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Abstract

Total station has become the main tool in most engineering work. Accordingly, evaluation of this work has
gained a significant importance. A methodology to evaluate precision of cadastral work done using total station
is presented here. The used technique is based on propagation of random errors of quantities measured by total
station; i.e., distance and both horizontal and vertical angles. Random error in distance is produced by EDM
unit integrated into total station. Whereas, random errors in horizontal and vertical angles are produced by
theodolite integrated unit. Moreover, backsight process conducted in field results in addition random error in
horizontal angles. This research studies how the above errors affect the resulted rectangular coordinates
measured by total station for each observed point. Experiments were done using both simulated and real
datasets. Results showed that the calculated errors were close to the expected errors and did not exceed the
allowable ones.
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1. Introduction
1.1. General

Since total station instrument has gained a great interest in land surveying work, the evaluation of the
work performed by total station has become quite necessary. A repeated question is always raised in the
field, which is "how precise is the work?" Although the question seems to be a simple one, the answer is
not that simple. To precisely answer to this question, the composition of total station should be
considered. Total station instrument consists of two main integrated measuring units in addition to a
computer unit [11]. The first measuring unit is an electronic distance measurement (EDM) instrument.
Whereas, the second measuring unit is a theodolite instrument. As a result, errors happening due to
measuring by total station are errors resulted from both EDM and theodolite instruments. These resulted
errors might be systematic errors or random errors.

Systematic errors are those errors that have the same value (magnitude and sign) in a series of
measurements repeated under the same conditions [11]. In other words, they obey a direct mathematical
relationship to calculate them. Systematic errors related to total station are classified to personal errors,
atmospheric errors, and instrumental errors [9]. Personal errors are those errors such as careless
centering, leveling, and aiming top target. Atmospheric errors are those errors such as errors due to wind
variations or temperature differentials. Finally, instrumental errors are errors related to EDM instrument
or theodolite instrument. Instrumental errors due to EDM are scale (proportional) error, index (constant)
error, and cyclic error [1], [7]. While, instrumental errors of theodolite are errors related to both
horizontal and vertical circles of theodolite [9].

*Corresponding Author: Mohammed Aldelgawy: Address: Faculty of Hijjawi for Engineering, Department of Civil
Engineering Yarmouk University, Irbid, JORDAN. E-mail address: mas00@fayou.edu.eg, Phone: +962786876593

115



M. Aldelgawy/ ISITES2018 Alanya — Antalya - Turkey

On the other hand, random errors are those errors which remain after all other errors have been removed.
They are beyond the control of the observer and result from the human inability of observer to make
exact measurements [9]. When observing any point using total station instrument, the output quantities
displayed on the total station screen are the 3D rectangular coordinates in east, north, and vertical
directions (E, N, z) of this observed point. However, these coordinates are not observed directly. They are

calculated by the computer unit integrated into the total station instrument. In order to calculate these
output rectangular coordinates, a number of input observations are done by total station. The distance
between the telescope of total station and the prism is observed by EDM unit embedded in total station.
Both horizontal and vertical angles are observed by the embedded theodolite unit. Moreover, the north
direction and the 3D rectangular coordinates of occupied (station) point, in addition to the height of both
instrument and target (prism) should be known (or previously observed). They are entered manually to
the total station instrument. If the input observed quantities have errors, definitely the output quantities
computed from them will have errors. Evaluation of the errors in the computed output quantities as
functions of the input measurements is called error propagation [6]. Accordingly, the values of the
expected random errors of the output 3D rectangular coordinates (£, N, Z) of observed point are calculated

applying error propagation rules [5] on the input observed quantities for this observed point.

In this research, all systematic errors are neglected assuming that the used total station is recently well
calibrated and observations are performed carefully and expertly. Accordingly, the focus will be only on
the random errors which take place during observation. The mathematical formulae used to calculate the
values of expected random errors of the output 3D rectangular coordinates of observed points are
introduced in this research. A detailed study of the sources of random errors while measuring is
presented as well. In addition, the experimental work besides the results analysis for both simulated and
real datasets are illustrated. Finally, the conclusion and recommendations of the future work are
introduced at the end of the research.

