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Accuracy, 4, 5
example of, 5, 6

Adjoints, 537
ADJUST, 596

options, 597
Adjustment

analysis of, 492
conditional, 178, 196
constrained, 64, 78, 388, 395, 398,

400, 412
of control stations, 388, 395, 412,

418, 468
free, 291, 326
fully constrained, 64, 291, 412,

419
geodetic network, 454
leveling, 205
minimally constrained, 64, 291,

326, 412, 418
networks, 291–300
parametric, 178
traverse, 283
triangulation, 255
trilateration, 233

Alternative hypothesis, 68
Analysis of adjustments, 492
Arc-to-chord correction, 593
Associative law, 526

Astronomical observations for
azimuth, 116

Atmospheric refraction, 472
Azimuth

astronomical observations for, 116
constraint, 295
equation for, 255, 603
errors in astronomical observations

for, 116

Baarda, 416
Back-substitution, 511
Blunder detection

a posteriori, 406, 412, 416, 420,
492–502

a priori, 322–326, 410–412
data snooping, 416, 494
example of, 420–428, 493–496
graphical methods, 411, 499
handling of control, 326, 388, 418,

468
network, 291, 327, 409, 492
numerical example, 420, 493
procedures, 418, 492
residuals, 413, 492
by residual sign, 413, 492, 494
statistical methods, 44, 416, 501
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Blunder detection (continued )
traverse closure checks, 114, 130,

135, 411
by traverse closures, 114, 127, 130,

411
Bomford, 474
Bruns, 454

Calibration, EDM, 32, 73, 195
Centering error

instrument, 100, 106, 121
target, 100, 104, 121

Central meridian, 583, 587
� 2 distribution, 52, 564

goodness of fit test, 300, 412, 496
test, 74, 300, 412, 496
use of table, 62, 74

Cholesky decomposition, 508
Class

example of use, 27
frequency, 15
interval, 15, 16
width, 14

Closure check, angular, 114
Cofactor, definition of, 537
Companion CD, 595

ADJUST, 596
file formats, 596
MATRIX, 598
STATS, 597

Computer optimization, 504
processing, 507, 508, 513
storage, 504, 513

Confidence interval, 50
interpretation of, 59
for mean, 56, 59
for population variance, 61
ratio of two population variances,

63
variance, 61

Confidence interval for mean,
computation of, 58

Confidence interval for population
variance, computation of, 62

Constraint equations, 388
azimuth example, 395
control coordinates, 388, 395, 468
differential leveling example, 398

by elimination, 394
geometric, 173
Helmert’s method, 398

Control, adjustment of, 139, 326,
388, 418, 468

Conventional Terrestrial Pole, 316,
480

Coordinate systems
geocentric, 316, 481
geodetic, 316, 478
global, 478, 480
local, 478, 480
local geodetic, 455
NAD 83, 316, 478
nearly aligned, 479
rotations between, 480
satellite, 314
state plane coordinate system, 233,

582
WGS 84, 316, 318, 478, 479

Coordinate transformations
adjustment of, 345
datums, 480
eight parameter, 353, 448
four parameter, 345, 444
Helmert, 480
rotations, 357
scaling, 346, 351, 356
seven parameter, 356, 449
six parameter, 350, 447
statistically valid parameters, 362
three-dimensional conformal, 356,

449
two-dimensional conformal, 345,

444
two-dimensional affine, 350, 447
two-dimensional projective, 353,

448
Coordinates

geocentric, 316, 481
geodetic, 316, 478
global, 478, 480
local, 478, 480
local geodetic, 455
state plane, 233, 582

Covariance
definition of, 86
development of matrix, 221
matrix, 159
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Data
classes, 14
frequency of, 14
graphical representation, 14
measures of central tendency, 17
measures of relative standing, 17
measures of variation, 17, 19
numerical methods of describing,

17
range of, 13
skewed, 17

Datum
earth-centered, earth-fixed, 480
global, 478, 480
International Terrestrial Reference

Frame, 478
local, 478, 480
North American Datum of 1983,

316, 478
transformation of, 480
WGS84, 316, 318, 478, 479

Deflection of the vertical, 472
Degrees of freedom

in an adjustment, 212
constrained adjustment, 403
definition of, 19
in a sample set, 53

