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->Iscience ofmeasurement) expertise .

surveying (position ,plan) Satellite Gravimetry↓

map -> setting out Signal Processing↓
work Research

D

surveying -- map EV
. 400desy

Relative Measurements > Ref . Frame
X-

· Distances -> size (coordinate)
·

Angles -> shape /Orientation
·

Heights ->

Topography .

Topographic Maps .

* Measurements -> errors
I I

Adjustment theory
*Precision -> How many measurements you can take

Accuracy
-> How clone your measurement is to true value

Principle of Surveying (Holy grail of surveying)
whole to part -> optimal
-

- constraint
- minimal no . of observations

-

highly precise

· This gives me constraint to my parts to sit
within the whole

· less errors that we make .

X =

M
X ;

i = 2
N & vise to e

A Redundancy /extra checks)
↳ test blunders

error : systematic effect

* For a good measurement

signal power 2

noise power

* 10 a I Sam

7 >pecision of the output

X

8 - 2 mi
It determines the no . of

observations that we need

to take

1 : x (scale) & six of the whole

(logistics) optional no . of observations .

I

Geoinformatic comultant" - Hot woud

Tomorrow -- About Central Surveyinq
How to do it? (About whole).

22
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control Networles

Distances firm ground
whole to part Angle intervisibility

Height optimal no . of points
contest survey

establishing the network for the whole

L
important >intervisibility of points
↳

features
0

A

W↑·as d 2

7

control I

points - L
-> From one part, at least

-

instruments tio different instruments

should be visible

· Look for firm ground 3·

Intervisibility Reconnaisance
· optimal no - of pointy

Step 1 : Reconnaisance

Step 2 :

Establishing Central
coordinates of the control points

Traverse lowest order of control survey
Triangulation 3 Highly precise precision
Trilateration navieties

coordinates
> Le know

>
control points

-

I -



d = (x ,
- x2)2 + (4 ,

-Yz)2 + (2 1 -22)2

All our measurements are inherently deficient in
· reference information -> Datum problem
-

④ orientation
-

Closed Traversel

-
Link traverse Benchmark

↑

I ↓ I
1

treference 0 A ToA W check

Orientation
B C

orientation

simple traversing
: Establish printo and add central

point as a reference point .
We add another central

point to determine the ovientation of our and then

to check for that our orientation is right , we add

tio or more central points at the end of our traversal-

closed loop-traverse

Polygen traverse

Planar Survey - We do not take curvature of earth

into consideration
.

- planar coordinates

Eastings cartesian

No ethings
Polar coordinates

Distances &

whole circle Bearings
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a
North

ClOCRWise angle from North

~y 100 to 3680) is WCB ·

X
WC13

1 Bearing
&

itm 7

(Fo
, No) d= (tr - Ep)2 + (No - Np)2

(X0 ,Yo)
A↳

WCBop = C= arctan (ii)0

I
(Ep , Np) P

(xp , Yp) WCBopMy talking abounation

"W a
NCBPA WCBOp + LOPA

-
· A

& E~ I↳
-....P

sum = WCBop + 28 PA

#-

s " I I Jus ful??
sum >3600

13
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orientation

7
Datum d incy

Link
traverse ↑

-
&

-oAe B
intervisible

aN

vCBoP

07 3 d= (Ep -Es) + (Np-No)
⑦

[20 , NoS ↑
-> WICBop=tan-2()

P

<Ep , Np)
WCBpA = WCBop + LOPA + 180:

LOPA WCBpc = 1800 + IcBop
- ↑

34 WCBPA

y A

P

WCB
po

WKT WCBp0 + LOPA 73600

WCBpo +LOPA-3600

/C Bop + 100 + LOPA-360°

WCBop + LOPA - 1800

EA = Ep + dPA sin WCBPA

NCBAB = WCBAP+ <PAB

XCBBc = NCBBA + < ABC

WCBcq = WCB
c

+ < BCQ

WCBPA = WCB pot <OPA
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rolSurvey
travering

get
18 distances] coordinates

↳ di B anglesA

- ↳ x a E

Eds d2 Whole circle bearing ->(IN) X
->

d4 4 ↓ ↳P angle
x

4

D d3
C orientation v

da2WCB) =

N 3 North asy-direction [Lattitude]
dein (WCB) = ES East as x-direction [Departure]

LEA
, NAT - known random unavoidable

(EA ,Ma) + computed systematic - estimatable
↓
known with uncertainty blunders avoidable