1.2. Research objective

The main objective of this research is to introduce a mathematical approach to evaluate the cadastral
work performed by total station instrument. This is done by applying the error propagation rules on the
input observed quantities in order to calculate the expected random errors in output 3D rectangular
coordinates (E, N, z) produced by the total station for each observed point.

2. Mathematical Approach Used for Evaluation
2.1. Rectangular coordinates of points observed by total station instrument:

For any observed point, the mathematical formulae which represent the relationship between the input
observations and the output 3D rectangular coordinates of this point are as follows [11]:

For horizontal (planimetric) coordinates (Figure 1):

E=E,+S.Cosv.Sina «..oocn.... (1)

N=N,+S5.Cosv.CoSG ++vrvnennn (2)
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0 S.Cosv.Sina E

Figure 1. Horizontal (Planimetric) Coordinates of Point Observed by Total Station Instrument

Whereas, for vertical coordinate (Figure 2):

Z=Z,+h,—h +S.Sinv «cco....... 3)
S_-_._._-_.__,—_.__.__,—__-
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Figure 2. Vertical Coordinate of Point Observed by Total Station Instrument

; Where:
(E,N,z)and g, N, z,)are the 3D rectangular coordinates of both observed point and occupied (station)

point in east, north, and vertical directions, respectively,
(S,a,v)are distance between the telescope of total station and the prism, horizontal azimuth angle, and

vertical angle measured by the total station instrument, respectively,
n,18 the height of total station instrument, and

n,1s the target (prism) height.

As shown in equations (1), (2), and (3), the values of output quantities (£, N, z) depends on those of the
input quantities (S, a,v), (E,,N,.Z,)> (hy,h)- Some of these input quantities are directly observed; such as
distance (§) between telescope and prism (observed by EDM) and both horizontal angle («)and vertical
angle (v) (observed by theodolite). Whereas, other quantities are previously observed and entered
), height of
instrument s, ), and target (prism) height(s). Applying error propagation rules on the above three

manually to total station; such as rectangular coordinates of the occupied point(s, v,z

o

equations leads to computing the values of the expected random errors of the output 3D rectangular
coordinates of observed point(s).

Moreover, the north direction is assigned in field either directly using a compass or by making backsight.
Backsight is the process of aligning the horizontal circle of total station in order to make sure the
coordinate system is consistent to that of the entire project [2]. In field, backsight process is done before
the observing process. This results in additional random (propagated) error in the observed horizontal
angle. Consequently, after finishing backsight process, the rectangular coordinated of observed points are
affected by the propagated value of the additional random error of the horizontal angle. In the following
subsections the expected random error in horizontal angle due to the backsight process is presented.
Afterwards, the expected random errors in the output 3D rectangular coordinates of the observed point
are introduced.
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2.2. Expected random errors in horizontal angles due to backsight:

Backsight process is performed by providing the total station by the horizontal coordinates of the
occupied (station) point(g, n,). In addition, the horizontal coordinates of the backsight point(g, v, )is

provided to the total station instrument. Backsight point is a station point which is previously observed
by total station instrument.
After setting up total station on occupied point(,,), the telescope of total station is aimed towards

backsight point 4, )in order to set the north direction [10]. Accordingly, the measured horizontal angle is

affected by two sources of errors. The first error is the error due to the measured coordinates of both
station point and backsight point. Whereas, the second error is the error in horizontal angle resulted from
aiming the telescope of total station to the backsight point. The overall backsight error is the resultant of
these two errors. The above errors in addition to their overall effect on the accuracy of the horizontal
angle of the next observed point(s) are illustrated in the following subsections.

2.2.1. Random error in backsight angle due to measured coordinates of both station point and
backsight point:

Backsight is done in order to assign the north direction. This is made by the total station by calculating
the azimuth angle (9) of the backsight line (4, 4,,) from the north direction, then setting the north direction

(Figure 3).
The azimuth angle (9) of the backsight line 4, 4,,)is calculated as follows (Figure 3):
0= Tan Lo —Eo) L 4)
(N BS N o)
; Where:

(E,,N,)are the horizontal (planimetric) coordinates of the occupied (station) point in both east and north

directions, respectively,
(E,.N,)are the horizontal (planimetric) coordinates of the backsight point in both east and north

directions, respectively.

