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Abstract 
 

The 3D monitoring system based on a surveying robot and the Geomos software is widely used in the slope monitoring 
of open pits. The effect of various factors, such as refraction and blasting vibration, is crucial to the monitoring process. 
The probability of monitoring data to contain gross error is significantly higher than 0.3%. Thus, using the Paūta criterion 
as the elimination criterion of the gross error is unreasonable. In this study, the data on multi-period monitoring were 
used as the source, and the accuracy requirements of the Code for Engineering Survey (2007) were set as the goal of the 
slope monitoring of open pits. The actual probability of the monitoring data to contain gross error was calculated through 
mathematical statistics. An elimination model of gross error was developed based on probability theory. The practicality 
of the proposed model was tested vis-à-vis the practical data on the slope monitoring of open pits. 
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 __________________________________________________________________________________________ 
 
1. Introduction 
 
After a long period of mining, the depth and slope length of 
an open pit increase, and its slope stability deteriorates 
progressively. The recent local landslides at the open-pit iron 
mine of Qidashan in Anshan, China are shown in Figure 1.  
 

 
a) The first landslide area 
 

 
b)The second landslide area 
Fig. 1.  Local slope displacements at the open-pit iron mine in 
Qidashan, Anshan 

 
Many scholars have conducted in-depth research on 

early warning systems for landslides [1, 2], monitoring 
methods, processing methods of monitoring data, and slope 
stability analysis [3–8] to solve the warning problems related 
to the slope safety of open pits. The 3D monitoring and 
warning system based on a surveying robot has been widely 
used in slope monitoring [9–13]. Figure 2 shows the 
monitoring sites of the 3D monitoring system based on a 
surveying robot at the open-pit iron mines in Qidashan and 
Dagushan. Nevertheless, the methods of gross error 
elimination based on monitoring data collected by a 
surveying robot have not been studied extensively. Thus, 
real-time early warning systems and rapid processing of 
monitoring data remain limited. 

 

 
a) The Dagushan open-pit iron mine 
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b) The Qidashan open-pit iron mine 
Fig. 2.  Monitoring site at (a) Dagushan and (b) Qidashan open-pit iron 
mines in Anshan 

 
 

The rationality and practicability of using the Paūta 
criterion as the elimination model of the gross error data 
collected by a surveying robot are worth studying further. 
The Paūta criterion is often used as theoretical basis for the 
gross error elimination of monitoring data in various 
engineering projects[14–17]. When vi≥3δ, where vi is the 
residual of observations (Li) and δ is the standard deviation, 
Li is referred to as the observations that contain the gross 
error when the error probability is assumed to be 0.3%. 

However, the probabilities of the gross error of various 
monitoring data differ because of the varying stability of 
different monitoring equipment and environments. The 
assumption that the probability of gross error is 0.3% is
unscientific. Studies have found that the probability of 
monitoring data to contain gross error is significantly higher 
than 0.3%, particularly when the 3D monitoring system 
based on a surveying robot and Geomos software is used 
under the worst climate conditions, such as severe 
atmospheric refraction and blasting vibrations. Using vi≥3δ 
as the elimination model of the gross error often leads to 
failure. The processed results do not meet the accuracy 
requirements of open-pit slope monitoring, which has 
become the bottleneck of real-time warning. 

In this study, the precision of azimuths and vertical 
angles is analyzed using the law of error propagation. A total 
of 24 cycles of monitoring data on the Qidashan, 
Yanqianshan, and Dagushan open-pit iron mines are used as 
data source. According to the accuracy requirements of the 
rock landslide monitoring in the Code for Engineering 
Survey (2007), the precision of azimuths is used as the 
indicator of eliminating gross error. The actual probability of 
observations containing gross error has been analyzed 
through mathematical statistics. The model of gross error 
elimination based on monitoring data collected by a 
surveying robot was developed. The practicality of the 
proposed model was tested vis-à-vis the practical data of 
slope monitoring. 
 

2. Precision Analysis of Monitored Points 
 
The basic data collected by a surveying robot includes 
horizontal angle, vertical angle, and slope distance. Figure 3 
shows that k1 and k2 are the station and back sight points, and 
their coordinates are xk1, yk1, xk2, and yk2. 21 KK −α  is the 
azimuth between station point k1 and back sight point k2. 
Given their orientation deviation, the actual measured 
azimuths 

21 KK −
ʹ′α and αʹ′  are not equal to 21 KK −α  and α . 

This difference has to be corrected when calculating the 
direction. S is the slope distance between station point k1 and 
monitoring point A.  