Adjustment :
- Bowditch (Hand-calculation)

Rigorous) heast square adjustment
-

EA + WEAB
-

NA NAB

-

= (EB
,NB)

EBC NBC

Ecl NCD
IDE NDE
EEA NEA

-

-
- -

S = 0 8

Acceptable Errors
Internal (n-2)1008 Ea +Error
External (n +2) 1800

Ow= date e +es += Sa
Or= r

- 3wwS3w



Schofield Exercise 6.1

↳3
Bowditch

22 ↳
6E = Eti Ei= x i

↳ ↳S

-N = 5 Ni 4i= hi P= [Li
I i

&bservation cost function

condition

y=Ex
min ([(y-Ax)2] mapping

mathematical model/besign

Larger scale ->more accurate maps
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control surveys : Traverse and Triangulation

Traverse procedure :

Reconnaissance

control point identification

Distance and Angle measurement

Adjustment Withina
tolerance

Least squares
coordinates

Relative Measures

1 /180

AEi = SE 10cm -> 10km
i

i

Ni = SN ise

2 = S72 + SN2 ·180 ,
000

Relative error : e/p -> perimeter of Book Schofield
the traverse Ex

. 6 .1

-Tes -
-

Control Network -> Tolerance

Primary 1 /10
,
000 ,

000 > 1 1000000

density ↓ Secondary 1/100 , 000

Tertiary 1/10
,

000

1/180 1/20000 0
1

Lower order Large smallI feature mapping Lun

Triangulation
Traverse move

B redundant

23 4

conditions
A is So C

10

I ②

7

E D

Triangle - I condition

Quadrilateral ->I condition

m-observations (m-n) condition

n-parameters 3 equations

1
,

= (Xc - xB)2 + (Yc - YB)2
12 23

& 1 12 = (xc - xa)" + (Yc - YA)2
22

& 1

d

sinx= since = sin 23

I , 12 d

pseudo es => Sin, d -

E
sin <3

> observed

observations
sin <3

12 = Sin d

25RM > Planar

25km >Spherical/Ellipsoidal

26
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Control Surveys-triangulation
12 23

& 1

22
& 1

BM =

l = sinc , d pseudo
(Benchmark) A

d
B- known

sinx3 3 observation

12 = since d

sincs

↳ intermediate step

non-linear ->
uncertainties

Observations > Parameters
linerYarized
↳ dissolve the parameters/

from other quantities

y
= Ax

y
= f(x)

Initial Vallue

y
= f(x)

x =

x5

+ ↳ch) Taylor Empreciate
2,

+ [2 + 2 = 100
:

Ci = sum/difference of whole circle bearings
WCB =

arctan[)
>Linearise it then get initial vallues

from pseudo observations

3 useful 4, =

Eobservations 22=

23 =

d = (XA -XB)
2 + (YA-4)2 - Abner

information

redundancy
= 3 -2 = 1



condition eqb : - 4 + (2 + 43 = 1000

3 angle
E 2 unknown WCBI condition equ No . I lines of

- s( -

↑ unknown WCB

6 condition eq = 6-4 = 2

12
+

-) ↓
Total Angles

C

1 ,
= (xB -Xc)

2
+ (YB -Yc)2

12
&3

& 1

22

COS4,
=

12 + ly2-ei BM =

& 1

(Benchmark) A
d

B- known

212l3

- 3[Triangulation + TrilaterationTriangulateration
>Primary Network

Primary >secondary
A

- a
I [ A

7 inaccesible L
I

A
A

Intersection Resection
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coordinate systems - Reference surfaces

Traversing n

--

Tertiary

Triangulation ,

Trilateration
/

Triangulateration - Primary/secondary
Inaccessible accessible

Resection
X L -

-

-

" visible
- form

secondary
Intersection

Network of control points that have coordinates

V
-Y W

30% land D

20% ocean"
....

~ True shape of Earth>Geoid

/Greek word)
Earth-like

Equopotential surface
X

Gravity potential= Gravitation + centrifugal
acceleration

due to due to
rotation Mass

shape of earth is determined by density composition
Geoid

is

equopotential surface that is closest

to the mean sea level (MSL) ·

Centering
- in line with target

Levelling -> due to gravitywe aligh ourselves with the plumb line .

shape of the Earth 3 - Geoid :

gravity + geometry

mapping on Earthy- Coordinates ->No gravity information is
required ; only geometry

Geoid : -> Best titing regular surface -Ellipsoich

I + I = 1

In case of geoid ,we take an ellibse and rotate it along
an axis .