Figure 3. Top View Illustrating the Process of Backsight

As shown in equation (4), the value of the calculated azimuth angle (9) of backsight line depends on the
measured planimetric coordinates of both station point(g, n jand backsight pointz,  n,).
Consequently, the expected error (s ,)in the calculated horizontal azimuth angle is affected by the errors

in measuring planimetric coordinates of both station point and backsight. Applying the error propagation
rule [5] to equation (4) to find the expected error () in the calculated horizontal azimuth angle leads to:

02 =(00/0E,)’ 02 +(00/3E ) 07, +(00/0N,)’ o2, +(00/0N 45) 0%,
; Where:
o,1s the expected error in backsight angle due to measured coordinates of both station point and
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backsight point,
(o, ,o, )are the random errors of the coordinates of the occupied (station) point in the east and north

directions, respectively,
(o, ,o, )are the random errors of the coordinates of the backsight point in the east and north directions,

respectively, and
Then:

_ 2 2 ; * _ *
O';z(NCOSNH )20'20+( Cos “0 )20'235 +(Szn0 Cosﬁ)zo_;/u+( Sin 0 Cosﬁ)zo_;/m
( BS 0) (NBS_N()) (NBS_N()) (NBS_NO)

2
o2 :CLQZ[(UQ +Gl )*Cos?0 + (o}, + 0}, )*Sin?0]
(NBS_NO)

But (From Figure 3):
(NBS—NO):> Cos 6 1

Cos 0 = =
(NBS_NO) D

Ao Agg

) Cos’0 1

(Nys —No)* D
Therefore:

» 1
Oy = 2
Ao Aps

Ao Aps

2 2 2 2 2 .2
[(op, +oz, )*Cos "0+ (oy, +0y, )*Sin0]

Then:

1

Oy =

(02 +02 )*Cos?0+ (02 + 02 )*FSin?0] -eeeeee (5)
A()ABS

; Where:
p, , 1s the horizontal distance between the station point(4,)and the backsight point4,,):

AoAp:

Dy =Ny =Ny +(Epy —Eg)? e ©6)

2.2.2. Random error in backsight angle resulted from aiming telescope of total station to backsight
point:

Since the process of backsight requires aiming the telescope of total station instrument to the backsight
point and measuring a horizontal angle of(«, . ), an error in the azimuth (horizontal) angle is

generated equals to the value of the accuracy of measuring horizontal angles for the used total station

(o

o _ Instrument ) *
2.2.3. Overall random error in horizontal angle resulted from backsight:

The overall value of the backsight angle (4, ) is the summation the above two anglesg,o, , );1.e.
aBS = 9 + alnstrument

Then, applying error propagation rule:

N e R PPPPRRRTS (8)
; Where:
o, , theerror resulted from the backsight process.
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2.2.4. Random error in horizontal angle of any point observed after finishing backsight:

The measured horizontal angle («) for each observed point is the summation of the backsight angle (4, )
of the backsight line and the horizontal angle,,  ymeasured by the total station for each observed
point; i.e.:

A= Qg + Ao wovenennn 9)

Then, applying error propagation rule:

2 2
N R (10)

2.3. Expected random errors in rectangular coordinates of points observed using total station
instrument:

2.3.1. Expected errors in horizontal (planimetric) coordinates of observed point:

The horizontal coordinates (£, N)of the observed point are calculated by the total station instrument
(Figure 1) using equations (1) and (2). Applying the error propagation rule to equation (1), the expected
error in the east coordinate (s, ) of the observed point is obtained as follows:

o2 =(0E/0E,)’ o2, +(BE/8S)* .ol + (0E/da)’ .o +(OE/dv)* .o

; Where:

o, 18 the error in calculating the east coordinate (Fo) of the occupied (station) point,

o, 18 the error in measuring the distance ($) using the total station instrument,
o, 1s the error in measuring the horizontal angle (@) using the total station instrument, and

o, 1s the accuracy of measuring vertical angles ™) for the used total station instrument.