Density function, normal, 36
Determinant, 535, 538
Differential leveling, weights in, 166
DIN 18723, angular error, 103
Discrepancy, 4
Dispersion, 13
Distribution

bivariate, 109, 369
� 2, 52, 564
F, 55, 568
t, 54, 566

Distribution function
normal, 35, 36
standard normal, 38, 39

Eccentricity, 316, 317, 583, 587
EDM, error sources, 121
Elevation factor, 590
Elimination of constraints, 394

numerical example, 395

Ellipse
example computation of, 376, 377
eccentricity, 317, 583, 587
flattening factor, 318, 479
orientation of, 371, 375
quu, 375
qvv, 376
semimajor axis, 376
semiminor axis, 376
t angle, 374

Ellipsoid, 478
definition of, 479
eccentricity, 317, 583, 587
flattening factor, 318, 479
GRS 80, 318, 478, 479, 583
radius in the meridian, 461, 468,

484
radius in normal, 318, 461, 468,

484
WGS 84, 316, 318, 478, 479

Equations
conditional, 178, 196
normal, 181, 184, 185
observation, 179

Error
blunder, 4, 409, 417
definition of, 3, 18
ellipse, 369, 375–378
gross error, 4
instrument, 3
natural, 3
percent probable, 43
personal, 3
random, 4
standard, 20, 38
systematic, 4
Type I, 69, 416
Type II, 69, 416

Error ellipse, 369, 427
advantages, 381
confidence level, 379
drawing of, 378
numerical example of, 376, 377
percent probability, 379

Error propagation, 2, 84, 99
in adjusted quantities, 225
angle, 100–112
astronomical observation, 116
azimuths, 169
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Error propagation (continued )
in computed quantities, 226
covariance matrix, 87, 221
differential leveling, 148
EDM, 121
intersection example, 91
numerical examples, 89
standard error in a series, 89
standard error of a sum, 88
standard error of mean, 89
traverse, 127
trigonometric leveling, 152

Error sources
instrumental, 3
natural, 3
personal, 3
random, 4
systematic, 4

Estimators, definition of, 52

False easting, 583, 587
False northing, 583, 587
F distribution, 568

definition of, 55
Fisher distribution, definition of, 52
Fit of points

circle, 550–554
line, 192, 437
parabola, 194

Forward substitution, 508
Free network adjustment, 291, 326
Frequency

class, 15
histogram, 15

Fundamental principle of least
squares, 174

Gauss, 173
General law of propagation of

variances, definition of, 87
General least squares method, 437
Geocentric coordinates, 316
Geocentric coordinate system, 316,

481
Geodetic network

adjustment of, 454, 471
azimuth observations, 457

differential leveling, 460
horizontal angle, 459
horizontal distances, 460
linearization of equations, 456
minimum number of constraints,

462
slant distances, 457
vertical angle, 459

Geodetic Reference System of 1980,
316, 478

Geographic information systems, 1
Geoid model, 462
Geoidal height, 473
GLOPOV, definition of, 87
Goodness-of-fit test, 300, 412, 496
GPS, 310, 478

A matrix, 327
baselines, 312
carrier phase measurements, 312
differencing, 312
errors, 314
least squares adjustment, 310, 478
observations, 311
preadjustment data analysis, 322
real-time kinematic survey, 501
reference coordinate systems, 314
weight matrix, 329

Graphical representation, histogram,
14

Grid origin, 583, 587

Heights
geodetic, 316, 473
geoid, 316, 462
geoidal height, 316, 462, 473
orthometric, 316, 473

Histogram, 14
bimodal, 17
classes, 14
class width, 14
common shapes, 17
definition of, 14
example construction, 23
skewed to the right, 17

Horizontal angle
error sources, 99
instrumental centering error, 106
leveling error, 110
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linearized observation equation,
259, 459

pointing error, 102
reading error, 100
target centering error, 104

Horizontal time-dependent
positioning, 483

Hypothesis testing
alternative hypothesis, 68
definition of, 68
null hypothesis, 68
population mean, 72
population variance, 74
ratio of two population variances,