Equation : 1 + E = I

Ellipsoid :

-

Two types of ellipsoid

Physical ellipsoid-> has mas ,
rotation

, equopotential surface
2 Geometric ellipsoid

Geoid Ellipsoid

mainene I > mass-density is uniform
7 rotation

flattening
-

flattening
↳
f

= a- b =

+
= 350

a

Plane- Surveying mapping [ch-d schofield)
-

Planar coordinates : (N , U) RiS

N
, E,W) LIS

↳

26/10/2022

Coordinate Systems - Reference Surfaces

Plane - Local

-> Earth-like True shape
GeoidE Equopotential 3 >

closest to the MSL

70% of the earth

Ellipsoid Globall I = fex metres
Best fit to the geoid Regional

-

n =

itsospdp
Geodetic model of the Earth
Ellipsoid>Geometric Model

Mars 3 Physical model>Rotation
-> Flattening = a b

a => 300

SRTM >ETOPO

Shuttle Radar Topography Mission)
-> equopotential

surface gravity- gravitation + centrifugal
↓ X acceleration

acceleration
mass Y

rotation

level Ellipsoid :

-

Ellipsoid which also have gravitational field .

WGS &K
- 4RS00

-
-

e Enclosed topology
-> attitude

zquopotential p & -> Polar coordinates
surface Astronomical / ↳ Longitude

survey S- Astronomical Lattitude 3
V L

- - Astronomical Longitude
Plumb line Geodetic Astronomy +

Spherical Trigonometry



⑳ "apping tential tee gravity

Geodetic coordinates

b ,
b ,- EllipsoidalX ↳
Longitude heightLattitude

RHS

- -

I /
2 -

e -3 (E ·- - ·
nee

I
-

Radius of
curvature of the

X plumb vertical

* <-> -

- a
&

-
Equopotential surfaces ane

e not parallel
un

-> pursicel

(I , ,w(-> geopotential
-vertical coordinate -Datum/geometric =>

2

Horizontal < p ,
> , h) -> Ellipsoidal height

coordinate height system)
↳ Datum- Reference supe

coordinate

-

Aman Kumar Singh \ IITK
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Coordinate systems - Transformations

Astro Lat . yuraxity
Potential

CNatural Coordinate system - (b ,
A

,
W

Astro Long .

Geodetic coordinate- (P ,
3

, h)

Let .

Good. spend lipsoidGeodetic
ref.wong . height

Ellipsoid Coordinates - (n , B)

W -> h

Y
- Potentiagoid

C =

Wo - W

↓
->
physical quantity

H = C m2 /52O ⑰ mis gravity
= -geopotential

geometty"e
n

-

outhometric height

Zira-eIf
Geo id(I , =1 , H) - I7

(d
,
3 , h)

-

xi E
,

= b - b 3 Deflection of the

sta y
= (11 - 3)cosp vertical

-
Gradient of
the geoid

↳ This factor takes care

of the
convergence of lat . I lang .

)
We don't

use this
inpsi ↑ =-Lo , + yeina)

surveying.

gerid
azimuth in spherical trigonometry

undulation

↑ -otho
weight

↳intereh = N + Hc0s4
-

Elipsoid COS 60" = -
Height y

= N + en

Chapter 8 Schofield Book

3 = I
+
GNss

- p⑧ I gradient of the gesid
2 = (A - 3)cosp
N = -# - undulation of the geoid

1 b ,
3

,
h) - 3D Coordinate System

Transformations - Datum

Rotation Reference Frame
GM
i a -> geoid2

*

International Terrestial

.. >Y Reference System (ITRS)

Orientation of x14 , 2

L ↓ origin
ITR Frame - orientation in space

-

Geophysical Phenomena

Stable coordinates + Ellipsoid + Origin + orientation

- Geophysical activity)

↳18
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Coordinate system - transformations from
7 geopotential

W

Astronomical/Coordinate System ( ,
-A

, H)
Natural ↳artnometric

keight

Geodetic Coordinate System (b ,

3
, h)
↳ ellipsoide

Coordinates

E
I = b - Es

on the 11 =

3 - n sect
geoid . H = h - N-> geoid undulation

Two maps > different coordinate systems

V

reconcilation

V yo" * 14
Coordinate Transformations

Datum I X
- X1

ob solute orthonormal -> X /
-

dismmetric -
- inverse is the transpose >

1 = R(0) (4) + R1a[] [i]= In co**

%] - (Yi] Case 1 : translation known
in

(X,4) system

translation of the origin
Rotation of the axes

① = ②



Rotation Matrices are orthonormal

sRew-symmetric
translation

Latitudinal

I LAS - Difference

(2) = (2) + Rxcros RyC4) R213)

-

Y
-

Longitudinal -z
> RHS

x = ( + h) cosbcos]

y
= (Y+ n) cosbsind X-Radius of curvature of the

z
= f(x) sinp prime vertical .