Since:
OE/OE, =1,
OE/0S =Cosv.Sina=(E—-E,)/S

(E B Eo)
D

S OE/0S = Cosv

; Where: D is the horizontal distance between the total station (occupied point) and the prism (observed
point) which can be simply obtained as follows (Figure 1):

D=S.Cosv

;0E/0a =S8 .Cosv.Cosa = 0E/da=(N-N,),

Sinv

OE /0ov=-S.Sinv.Sin a =-S5 .Cosv. . Sin a

Cosv
=-8.Cosv.Sina.Tanv
" OE/ov=—E-E,)Tanv

(E_Eo)
D

Yo =)o, +( Cosv) .ol +(N-N,) o> +(~(E-E,).Tanv)’ .o}

Lo, = \/O'é{, + (LDEO).COS VW.oi+(N=Ny).ol+(E-E,)Tanv)* .. ««cewnveee (11)
Similarly, the expected random error in the north coordinate @) of the observed point is obtained

applying the error propagation rule to equation (2) as follows (Figure 1):
oy =(0N/0N,) .oy, +(ON/08S)’.c: +(ON/da)’ .o’ +(ON/ov)’ .o}
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; Where:

o, 18 the error in calculating the north coordinate (V) of the occupied (station) point,
Since:

ON/oN, =1,

ON/0S=Cosv.Cosa=(N—-N,)/S

(N-Noy)
D

. OE/0S = Cosvs

ON/oa=-S.Cosv.Sina = 0E/éa=—(E-E,),

Sinv

ON/ov=-S.Sinv.Cos a =—S .Cosv. .Cos a

Cosv
=—8.Cosv.Cos a.Tanv
. ON/ov=—(N-N,).Tanv

(N_No)
D

“or =)o, +( Cosv) .ol +(E-E,) o+ (~(N = Ny)Tanv)’ o}

Loy = \/aﬁo + (w.cos V202 +(E—E) 02 + (N = Ny)Tan v)? g2 «eveereeen (12)

2.3.2. Expected error in the vertical coordinate of observed point:

The vertical coordinate (z)of the observed point is calculated by the total station instrument (Figure 2)

using equation (3). Applying the error propagation rule to equation (3), the expected error in the vertical
coordinate (o, ) of the observed point is obtained as follows:

o2 =(02/02,) 0% +(0Z10h,) .02 +(6Z10h)) o2 +(6Z10S)> .o +(Z | ov)*.0>
; Where:
o, 18 the error in calculating the vertical coordinate (Z,)) of the occupied (station) point,

o,,18 the error in measuring the height of the total station instrument(#,,), and
o, 18 the error in measuring the target (prism) height (#,).

Since:
02107, =1, 6Z/dh, =1, 8Z/oh, =1, 0Z/38S = Sinv, 8Z/0v=S.Cosv=D

Lor=)ol +() o), + (=)o, +(Sinv) .ol +D*.o!

Lo, :\/0'50 +o,, +o,, +(Sinv) .ol + Dol ... (13)

3. Experimental Work

Experiments were done using both simulated and real datasets. The details of experiments in addition to
analysis of the obtained results are illustrated in the following subsections.

3.1. Experiments for simulated dataset:

Experiments were conducted using a simulated dataset in order to check the validity of the used
mathematical approach. Dataset consists of six blocks of buildings with a fence surrounding them
(Figure 4). Moreover, the figure shows a closed pentagonal traverse (A1-A2-A3-A4-A5-Al) in
addition to number of surveying points (1 to 30). Perfect (no random errors added) horizontal distances
between traverse points are illustrated in the figure. The label of each point illustrated in Figure 4
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consists of two parts. The left part represents the station from which this point was observed. Whereas,
the right part represents the point identification code. For instance, points A4-24 means the point
identification code is 24 and it was observed from station point A4. Including observed stations and
backsight points: eight points were observed from station point Al, seven points from station A2, six
points from station A3, fourteen points from station A4, and four points were observed from station point
AS.
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Figure 4. Top View of Simulated Dataset

As mentioned earlier, total station consists of two measuring units. The first measuring unit of total
station is the EDM which is responsible for observing the distance(s). While, the second measuring unit

is the theodolite which is responsible for observing both horizontal angle(w) and vertical angle(v).
Accordingly, the simulated input data for each observed point are the observed distance(s), horizontal
angle (o), and vertical angle(v) besides the coordinates of station(E,,N,,Z,), height of instrument(s,),

and target height () . First, the perfect rectangular coordinates of the observed points (£, ,.,, N, 10 Z o)

were calculated using the above values applying equations (1), (2), and (3). Afterwards, random errors
(noise) were added to the perfect input data(S,a,v,h,, 4, )1n order to simulate the real case as follows:

os(mm) = £{3mm + 3+ S(km)}, & =15",0, =+5",0,, =*10mm ,al’ldah, =+10mm .

