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Regardless the equipment used, the personnelinvolved, survey
measurements will include errors.

Almost every survey operation at some point will require
measurements. That means the operation results will, in part, depend
on the measurement errors.

How much error is acceptable? It depends.

Depending on the operation, the error level is either up to the surveyor
or dictated by some rule or law.

Either way requires understanding where errors come from, how they
behave, how they can be controlled, and determining their effect on our
final decisions.

How good do
we have to be?

1. Measurement Errors
1I. Random Errors




|. Measurement Errors

A. Quality

B. Error Tenets

C. Sources

D. Types A
E. Minimizing @
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| Measurement Errors _iﬁ

A. Quality
Accuracy
Absolute nearness to true value; measurement with minimal errors.

Precision
Repeatability; spread of a measurement set.
Similar error behavior in repeated measurements

Resolution

The smallest division to which the measurement can be expressed based on
the instrumentation used.

I. Measurement Errors

~ A. Quality

Accuracy and Precision

(c) (d)




|. Measurement Errors

~ A. Quality
Resolution

Related to degree of accuracy

Nl
<~

direct: 10°
interpolate: 1°

direct:5°

direct:1°
interpolate: 1°

interpolate: 0.5°
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1. Measurement Errors _ﬂ
~ B. Error Tenets

No measurement is exact.

Every measurement contains errors.

The true value of a measurementis never known.

The exact error presentin a measurementis unknown.

—
)

" C. Error Sources - Where they come from

I. Measurement Errors

1. Natural

Environment within which a measurement is made




" C. Error Sources - Where they come from

| Measurement Errors _:ﬁ

2. Instrumental
Measuring equipment condition; calibration.

12/26/2025

| Measurement Errors _:ﬁ

~ C. Error Sources - Where they come from

3. Personal
People making the measurement

P23 AP e 7 e

Record 8.55.
Common newbie mistake.

™ & & 0To 1 © S0

| Measurement Errors _:ﬁ

~ D. Error Types - How they behave
1. Mistake

q q Windy da:
Carelessness or misunderstanding fneveay
2. Systematic
Conform to mathematical or physical law
3. Random
P q . Entered
Remaining error after mistakes & systematic errors R

\ are eliminated

(=
a

it
&% Tend to be small; as likely positive as negative.

&

Set up on wrongpoint




|. Measurement Errors

" D. Error Types - How they behave

Systematic errors
compensated;
good procedures

(a)

Good procedures but
systematic error(s)
present

o

Mistake to let this
Incorrect

shooter near a

procedures 5
weapon

o o =
(©] (d)
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I. Measurement Errors
~ E. Minimizing
1. Mistake
Generally, with a single measurement, can’t tell if a mistake was made.

Remeasure until all measurements are within an acceptable tolerance %

Tolerance can be defined as:
A specific spread, eg, angles mustall be within 10”
A precision level, eg, distances must be within 1/5000
Differentbased on equipmentor personnel, eg, angles within 10” for experienced
operator, 25” for new tech.

Reject measurements outside the tolerance to avoid biasing good
measurements.

I. Measurement Errors

E. Minimizing
2. Systematic
Apply a correction:
Mathematic
Mechanical
Procedure

Adjustgun sight
or
Aimup & right.

Specific surveying procedures are used to:
ensure measurementis made correctly
allow some systematic errors to cancel




|. Measurement Errors
~ E. Minimizing
2. Systematic
Example: Level collimation error
Balance BS and FS distances
Two-pegtest

Horizontal

Adjust
Mathcorr'n
© Los. Los ey H
1 Horizontal Horizontal 1
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I. Measurement Errors
~ E. Minimizing
2. Systematic

Example: Atmospheric conditions electronic distance
Math correction, ppm

10.5xP

PP =278.96 - 45 002175 T
. ppm

D’Dx(l*l,coo,oooj

I. Measurement Errors

~ E. Minimizing
3. Random
Appropriate equipment
Knowledgeable personnel
Favorable conditions
Repeat measurements
How manytimes?

Example: FGCS Triangulation angle measurement specs

Order/Cass 1st 2nd/1  2nd/I 3rd/1  3rd/T
Num Positions 16 16 8or12* 4 2
Max Std Dev of Mean 04" 05" 08" 12" 20"
Reject Limit from Mean 4" 4" 5" 5" 5"

a positionis 1 D/R measurement




" E. Minimizing

|. Measurement Errors

3. Random
Comparison of different resolution Total Stations
Pointingand readingerror

B

Angle Repetition

o 8 150 171233 Uncertainty
g
&
-
&
2 5
&
-
&
H
g
E 2
4
B

o

o 3 & 9 12 15 12 21

Number of DR Sets

12/26/2025

I. Measurement Errors

~ E. Minimizing
3. Random
A measurement must be independent.
Not changing conditions allows mistakesand systematicerrors to be repeated.