Rx = 1 y O

I O COSO sinc

-] (0-sinc cord

Ry =

(0-sin
3 =

r - r
1 ⑦ I DE

sinB O cos Ric, ,Y/YI*
:sinc O

S

Rg
=

/in ess
o I 1SD Weecale I

3 translations I parameter
3 rotations 3 - similarity-> Affine

- I scale Transformation
->we me b transformationTparameters* Zem tou in Image Processing!

12

2 , B1Y- <60"
I 0

. 9992 to 1 . 01

Aman Kumar Singh \ IITK
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Coordinates - Map Projections
projections

3D
,

Geodetic Coordinates > Maps -> 2D Medium

curvature of the geodetic model ellipsoid
3D -> 2D

with distration
->Angus ->

directions

->

--
-> bearing

minimising the lengths
distortion

3D -> 2D

ellipsoid

↓ With distortion
Without

3D object-> ID
distortich

Objects Distortion properties Gordic

projection
Lamber + Azimuthal equal area projection
Lambert Conic conformal -> preserve angles and shapes

Mercator
⑳ ⑰

Geodesic

--

Great Circle -> Passing through enter of sphere
Geodesic - shortest distance passing through the points
compromises
-Natural Earth EquitorialRadio-111 . I1

3030 ka
- Robinson closer M

- Polyconia L S +8 --
closer 60= 600 - 625

She
one

138880
- preserve lengths - pyitive4 ,888 2

shapes and relative angle E, N , W - UTM
Feld survey -> map

↳12
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Coordinate systems - Projections & height systems

UTM - useful for regions that are NSetsugated
68 zones minimal distortion

840N-08s it preserves shapes

Poles - Polan III outhsmorphism
-

↓Stereographic
60 84"N shapel form

Projection 1
720 zone numbers

q ↑ 2:

04N

100

04 spos
&0

Do

1640 - 20 tiles

1640

Y 90' N+ 90
1

oN I

I

-lattitude
I

·s
↓
longitude

Latitude is not greater
circle except equator.

9005-90

-distances

(d , h) - Geodetic Polar Coordinate
-
-

angles

(2) - Cartesian
--
-

lincas

Heights
Difference

unEquipotental ~Unit ofgravity
- Potential M
-

ne ↓ Gal=1 cm1

·

I
↑

mGal=18-3crIs
h

amee geoid 0 . 81 m 4al = 18em/s2

v

ellipsoid

W2 - x
,

= JN

in- one JH , I SHIF SH3
↓

- SN =

gDH

Gravity = W gravity-> Plumbline

↳ mass + rotation

Ortential

=> H = No - xy

-g
= = NE 9g ,

= 92542= 955H - g force

V

topography orthometric

g = Igan S
Height

geoid

g
=

91sps
+ Prey reduction

8thometric height H = No - Dynamic height- Cute iI (ships)

Normal Height H
*

= No-I I= /Van*

-

d
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Satellite Positioning
- GNSS Ispace-based surveys)

1. Laborious nature of surveying
2 . Speed of surveying 18-3+ milli

3 . Acces to Benchmarky
10

-6 - micro

K
. Line of sight to control bes .

10-+ nano

Benchmarks ->

Flying
18

- 13
- bico

-> High precision Position
-> High accuracy

- Position of the flying benchmark
-

Communicating the Position
Measurements of Hying objects : -

velocity
Angles / Directions (Azimuth, Elevation)

Doppler Measurements -> Good receiver - AA mi , sub num

M
- Range,range rate /send puloc, it reflects from satellite)
-Time of arrival -> Time in demanding

(Atomic Cock)

↳Most efficient and cost effective .