a _ Instrument

The noised rectangular coordinates of each observed point(E,, . ... N> Zyoea) WETE calculated again

using the noised input data applying equations (1), (2), and (3). The difference between noised

coordinates (E,,,..,» N yoeas Zaosea) A0d perfect coordinates (£ Z o) fOT €ach observed point was

Noised > Perfect > N Perfect >

calculated. Then, the root mean squares errors (RMSE,,RMSE, ,RMSE,) for these differences for points

observed from each station point were calculated in the E, N, and Z—directions, respectively. Moreover,

the expected errors for noised coordinates (s ,,0,,0,)for each observed point were calculated applying

error propagation rule illustrated in equations (11), (12), and (13), respectively. Again, the root mean
squares errors (RMSE s, , RMSEs, , RMSE s, ) for the expected errors for points observed from each
station point were calculated in the E, N, and Z—directions. Since random errors obey the Gaussian
normal distribution curve, the value of the allowable error equals three times the expected errors in east,
north, and planimetric directions, respectively [6] ; i.e.:
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Allowable error in E~Coordinate = 3*RMSE s, , Allowable error in N~Coordinate = 3*RMSE ¢, and
Allowable error in Z-Coordinate = 3*RMSE o, .

Experiment using simulated dataset was conducted in two stages. The first stage was to establish the
closed traverse for the study area. While, the second stage of the experiment was to monitor all observed

points (both traverse points and surveying points) lying on the study area from traverse (station) points
(A1 to AS). These two stages are illustrated in the following subsections.

3.1.1. Results for closed traverse points (stations):

In order to establish the closed traverse shown in Figure 4, the coordinates of the first point of the
traverse (A1) were assumed to be (1000,1000,100 m) in the east, north, and vertical directions, respectively.
Then, each point (station) of the closed traverse was observed from the previous one. In other words,
point (A1-A2) was observed from point (A1), point (A2—A3) was observed from point (A1-A2), and so
forth. Finally, the first point of the traverse (A1) was observed again from the last point (A4—AS5) and
named as (A5—-AA1).

The difference between the east coordinate of point (A5—AAT1) and the east coordinate of start point (A1)
of the traverse is called linear closure errors of the closed traverse in the east direction(£ _Lin CE). on
the other hand, the difference between the north coordinate of point (A5—AA1) and the north coordinate
of start point (Al) of the traverse is called linear closure errors of the closed traverse in the north
direction(N _Lin _CE). The difference in planimetric (horizontal) coordinates between the observed point
(A5—AALl) and the start point (A1) represents the planimetric linear closure error (Plan Lin CE) of the
closed traverse (Figure 5). As shown in Figure 5, the value of planimetric linear closure error of the
traverse is computed as follows:

Plan _Lin CE =+[(E_Lin _CE)’+(N _Lin _CE)* wvuueuuns (14)
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Figure 5. Linear Closure Error of Closed Traverse for Simulated Dataset

Table 1 and Table 2 show results for the closed traverse. Table 1 presents the closed traverse planimetric
coordinates (£, N)in addition to expected errors(s,,o,)for these coordinates. Furthermore, Table 2

illustrates the linear closure error of the traverse. The first column of Table 2 represents the linear closure
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errors in the east, north, and planimetric directions, respectively. Whereas, the second column of the
same table represents the expected closure errors in the east, north, and planimetric directions,
respectively. Finally, the values of the allowable closure errors of the traverse in the east, north, and
planimetric directions, respectively, are illustrated in the third column. It can be inferred from Table 2
that the values of linear closure errors were close to the expected ones. In addition, these values were less
than the allowable values of linear closure errors.