77
rejection region, 69
test statistic, 68

Hypothesis
alternative, 68
null, 68
testing, 68

Inaccessible point, example of, 91
Instructional aids, 595, 599

ADJUST, 596
Mathcad worksheets, 598–599
MATRIX, 598
STATS, 597

Instrument centering error, example
of, 109

Intersection
angle, 260
trilateration, 237

Inverse
by adjoints, 537
by row transformations, 538
of 2 by 2 matrix, 535

Iteration termination, 248
by change in reference variance,

249
by correction size, 249
by maximum iteration, 249

Jacobian matrix, 188, 549

Lambert conformal conic, 583
direct problem, 585

inverse problem, 585–586
zone constants, 584

Laplace, 173
Least squares adjustment

control coordinates, 388
coordinate transformation, 345, 444
differential leveling, 205
general, 437
geodetic network, 454
GPS, 310, 478
line fit of points, 191
nonlinear system of equations, 188
parabola, 194
traverse, 283
triangulation, 255
trilateration, 233

Legendre, 173
Leveling

adjustment of, 205
in angle measurement, 110
collimation error in, 144
Earth curvature and refraction, 146
random errors in, 148
in rod plumbing, 148
systematic errors, 144

Linearized observation equation
angle, 259, 465
azimuth, 258, 467
distance, 237
slant distance, 464
vertical angle, 466

Link traverse
estimated closure of, 136

Local geodetic system, 454
Localization, 483

Map projection, 582–583
elevation factor, 590
grid factor, 590
Lambert conformal conic, 583
reduction of azimuths, 593
reduction of distances, 590
reduction of observations, 590
scale factor, 590–591
Universal Transverse Mercator,

586–587
Mapping table, 506
Mathcad worksheets, 598–599
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Mathematical model
conditional, 178
parametric, 178

Matrices, 520
addition of, 524
column, 522
covariance, 87, 221
definition of, 520
diagonal, 523
dimensions of, 521
equality of, 523
idempotent, 415
identity, 523
inverse of, 534
Jacobian, 188, 549
lower triangular, 508
multiplication by a scalar, 524
multiplication of, 525
partitioning, 229
rectangular, 522
rotation, 357
row, 522
spareness and optimization, 513
square, 522
subtraction of, 524
symmetric, 523
systematic formation, 185, 507
transpose, 523
unit, 523
upper-triangular, 508

Mean
confidence interval of, 56
definition of, 18
example computation, 23, 25
standard deviation in, 21
weighted, 160, 161

Measurements
direct, 2
indirect, 2

Measures of central tendency, 17
definition of, 17
mean, 18
median, 13, 18

Median
definition of, 18
example computation, 23

Meridian, radius in the, 461, 468,
484

Minimally constrained adjustment,
64, 291, 326, 412, 418

Mistake, definition of, 3
Mode

definition of, 18
example computation, 23

Model
stochastic, 177
weighting, 159

Most probable value, 19, 174

National Geodetic Survey, 472, 474,
582

National Geospatial-Information
Agency, 586

Network
adjustment of, 291
design of, 381, 430
example of adjustment, 292

Nonlinear equations, solution of, 188,
546, 549

Normal, radius of, 318, 461, 468,
484

Normal distribution
function, 38
general principles, 35, 492
inflection point, 38, 41

Normal equations,
formation of, 181, 185
matrix formation, 185
solution, 187, 189
tabular formation, 184

Normal error distribution curve, 35
North American Datum

1927, 345
1983, 234, 345, 478–480

Null hypothesis, 68

Observation equation
angle, 258, 459
azimuth, 255, 457
control coordinates, 388
definition of, 179
differential leveling, 205, 460
distance, 235, 460
slant distance, 457
vertical angles, 459
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Observation weight, 160
Optimization

direct formation of normal
equations, 507

storage, 513
Orthometric height, 316, 473
Outliers, detection of, 42, 44, 59, 416

Percent errors, uses of, 43
Percentage points, definition of, 53
Pointing and reading errors

DIN 18723, 103
example of, 101–103, 112

Population
definition of, 13
sampling, 12
standard deviation, 20
variance, 19, 74

Precision
definition of, 4
example of, 5

Probability
definition of, 33
in compound event, 33
joint, 34

Probable error
example of, 44
50%, 42
95%, 42
other percent errors, 43
standard error, 41
table of, 43
use of, 45, 46

