
ing instruments and methods to meet these needs. Surveying also contributed to, 
and benefited from, the space program where new equipment and systems were 
needed to provide precise control for missile alignment, and for mapping and 
charting portions of the moon and nearby planets.

Developments in surveying and mapping equipment have now evolved 
to the point where the traditional instruments that were used until about the 
1960s or 1970s—the transit, theodolite, dumpy level, and steel tape—have 
now been almost completely replaced by an array of new “high-tech” instru-
ments. These include electronic total station instruments, which can be used to 
automatically measure and record horizontal and vertical distances, and hori-
zontal and vertical angles; and Global Navigation Satellite Systems (GNSS) 
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such as the Global Positioning Systems (GPS) that can provide precise loca-
tion information for virtually any type of survey. Laser-scanning instruments 
combine automatic distance and angle measurements to compute dense grids 
of coordinated points. Also new aerial cameras and remote sensing instru-
ments have been developed, which provide images in digital form, and these 
images can be processed to obtain spatial information and maps using new 
digital photogrammetric restitution instruments (also called softcopy plotters). 
Figures 1.3, 1.4, 1.5, and 1.6, respectively, show a total station instrument, 
3D mobile mapping system, laser-scanning instrument, and modern softcopy 
plotter. The 3D mobile mapping system in Figure 1.4 is an integrated system 
consisting of scanners, GNSS receiver, inertial measurement unit, and a high-
quality hemispherical digital camera that can map all items within 100 m of 
the vehicle as the vehicle travels at highway speeds. The system can capture 

Figure 1.3  
LEICA TPS 1100 
total  station 
 instrument. 
(Courtesy Leica 
Geosystems AG.)

Figure 1.4  
The IP-S2 3D 
mobile mapping 
system. (Courtesy 
Topcon Positioning 
Systems.)
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1.3 million data points per second providing the end user with high-quality, 
georeferenced coordinates on all items visible in the images.

 ■ 1.4 geoDetic anD Plane SurveyS

Two general classifications of surveys are geodetic and plane. They differ prin-
cipally in the assumptions on which the computations are based, although field 
measurements for geodetic surveys are usually performed to a higher order of 
accuracy than those for plane surveys.

In geodetic surveying, the curved surface of the Earth is considered by per-
forming the computations on an ellipsoid (curved surface approximating the size 

Figure 1.5  
LEICA HDS 3000 
D24 laser scanner.  
(Courtesy of 
Christopher 
Gibbons, Leica 
Geosystems AG.)

Figure 1.6  
Intergraph Image 
Station Z softcopy 
plotter. (Courtesy 
of Bon DeWitt.)
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and shape of the Earth—see Chapter 19). It is now becoming common to do 
geodetic computations in a 3D, Earth-Centered, Earth-Fixed (ECEF) Cartesian 
coordinate system. The calculations involve solving equations derived from solid 
geometry and calculus. Geodetic methods are employed to determine relative 
positions of widely spaced monuments and to compute lengths and directions of 
the long lines between them. These monuments serve as the basis for referencing 
other subordinate surveys of lesser extents.

In early geodetic surveys, painstaking efforts were employed to accurately 
observe angles and distances. The angles were measured using precise ground-
based theodolites, and the distances were measured using special tapes made 
from metal having a low coefficient of thermal expansion. From these basic 
 measurements, the relative positions of the monuments were computed. Later, 
electronic instruments were used for observing the angles and distances. Although 
these latter types of instruments are still sometimes used on geodetic surveys, sat-
ellite positioning has now almost completely replaced other instruments for these 
types of surveys. Satellite positioning can provide the needed positions with much 
greater accuracy, speed, and economy. GNSS receivers  enable ground stations to 
be located precisely by observing distances to satellites operating in known posi-
tions along their orbits. GNSS surveys are being used in all forms of surveying 
including geodetic, hydrographic, construction, and boundary surveying. When 
combined with a real-time network (RTN), GNSS surveys are capable of provid-
ing accuracy within 0.l ft over a 50-km region with as little as 3 min of data. The 
principles of operation of GPS are given in Chapter 13, field and office procedures 
used in static GNSS surveys are discussed in Chapter 14, and the methods used in 
kinematic GNSS surveys including RTNs are discussed in Chapter 15.

In plane surveying, except for leveling, the reference base for fieldwork and 
computations is assumed to be a flat horizontal surface. The direction of a plumb 
line (and thus gravity) is considered parallel throughout the survey region, and 
all observed angles are presumed to be plane angles. For areas of limited size, the 
surface of our vast ellipsoid is actually nearly flat. On a line 5 mi long, the  ellipsoid 
arc and chord lengths differ by only about 0.02 ft. A plane surface  tangent to the 
ellipsoid departs only about 0.7 ft at 1 mi from the point of tangency. In a tri-
angle having an area of 75 square miles, the difference between the sum of the 
three ellipsoidal angles and three plane angles is only about 1 sec. Therefore, it 
is evident that except in surveys covering extensive areas, the Earth’s surface can 
be approximated as a plane, thus simplifying computations and techniques. In 
general, algebra, plane and analytical geometry, and plane trigonometry are used 
in plane-surveying calculations. Even for very large areas, map projections, such 
as those described in Chapter 20, allow plane-surveying computations to be used. 
This book concentrates primarily on methods of plane surveying, an approach 
that satisfies the requirements of most projects.

 ■ 1.5 imPortance of Surveying

Surveying is one of the world’s oldest and most important arts because, as 
noted previously, from the earliest times it has been necessary to mark bound-
aries and divide land. Surveying has now become indispensable to our modern 