Table 1. Expected Error for Planimetric Coordinates of Closed Traverse Points for Simulated Dataset

homt pam  FOD NOD o) o
NONE Al 1000.0000 1000.0000 0.0 0.0
Al Al-A2 999.6899  960.4894 1.0 3.1
Al-A2 A2-A3 1022.1840 942.1605 2.7 3.8
A2-A3 A3-A4 1076.2112  976.5572 6.4 9.1
A3-A4 A4-A5 1051.4085 999.8049 7.6 10.0
A4-A5 A5-AA1  999.9930 999.9772 8.2 20.7

Table 2. Planimetric Linear Closure Error of Closed Traverse for Simulated Dataset

Allowable Closure Error

Direction Linear Closure Error o, (mm) (mm)
(mm) "
(%045 an)
East(E) -7.0 8.2 24.6
North (N) -22.8 20.7 62.1
Planimetric 23.9 223 66.9

3.1.2. Results for all observed points:

In this part of research, results for all points observed from each station point (Al to AS) are introduced.
A comparison between root mean squares errors for differences in coordinates (RMSE,, RMSE, , RMSE,)

and root mean squares errors for expected errors (RMSE s, , RMSE s, , RMSE 5, ) is presented in Table

3 and Figures 6, 7, and 8. Whereas, a comparison between root mean squares errors for differences in
coordinates (RMSE, , RMSE,,, RMSE, ) and the allowable random errors in E, N, Z—directions is illustrated in

Table 4 and Figures 6, 7, and 8.

Table 3. Comparison between Root Mean Squares Errors for Coordinates of Observed Points and Their Expected Errors for
Simulated Dataset

E-Direction N-Direction Z—Direction
Point Point r RMSEOy N Oy z RMSEOD,
(mm) (mm) (mm) (mm) (mm) (mm)
NONE Al 2.5 2.5 1.9 1.9 18.4 14.2
Al Al1-A2 1.4 1.9 4.1 4.1 11.1 20.0
Al1-A2 A2-A3 32 4.8 7.2 59 11.5 24.6
A2-A3 A3-A4 4.0 7.4 8.3 11.1 18.5 28.4
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A3-A4 A4-AS 5.7 9.1 12.1 15.1 25.4 31.7
Table 4. Comparison between Root Mean Squares Errors for Coordinates of Observed Points and Their Allowable Errors for
Simulated Dataset

E-Direction

N-Direction

Z-Direction

) ) (Allowable (Allowable (Allowable
Backsight  Station RMS E, Error) = RMS, EN Error) = RMS E, Error) =
Point Point
o o (mm)  3*RMSEG,  (nm)  3*RMSEC,  (um  3*RMSEC,
(mm) (mm) (mm)
NONE Al 2.5 7.5 1.9 5.7 18.4 42.6
Al Al1-A2 1.4 5.7 4.1 12.3 11.1 60
Al-A2  A2-A3 3.2 14.4 7.2 17.7 11.5 73.8
A2-A3 A3-A4 4.0 25.8 8.3 36.6 18.5 85.2
A3-A4  A4-AS 5.7 27.3 12.1 453 25.4 95.1
a0
_A
250 - ==
T
200 — -7
=)
d
00 - . e
P— o |
50 T — =" ——
oo = =
A1 ALAZ AZA3 A3AL A4AS

e
rd
i
el
=
=== =
’_.ol' ...-"'__‘__"_.--4
" ’/1_#-’———?/_

A1 AlAZ AZAZ AdA4 AdAS

——RMSEN
—B— RMSE_sh
—ur =~ VAMSE_sH

Figure 7. Results of Observed points in N-Direction for Simulated Dataset

e
=
A
-
—=
i
-
-’-
e
ok
BT
«"
[ o
|
i
e P o —
- __//‘*r
Al AlA2 A2A3 Ad-Ad4 AdAE

—p AMSEZ
—B— RAMSE_sZ
—a =FRMSE_sZ|

Figure 8. Results of Observed points in Z-Direction for Simulated Dataset
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The above tables and figures show that the values of differences between noised coordinates and perfect
coordinates were around those values of the expected errors. In all cases, these differences did not
exceed the allowable values.

3.2. Experiments for real dataset:

In this part of research, experiment was conducted using a real dataset. Experiment was done using a
SOKKIA Series 10K SET210K total station instrument. According to the calibration report of total
station instrument, the values of accuracy of measured raw data (S, a, v) were taken as follows:

os(mm) = £(3mm + 3 *S(km)},5, , =45, andg, =+5". In addition, the accuracy of measuring the

height of instrument was taken as 10mm. Whereas, the accuracy of measuring the target (prism) height
was taken as +10mm.