① TRANSK Positioning system -> GPS - USA

4LONASS - Russia ToA

Galileo - Europe 2Clocky

Bei Dok - China3Every dayIRNsS- Navk - India positioning
Q2SS

- Japan

Doppler-DORIS - French

Doppler -orbitography 3SpecializedRange, range rate -Satellite Laser Ranging
-

Geodetic

vay Asng Baxeline Interferometry (XLBI) Astronomical

pulse from quasarsQuasarx-Objects in space . en
-

2e
-

AAntenna
-> E

Antenna
I

b No

Aman Kumar Singh \ IITK

Global Maxigation Satellite System
- To A + fundamental principle
- Atomic Clocks -> critical technology

-> 4 Atomic
- Microwave freq: benetrate cloud cover- communication

↳ 2-band 1-2 443
by = c

3 = 2 = 5-30m
-2 x 189 /X b

f = 1. 5 = 0.2 2 El Bi

22 Ec B2
↳s Es Bs Satellite Segment

Segments of a GNSS
[ I
1

Antenna /
- Satellite

-
- control #Y Centrof
- user Lesser

Receiver segment
segment WGS-04

Ephemeris + position into of satellite

key Parameters-

- Position -> Ephemeris) + modulated over a

- Time tag carrier wave

↳L-band

(Division Multiple Axis]
Code DNA - DMA -> Different Code

Frequency DIA - FDMA -> Different Frequency .

Carrier->Messenger
Information -> Positioning (Xs , Y, 25)

⑧

Code -> Speaker time of
a sending*

R
= ce

Need to view 4 satellites
f= c+ 2

↑ unknowns =3 position + d
erreex

I clock error peeudo range X

time of recept
(XR ; +,, 2R)

Observation Model!
-

Navigation

Si
(x, -x + , -y,3 + (2, -21/

2 +182

solution I

!
--jx = (x4-xx)+ (4-72)+ (2x-22)2+ cen

LIX
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Satellite Positioning
- GNSS

Benchmark-My
Doris DORIS-I Enhan-LetLaser ranging

- SLR instrumentation frames
,

!time ofarrival - GNSS , VLII

! ↳

survering

GNSS ->Global Maxigation Satellite Systems
Principle-Resection

-

-I -] precision is
-] diff -

Tsat- treceiver
E3 T2

10w
Es Precision

Ri=c2:
1

11 X

i = Ri+ c8ti Treceiver -sI X
/
X atellite-
-

3+ unknowns . known
I- time

Ii = Ri+cSti -> Basic Observation Equation

= (Xr - xi) + asti
->

geomete,
te

linearied ↓

Ii-11
, 0

I dRi a

sir
satellites that are

r in the purview of
the receiver

-

Design



l = Ax
↓ ↓

residual design parameters

range matrix

A lI = (Imm I

mxm mx

e

operator that maps the observation- parameters

I = N
-

d Amen- Rank= n (smaller of
L ↳ Atl

(ATA) mand n)

Qu = LATA)
we have less columns

(nxn)
-

e
2

a Was itax xy

-- I 2-->

I
ryy 93 est

552t

I
- =

-

2

-

-
It

4DOP = 2xx + 25y + 25 +2
Dilution of Precision

PDOP =

HDOP =

RQxxR'
NDOP=W

~trace (N-2) = scale factor m =

accuracy
Q A)

N-1 time precision = -M =

3 .33x18 sec
-

22 = Y
- posterior vavience factor

Y= l - A

r = m - n

Ii = Ri + cSti >Basic Observation Equ

Ii = Ri+ cSti + T + I + Multipath + Instrumentation emmons.

- topospheric refraction -> 30-45 m

I -> Ionospheric refraction -> 10cm - few m

Aman Kumar Singh \ IITK
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Satellite Positioning
- GNSS

1-> I - xs
->

1 - sp
= I-f =4

design Jacobian
all the observations to be uniformly weighted .

GDOP= Arace((ATA)
-

]- A multiplication factor
P

to the observation

If Std. dev

Geometry of
U the satellite network .

T ↳ Resection

I = I
+ c(st- St) + T + I

+ receiver delay
+ Multipath

zenith

+ Antenna blane centre-
< do not care of ifdelay

median 9 you do not zeed ma precise
measurement .

↑T slant delayenvironment

Troposphere = 182
, M, 02 ,

water vapour, feeling
X of weather ,othergreenhouse gases,

drostatic Wet inert gases .

modelled estimated

Vienna Mapping Function
Fonosphere ->

modelling
- Klobucha model carria

↓ code-

frequency of the carrel wave data

Like higher the frequency ,
the stronger the delay)

L-band

↳ heren
Combination of the observables at the different

frequencies -> eliminate ionosphere delay .

Fonesphere state

Total electron content = TEC

Surveying
- (X

,
4, 2) + precise

robs spatial behavior a