1] los _ls L

ers
Tl Horiz m Horiz U Leveling
Froma single set up:

(a)BSAandFSB
(b) BSBandFS A

Collimation error does not
compensate.

I. Measurement Errors
~ E. Minimizing
3. Random
A measurement must be independent.
Change conditions (resetinst, resight tagets, diff day, combo, etc).

L s oS Jles
e Horiz Horiz T Leveling
S \ As a minimum, reset level between
— ’;’\ runs:
(a) Initial setup (a) Balance BS & FS dists;
BSAthenFSB
1] Los LS jles i i
e T or— — T (b) Reset with BS/FS dists
balanced;
= BSBthenFSA
L
(b) Reset a
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|. Measurement Errors
~ E. Minimizing
3.Random

To minimize errors:
Favorable conditions *
Use proper equipment
4+ 9
Trained personnel +9
Correctprocedures
Repeatmeasurements

This will minimize but not eliminate errors.

Only random errors will be left and they should be small.

I. Measurement Errors

- Quiz:

Source Type Error

NIP M S R Mis-codingan RTKpoint

NP M S R Centeringtotalstation overa point

NIP M S R Earth Curvature

NI1P M S R Atmosphericrefraction

NIP M S R Multipath

NI1P MSR GPSPositionaccuracy [eg, (5 mm+ 1 ppm)
NIP M S R Auto level sticking compensator

I. Measurement Errors

~ Quiz:
Source Type Error
P M Mis-codingan RTK point
P R Centeringtotalstation overa point
N S Earth Curvature
S Atmosphericrefraction
N R Multipath |

| R GPSPositionaccuracy [eg, +(5 mm + 1 ppm) \

I R Autolevel stickingcompensator

Horizontal?

Ras Los
Horizontal
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A. Basic Analysis

B. Error Propagation

C. Summary A @

I dom Errors

~ A. Basic Analysis
1. Terms
Direct measurement
Measure the unknown with instrumentation

L 1t et e i

0

9.86 ft
Indirect measurement
Determine the unknown from measurements and computations

(N,E)
— 7/\ Want coordinates, but can’t measure
v them directly.
s Perform an angle-angle intersection

(NE)

I dom Errors

~ A. Basic Analysis
1. Terms
Redundancy
Also known as a degree of freedom (df)
A measurementbeyondwhatis needed to determine a quantity.

Example: a horizontal distance is measured once
1 measurement f/’&
1 unknown-the distance L
0 redundancy L 3

Measureagain
2 measurements
1 unknown ]
1 redundancy

etc.




1l. Random Errors

~ A. Basic Analysis
1. Terms
Discrepancy
Difference between any two measurementsin a set

Most Probable Value, MPV
The mostlikely value of the unknown based on the measurement set.
If all measurements are equal quality, then the MPV is the arithmeticaverage.

2m,

n

M=

m: measurement
n: number of measurements

12/26/2025

I dom Errors

~ A. Basic Analysis
1. Terms

Residual, v
The difference between the MPV and a measurement.

vi=M—m;

Least Squares
The MPV is the value which minimizesthe sum of the squaredresiduals.

E(vf): min
Least sum of the Squares.
Any other numberwill increase the sum.

Thisis based on statistical behavior of random errors.

I dom Errors

A. Basic Analysis
1. Terms
Standard Deviation, o
The Normal Distribution (aka, Bell) curve is a graph of residuals frequency.
Areaunderthe curveis the total measurement probability
O is approx.68% of the area under the Normal Distribution curve.
Precision indicator of a measurement set.

_ inflection
point

asymptotic o o
residuals

+0

10



1l. Random Errors

~ A. Basic Analysis
1. Terms
Standard Deviation, o
The smallerthe 0, the less dispersed the measurements.
Smaller g, better precision.

Measurementset 1 Measurementset 2
Larger & Smaller 7, better precision

12/26/2025

I dom Errors

A. Basic Analysis
1. Terms
Confidence Interval, Cl
Certainty that a measurement will fall within a range.
+0isa68%Cl
Othercommon Clare:

Cl Value
90% =1.65(0)
95% ~1.96(c) aka 2 sigma®
100%?
*95% Cl is often used to find mistakes. Mistakes

Mistakes
—

T 0

+0

residuals | &
g

s
&
g

I dom Errors

~ A. Basic Analysis
1. Terms

Standard Error of the Mean, Ey,
o is forthe measurement set

+Ey
Ey is the expected errorin the MPV ‘ ‘
An expected accuracy indicator.
-0 o +0
residuals