Propagation, errors, 84, 221
Pseudorandom noise, 311
Pseudorange, 311, 499

Radius in the meridian, 461, 468,
484

Random error, definition of, 4
Random samples, 50
Range, 13, 16

example of, 23, 25
Ratio of variances, confidence

interval of, 63, 74
Reading error

horizontal angle, 101–103, 112

leveling, 148
Redundancies, see Degrees of

freedom
Redundancy number, 416, 428
Reference standard deviation

computation of, 212, 213
definition of, 211

Reference standard deviation of unit
weight, 161

Reference variance
definition of, 160
goodness-of-fit test, 300, 412, 496

Rejection region, 69
Reliability

external, 429
internal, 429

Resection
initial approximations, 265
least squares adjustment of, 270

Residual
analysis of, 442
comparison of, 493, 500
definition of, 19
plots, 500

RTK-GPS, 501

Sample
definition of, 12
distribution theory, 52
mean, 18, 23, 25
size, 41, 60
variance, 19, 20, 21, 52

Satellite orbit
apogee, 314
argument of perigee, 316
ascending node, 316
line of apsides, 314
perigee, 314
right ascension, 316

Site calibration, 483
Slant distance, 455, 457
SLOPOV

definition of, 88
example of, 88, 127

Software
ADJUST, 596
Mathcad worksheets, 598–599
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Software (continued )
MATRIX, 598
STATS, 597
spreadsheets, 123

Stakeout surveys, RTK-GPS, 501
Standard deviation

for computed quantities, 226
definition of, 20
example computation, 23, 27
mean, 21, 89
sample, 20
series, 89
sum, 88

Standard error
definition of, 20
probability of, 41

Standard parallel, 583
State plane coordinate system, 233,

582
Statistics, 17, 52
STATS, 597
Stochastic model, 177

importance of, 499
Student distribution, definition of, 54,

562
Survey design, 381, 430

field specifications, 431
procedures, 430
use of maps, 430
uses of, 94

Systematic errors
in angles, 472
collimation, 144
definition of, 4
in heights, 473
in leveling, 144

Tables
� 2 distribution, 565
F distribution, 569–575
standard normal distribution, 562–

563
t distribution, 567

Target centering error
example of, 101, 104, 121

Taylor series approximation, 546
t distribution, 54, 566

definition of, 54

use of, 56, 72, 114, 131, 134, 363,
416, 493

Terrestrial observation
with GPS baseline vectors, 478

Test
� 2, 74, 300, 412, 496
F, 55, 419
goodness of fit, 300, 412, 496
hypothesis, 68
population mean, 19, 72
population variance, 74
ratio of population variances, 77
significance of, 70
statistic, 68
t, 72

Three-dimensional coordinate
transformation

conformal, 356
Total station, DIN 18723, 103
Transformation

Helmert, 480
three-dimensional conformal, 356,

449
two-dimensional affine, 350, 447
two-dimensional conformal, 345,

444
two-dimensional projective, 353,

448
TRANSIT, 310
Transverse Mercator, 586–587

direct problem, 588
inverse problem, 588–589
zone constants, 587

Traverse
estimated closure, 128, 135
minimally constrained, 291
minimum control, 291
numerical example, 128, 136, 285
redundant equations, 135, 284

Traverse adjustment
degrees of freedom, 284
example of, 285
observation equations, 284
redundancies, 284

Traverse closure
anticipated, 128, 136
numerical example, 128, 136

Triangular matrices, forward and
backward solution, 511
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Triangulation adjustment, 255
Trilateration adjustment, 233
True value, 3, 18
Two-dimensional coordinate

transformation
affine, 350, 447
conformal, 356, 443
projective, 353, 448

Type I error, 69, 416
Type II error, 69, 416

Universal Transverse Mercator, 586–
587

Variance
confidence interval of, 61

definition of, 19, 22
population, 19
sample, 19

Vincenty, 456

Weighted mean, 161
angles, 165
example of, 168
leveling, 166

Weight, 159
constrained adjustment, 403
relationship to corrections, 159
relationship to variances, 160
uncorrelated observations, 160
uses of, 159

World Geodetic System of 1984, 316,
318, 478, 479