 
Fig. 3.  Monitoring point location 
 

If the vertical angle between station point k1 and 
monitoring point A is β, then the increment in the 
coordinates of station point k1 and monitoring point A are 
xΔ , yΔ . The coordinates of monitoring point A are 

calculated as follows: 
 

1 1A k kx x x x s cos cos= +Δ = + × β× α                     (1) 
 

1 1A k ky y y y s cos sin= +Δ = + × β× α                  (2) 
 

1 2 1 2K K K K' '− −α = α +α −α                                  (3) 
 

Using the error propagation, we obtain: 
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where ρ = 206265 (seconds of one radian). Because k1 
and k2 are the controlling points, the station is set up by 

forced centering, which means that 2
1kx

m , 2
1ky

m , and 
2

21 kk
m −α may be zero. 'α  and 21' KK −α  are measured under the 

same observation conditions,
22

' '
21 kk

mm
−

=
αα ;therefore, 

'
22 2 αα mm = . The mean square error (MSE) of the monitoring 

point can be expressed as follow: 
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According to the adjustment of multiple-period actual 

monitoring data, the precision of the vertical angle and 
azimuth are almost the same. Therefore, 

 
/m m mβα
≈ =                                                 (10) 

 
Substituting Equation (10) into Equation (9), we obtain: 
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According to the requirements of the Code for 

Engineering Survey (2007), the MSE of rock slope 
monitoring points should be ±6 mm, which means that: 

 
mmmmm yxL 622 ≤+= ΔΔ   

                                 (12) 

 
Based on the processing results of 24 cycles of 

monitoring data at three open-pit mines, the precision of the 
10 to 15 measured values can generally be as precise as a 
submillimeter, so 2

sm  has limited effect on the MSE of the 
monitoring points. Equation (11) can then be expressed as 
follow: 
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Lm reaches its maximum when β  is zero. 

To ensure the practicality of the developed model, we let 
β  = 0. Therefore, Equation (13) becomes: 
 

smmL ×=
ρ
2

                                                   
(14) 

 
The surveying robot can automatically be monitored 

under the control of Geomos software, but the ATR function 
of the surveying robot (TCA2003) must be enabled. The 
maximum measuring range is 1 km so that the longest 
measuring distance is 1 km of the slope distance, that is, S = 
1000 m, which when substituted into Equation (14) yields: 
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To ensure the practicality of the developed model for 

multiple observation monitoring data, the MSE of one 
observation should be smaller than or equal to n8.0 ʹ′ʹ′ , 
where n is the number of observation data. 

 
 

3. Analysis of Probability of Actual Gross Error 
 
The probabilities of the azimuth and vertical angles 
containing gross errors in 24 cycles of the monitoring data 
were calculated, as shown in Tables 1 and 2, respectively. 

 

 

 
 

The average of the probability of the azimuth 
containing gross errors is 3.4％ and the maximum is 4.2％.  

 The average of the probability of the vertical angle 
containing gross errors is 3.4％ and the maximum is 4.0％. 

Table 1. Probabilities of azimuth containing gross errors 
Cycle 1 2 3 4 5 6 7 8 

Probability 3.2％ 3.6％ 4.1％ 2.9％ 3.3％ 4.2％ 2.9％ 2.8％ 
Cycle 9 10 11 12 13 14 15 16 

Probability 3.1％ 3.4％ 3.2％ 3.8％ 3.7％ 3.5％ 3.6％ 3.4％ 
Cycle 17 18 19 20 21 22 23 24 

Probability 3.0％ 2.9％ 3.3％ 3.6％ 3.4％ 2.7％ 3.3％ 3.5％ 

Table 2. Probabilities of vertical angle containing gross errors 
Cycle 1 2 3 4 5 6 7 8 

Probability 3.7％ 2.9％ 3.8％ 2.6％ 3.4％ 4.0％ 3.1％ 3.2％ 
Cycle 9 10 11 12 13 14 15 16 

Probability 3.3％ 3.5％ 3.6％ 3.5％ 3.4％ 3.4％ 3.2％ 3.6％ 
Cycle 17 18 19 20 21 22 23 24 

Probability 3.2％ 3.3％ 3.0％ 3.3％ 3.5％ 3.1％ 3.5％ 3.6％ 
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To ensure the practicality of the developed model, we use 
4.2% as the probability of occurrence of gross errors. 
 