11



1l. Random Errors

A. Basic Analysis

2. Example

Measurement

num m v=M-m; %
1 45.66
2 45.68
3 45.66
4 45.65

sums:  182.65

df=4—1=3

12/26/2025

I dom Errors

~ A. Basic Analysis

2. Example

Measurement

num m v=M-m; %
1 45.66 +0.002 0.000004
2 45.68 -0.018 0.000324
3 45.66 +0.002 0.000004
4 45.65 +0.012 0.000144

sums:  182.65 0.000476

df=4—1=3
= % =45.6625 =45.662

v
o= > = JQ000476 _ 5 0125963 = £0.012
n—1 7—1

9 _ 200125963 _ 5 noga0s = +0.006

R

Ey=

I dom Errors

~ A. Basic Analysis
3. Comparisons
Different measurement sets can be compared for precision and accuracy.
Example: Two crew measured differentangles, multiple times.

CrewA CrewB
Num of meas 2D/R 4D/R 1D/R =2 angle meas.
Average angle 128°18'15" 196°02'40”
Std Dev +0°00'12” +0°00'14”

Which crew has:
Better precision?

Better expected accuracy?

12



1l. Rand

Errors

~ A. Basic Analysis
3. Comparisons
Different measurement sets can be compared for precision and accuracy.
Example: Two crew measured differentangles, multiple times.

CrewA CrewB
Num of meas 2D/R 4D/R 1D/R =2 angle meas.
Average angle 128°18'15" 196°02'40”
Std Dev +0°00'12” +0°00'14”

Which crew has:
Better precision?
Crew A because it has a smaller standard deviation
Better expected accuracy?
+12"

V2X2
V4x2

Crew A: Ey= 206.0"

12/26/2025

I dom Errors

~ A. Basic Analysis
4. Weights
Different quality measurements can be used together.
Use relative weights to give better quality measurements greater effect.

Weights can be based on S twxm)
standard deviations M, T
equipment specs
equipmentsetup errors
number of setups

> w

number of repetitions
guesstimates (experience)

I dom Errors

~ A. Basic Analysis
4. Weights
Example: A distance is measured by different methods with these results.

Method Dist, m o
Steel Tape 254.63 +0.21
Subtense bar 254.69 £0.16
Total Station 254.72 +0.06
sums:  764.04

764.04
3

Unitmean: M= =254.680

Unit means singular or one.
Treatingall the measurements the sameis like usinga unit weight =1

13



1l. Random Errors

~ A. Basic Analysis

4. Weights
Example: A distance is measured by different methods with these results.

Method Dist, m 4 w=1/g? wxm

Steel Tape 254.63 +0.21 227 5780.1
Subtense bar 254.69 £0.16 391 9958.4
Total Station 254.72 +0.06 277.8 70,761.2

sums:  764.04 3396 86,499.7
Unitmean: M= @ =254.680
Xm, .
Weighted mean: g, = M 881997 _ o4 711 Meanis pulled
Z o 338.6 A towardthe Total

Station distance

12/26/2025

I dom Errors

~ B. Error Propagation
1. Indirect measurements
Uncertainty in desired quantity is a function of the measurement
uncertainties.

(N,E)

N2, E2?

I dom Errors

~ B. Error Propagation
1. Indirect measurements
The measurements are combined in some mathematical operation.
How the error propagates depends on the mathematical operation.

. — Because measurement errorsare
Meas3 + i
random, they do not propagateina

simple fashion by adding or multiplying.

14



Rand

Errors

~ B. Error Propagation
1. Indirect measurements

There are as many ways to propagate errors as there are equations to
combine them.

12/26/2025

Two common ones used in Surveyingare: Fe
a. ErrorofaSum o S
Adding, subtracting measurements & F )
5\
b. Error of a Series
When the same error recurs multiple times
I dom Errors

B. Error Propagation
2. Error of a Sum

Esm=vE:HES+-FEL
Ey, Ey, ..., E, arethe uncertaintiesin the numbers beingadded/subtracted.
Example:

Assoil specimen is divided into three sample parts which are separately weighed.
Whatis the errorin the soil’s total weight?

Soilsample _ Weight
1 56.2 gr +0.15gr - - .
2 28.9gr :021gr Es.n=1/(20.15)*+(20.21) *+ (20.11)
3 416gr+0.11gr =+0.2815= #0.28
1276 ¢gr
I dom Errors

B. Error Propagation
3. Error of a Series

Esens=EV/n

Eis an expected error each time an operationis performed.
Totalerroris individual expected error times the square root of the chances it has to
oceur.