The surveying project was some area in The 6th of October city, Egypt. A Google Earth image for the
project area is illustrated in Figure 9. The closed traverse work was done first. Then, other points of the
project were observed. The focus here was on the closed traverse work. In other words, the objective of
experiment was to evaluate the value of linear closure error of the heptagonal closed traverse (A1-A2—
A3-A4-A5-A6-A7-Al) shown in Figure 10. The measured horizontal distances between traverse
points are illustrated in the same figure. The label of each point illustrated in Figure 10 consists of two
parts. The left part represents the station from which this point was observed. Whereas, the right part
represents the point identification code.

Figure 9. Google Earth Image for the Project Area
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Figure 10. Top View of Real Dataset

The coordinates of the first point of the traverse (Al) were assumed to be(1000.,1000,100m)in the east,

north, and vertical directions, respectively. Then, as done in experiment using simulated dataset, the
closed traverse was established by observing each point (station) of traverse from the previous one.
Finally, the first point of the traverse (A1) was observed again from the last point (A6—A7) and named as
(A7-AA1). The difference in horizontal (planimetric) coordinates between the observed point (A7-AA1)
and the original point (A1) was considered as the linear closure error of the closed traverse.

Results of the linear closure error of the closed traverse are illustrated in Table 5 and Table 6. Table 5
illustrates the closed traverse planimetric coordinates (£, N)besides the expected errors (o,,0, ) for these

coordinates. The values of expected errors(o,,0,) were calculated applying equations (11) and (12)

using the measured raw data observed by total station with their accuracies stated in the calibration
report. The first column in Table 6 represents the linear closure errors of the closed traverse in east,
north, and planimetric directions, respectively. The second and third columns in the same table represent
the expected closure errors and allowable closure errors of the traverse in east, north, and planimetric
directions, respectively. It can be concluded from Table 6 that the values of linear closure errors are close
to the expected errors and did not exceed the allowable errors.

Table 5. Expected Error for Planimetric Coordinates of Closed Traverse Points for Real Dataset

Ba;l;is;%ht Station Point E(m) N(m) o (mm) o,(mm)

NONE Al 1000.000 1000.000 0.0 0.0

Al Al-A2 1055.486 1028.849 2.9 2.0
Al-A2 A2-A3 1070.032 1106.390 4.8 3.8
A2-A3 A3-A4 1060.805 1155438 6.2 5.0
A3-A4 A4-A5 993.356 1170.748 7.4 12.0
A4-A5 A5-A6 881.272 1141.287 9.8 243
A5-A6 A6-A7 923.332 1074.810 18.2 26.3
A6-A7 A7T-AAl 999.975 1000.028 30.9 36.6
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Table 6. Linear Closure Error of Closed Traverse for Real Dataset

Allowable Closure Error (mm)
Direction Linear Closure Error (mm) O s5-an1 (mm)

B* 0 us_a)
East(E) -25.0 30.9 92.7
North (N) 28.0 36.6 109.8
Planimetric 37.5 47.9 143.7

4. Conclusion and Recommendations

This paper presented a mathematical approach to evaluate the precision of the coordinates of points
observed by total station instrument. First, the used mathematical model, which depends on the error
propagation rule, was introduced. The effect of backsight process on the accuracy of the measured
horizontal angle was taken into consideration in the proposed approach. Then, the results were evaluated
using both simulated and real datasets. Experiments using simulated dataset were conducted to evaluate
the linear closure error of the established closed traverse in addition to the errors of rectangular
coordinates for all observed points. On the other hand, experiment using real dataset was conducted to
evaluate the linear closure error of the established closed traverse of some real project. The experimental
results of both simulated and real datasets showed that the used approach provided a powerful and
reliable tool to evaluate the cadastral work done by total station instrument. Results showed that the
calculated errors were close to the expected errors. Moreover, the values of these calculated errors did
not exceed the values of the allowable errors.

Future researches will focus on the study of the effect of the geometry of traverse interior angles on the
expected errors. In addition, the method of establishing the closed traverse (observing coordinates of
points, as done in this research, or observing distances and interior angle of traverse) will be studied.
Furthermore, the used mathematical model will be developed to be applied on observing settlement of
buildings. Finally, slope stability of road sides will be investigated using total instrument.
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