 
4. Model of Gross Error Elimination 
 
The errors of the monitoring data measured by the surveying 
robot include systemic and random errors. Systemic errors 
can be removed through dual side observation. The 
remaining errors are basically random errors that follow the 
normal distribution. According to probability and 

mathematical statistics, when ξ～N(µ, δ2), σ
µξ -
～N(0, 12), 

we obtain: 
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According to precision requirement in this study, the first 
six items are taken, so we obtain: 
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Solving Equation (18), we obtain x = 2.1 so that the 

model of gross error elimination for the azimuth and vertical 
angle measured by the surveying robot may be described as 
follow: 
 

δ1.2≥iv                                                 (19) 

Thus, when the residuals of the azimuth and vertical 
angle δ1.2≥iv , they are considered as the observations 
containing gross errors. 
 
 
5. Practical Test of Developed Model 
 
Table 3 shows the values of the azimuth and residual of  
point 2 at the Qidashan iron mine in Anshan on August 10 
2012. The average of the azimuths is 171.8712970°, the 
MSE of the measured angle is ±3.1″, and the MSE of the 
average of the azimuth is ±0.9″. The distance is 989.25167 
m, and the MSE of the average of the distance is ±0.09 mm. 
The vertical angle is 3.0231111°, and the MSE of the 
average of the vertical angle is ±0.7″. The MSE of the 
position on point 2 is ±6.1 mm.  

According to the requirement of the Code for 
Engineering Survey (2007), the MSE of the rock landslide 
monitoring points is ±6 mm so that the MSE of the point 
position exceeds the limit. If the Paūta criterion is used as 
the elimination model, then no gross error is found in the 
monitoring data, which means that the Paūta criterion fails. 
If the developed model is used as the elimination model, the 
10th monitoring datum is found to be the observation 
containing gross error. After it is removed, the MSE of the 
point position becomes ±3.6 mm. 

The monitoring data of 24 cycles have been processed 
using the developed model and Paūta criterion. The results 
show that the average gross error elimination rates of the 
two methods are 98.9% and 62.49%, respectively. The main 
reason why all the gross errors cannot be completely 
eliminated is that the developed model is limited by the 
requirements for the differences of several observations 
containing a residual as large as that of the Paūta 
criterion[18]. Figure 4 compares the gross error elimination 
rates of the two methods for 24 cycles of the monitoring 
data. The model has to be further studied and improved in 
future research. Nevertheless, the superior practicability of 
the developed model to that of the Paūta criterion has been 
tested in 24 cycles of monitoring data. 
 

 
Table 3. Values of azimuth and residual of point 

 

 
Fig. 4  Comparison of gross error elimination rates of 24 cycles of monitoring data of two methods 
 
 
 
 

Number of observation set 1 2 3 4 5 6 

Azimuth (degree) 171.8702736 171.8711482 171.8705413 171.8714427 171.8707636 171.8708821 
Correction (second) –3.7 –0.5 –2.7 0.5 –1.9 –1.5 

Number of observation set 7 8 9 10 11 12 
Azimuth (degree) 171.8711646 171.8715540 171.8715199 171.8736357 171.8710978 171.8719406 

Correction (second) –0.5 0.2 0.1 8.4 –0.7 2.3 
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6. Conclusions 
 
A total of 24 cycles of the monitoring data on the open-pit 
iron mines in Qidashan, Yanqianshan, and Dagushan were 
analyzed. The accuracy requirements of the Code for 
Engineering Survey (2007) were set as the goal of the slope 
monitoring of the open pit. The actual probability of the 
monitoring data containing gross error was calculated
through the use of mathematical statistics. An elimination 
model of the gross error was also developed based on 
through the use of mathematical statistics. An elimination 
model of the gross error was also developed based on 
probability theory. The practicability of the model was tested  
using the actual monitoring data. The main conclusions are 
as follows: 

1)The probability of the gross errors of the monitoring 
data obtained by the surveying robot is significantly higher 
than 0.3% because of the stability of the measuring 
equipment and complexity of the changing survey 
environment. For this reason, the Paūta criterion is not a 
suitable model of gross error elimination. 

2)The elimination model of the gross error is developed 
based on the actual probability of gross errors of the 
monitoring data collected by the surveying robot. The 
practicability of the model is tested against actual 
monitoring data. 

3)This study proves the feasibility of the modeling 
method with the actual monitoring data as the data source 
and the accuracy requirements of the monitoring data as the 
goal. This method can overcome the limitations of modeling 
methods based on the assumed probability of gross errors 
and lay the foundation for the rapid processing of monitoring 
data and early real-time warnings. 

However, the elimination rate of gross error of the 
developed model cannot reach 100% because the model is 
limited by the requirements of the differences of several 
observations containing a residual as large as that of the 
Paūta criterion. Therefore, this model should be further 
improved in the future. 
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