Example: .
Eachtime they set up a level, a survey crew can A
determine an elevation difference to +0.015 ft. | A
Whatis their error on this loop? ’

Esum=#0.015v/4 = £0.030 A A

15



1l. Random Errors

~ B. Error Propagation

Example: GPS horizontal and vertical baseline components

Baseline

Hg,s.: base centeringerror
Hg,,: rover centering error
Vgase: base Hl error
Vpoy: rover Hl error

Precision Satic

Static/Fast Stti

H:3 cm RM
Convergence time: <5 mins’

RTK+ 5 mm e+ 0.5 mm 7ot
Compensation up to 60°

b =VETETTE

Ew=1/Hiawe + Hisen+ Hio
Ev ="V Vise T Virsa + Vo,

12/26/2025

I dom Errors

~ B. Error Propagation

MSA: +(5mm + 0.5ppm) horiz

Base centering error: Eg=+0.005ft
Rover centeringerror: Eg=+0.05ft
Whatis baseline length error?

Example: GPS horizontal and vertical baseline components

39.37in ., 1ft
Smm X ~e e X =L — 0 01641t
Baseline=300ft “101 1000mm * 12in /i
_ ey 2 300ftX0.5)* e
Ehf\/(o.omfr) +(D.0164]’r+ T ooo,000, +©-05/0
= £0.053ft
A\ recision: 2:093ft 1
zf; P 300.00ft 5360

Ere = i+ Hirsn + Hiw

I dom Errors

~ B. Error Propagation

MSA: +(10mm + 0.8ppm) vert
Base Hl error: Eg=+0.005ft
Rover Hl error: Eg= +0.005ft
Whatis baseline elev diff error?

Baseline=300 ft © 101

Base,
NEZ

Example: GPS horizontal and vertical baseline components

E = VViuet Vit Via

35.37in ., 1ft
x =2t e S8 =
10mm X S X S = 0.03281t
_ B SOOerD.E) B
E, \/(D.ODSft) +(o.ozzs1/r+71'mu’0m +(0.005ft)
= +0.034ft

16



1l. Random Errors

~ B. Error Propagation
Example: What about tilt compensation?

H-3mm + 01 ppm

Precision Static

Static/Fast Statc

Pep

RiK

S— reg | RTK+Smme05mm /et
RTK.TILT Compensated | compensation up to 60°

V Hiase + Hisse =+ Hive

12/26/2025

I dom Errors

B. Error Propagation
Example: What about tilt compensation?
P P MSA: £(5mm + 0.5ppm) horiz
‘ﬁL Tilt: RTK+ 5mm + 0.5mm/*®
- 300 ft baseline Base centering error: Eg=+0.005ft
Roveratbuildingbase Whatis baseline length error?

Smm = 0.0164ft
. . 39.37in ., 1ft
16.1°X 0.5mm/* =8.05mm X TS X =

Et =4 Hiase + Hirsa + Hix
X0.5\*
300ftX0 5) +(0.0164ft + 0.02641)*

:\/U 005t +(U 0164/t + 1000 o0

0.02641ft

0.046ft _ 1
Prec= 300.007t - 6520

I dom Errors

B. Error Propagation
4. Combined
Angle measurement
Angles are complicated because there are 3 points and a number of random
error sources:
Instrumentangle resolution Bes
Instrument centering
Targetcentering at BS and FS points
Targetssightings
Distances to BS and FS points
Number of times the angle is measured.

sl
resolution; ~ Es
centering

17



1l. Random Errors

~ B. Error Propagation
4. Combined
Angle measurement

i _2xEyy
TSI Point& Read E, = N .
DxE, .
TSl Centering  E :#XW
DecDiV2 radian

radian

7 7
TargetCentering g _ [i) +[i] . 206,264.8 sec
Des Des )
resolution;

centering

AngleError  E, = 'E; +E +E

12/26/2025

I dom Errors

~ B. Error Propagation
4. Combined
Example
ATSI with DIN spec of 2 sec;
centeringerror: £0.005 ft

BS & FS centeringerrors: +0.005 ft & +0.01 ft;
BS & FS dists: 176 ft & 243 ft.

Angle was measured 2 D/R to get 123°30'10”

Many comps later.... 1
Expected errorinthe angleis £11.4” resolution;
centering

I dom Errors

C. Summary
Error Management
Errors can’t be eliminated but effects can be minimized

Systematicerrors
Procedure
Adjustment
Computation

Random Errors
Appropriate equipment
Knowledgeable personnel
Careful measuringtechniques

Remainingrandom errors
Individual measurements - Analyze
Networks - Adjustand analyze

18



1l. Random Errors

~ Now what?

Random error will exist and must be dealt with.
Minimize by repetition.
Adjustment: Distribute partof the error back into each measurementor result.

Adjustment should reflect measurement error behavior
Results might not fit perfectly
Appropriate weights
Applya "best fit" adjustmentmodel

12/26/2025
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