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Abstract. The outliers in slope deformation monitoring data often contain im-

portant information. The influence of external environment, the failure of slope 

structure and the failure of monitoring instrument are the important reasons for 

the outliers. Rapid and accurate detection of outliers is not only the basic work 

of data analysis and calculation, but also an important measure to find out 

whether the slope is safe in time. Slope deformation monitoring data is time se-

ries. The short-term changes is smooth and stable with strong autocorrelation. In 

this paper, an adaptive weight calculation method was proposed for Weighted 

Moving Average (WMA) algorithm. The algorithm can estimate the measured 

data with high precision without being affected by outliers. Then, the difference 

sequence between the estimated data and the measured data was calculated, and 

the mirror processing was proposed for the difference sequence. In order to elim-

inate the asymmetric distribution of the difference sequence caused by the trend 

of the measured data. Finally, the outliers of the difference sequences after mirror 

processing were detected using the 3σ criterion. Thus the outlier detection of the 

measured data is realized. Through example analysis, WMA-3σ method can ac-

curately detect outliers in the measured data. It has important reference signifi-

cance for real-time and efficient outlier detection and intelligent data analysis.  

Keywords: Slope deformation, Monitoring data, Outlier detection, Weighted 

moving average, 3σ criterion. 

1 Introduction 

Slope safety problems are often encountered when constructing projects in high moun-

tains and valleys. Monitoring instruments are usually embedded in the slope to collect 

data on slope deformation, groundwater, cracks, microearthquakes, etc. The acquisition 

of monitoring data in the project is only the foundation. How to obtain useful infor-

mation from the data to ensure slope safety is the key. Through the monitoring data 

process line analysis, comparative analysis, regression analysis and so on, it can better 

understand and master the changing process and safety state of the slope. Then, appro-

priate measures are taken to ensure slope safety. However, in the process of monitoring  
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data collection, there will inevitably be a few outliers. These outliers may be caused by 

the interference of the surrounding environment or the instrument failure, or by the 

change of the safety state of the slope. The reasons are more complicated. The existence 

of outliers directly affects the result of data analysis and the accuracy of calculation. 

Therefore, outlier detection is not only the basic work of data analysis and calculation, 

but also an important measure to find out whether the slope is safe in time. The high 

quality data after eliminating outliers is an important content of slope deformation pre-

diction and early warning analysis, which is of great value for discovering potential 

safety hazards of slope in time and ensuring slope safety [1-3]. 

Outlier detection methods are usually based on clustering or classification [4-6], 

based on wavelet analysis [7-8], based on statistics [9-10] or based on a variety of other 

algorithms [11-13]. However, no matter what kind of algorithm, it is necessary to de-

termine a suitable threshold to judge whether the data is an outlier [14-15]. In hydro-

power engineering, statistical method is often used to detect the outlier of slope moni-

toring data, among which the 3σ criterion is the most widely used [16-17]. The 3σ 

method needs to assume that the data meets the normal distribution, and then calculate 

the standard deviation σ of the data. If a certain data exceeds the range of 3 times stand-

ard deviation (3σ), the occurrence of the data is considered as a small probability event 

and it is regarded as an outlier. It is usually necessary to establish a regression model 

by using statistical regression, neural network, time series or other methods to calculate 

the estimated value of the measured data, and then obtain a stable difference sequence 

according to the estimated value and the measured value, and finally establish the 3σ 

criterion for the difference sequence. When new data is obtained, it is only necessary 

to calculate whether the difference value between the new value and the estimated value 

satisfies the 3σ criterion to determine whether the new value is an outlier [18-20]. How-

ever,in the process of establishing the regression model, it is necessary to ensure that 

the training data are all normal data. Otherwise, the outliers in it will have an adverse 

impact on the modeling. Therefore, for the measured data obtained for the first time, 

outlier detection should be carried out before modeling or other data analysis. If the 

amount of data is small, manual detection can be used, but when faced with a large 

number of data and intelligent detection needs, manual detection is difficult to meet the 

work requirements. Therefore, outlier detection is the basic work of data analysis and 

is very important. 

In this paper, for the features of slope deformation monitoring data, an outlier detec-

tion algorithm, WMA-3σ, is proposed for slope deformation monitoring data. For the 

WMA method, an adaptive weight calculation method is proposed, which can avoid the 

influence of outliers in the measured data on the estimated value. Thus, a stable and 

reliable difference sequence can be obtained from the estimated value and the measured 

value. In addition, the trend in the measured data will lead to the asymmetric distribu-

tion of the difference sequence. So, this paper put forward the mirror processing to 

solve this problem, and finally adopted 3σ criterion to detect the outliers for the differ-

ence sequence after mirror processing. Through engineering example analysis, the es-

timated value calculated by WMA-3σ method is not affected by the outliers in the meas-

ured data, and the accuracy is high, the outlier detection results were good. This method 
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can find the hidden danger of slope safety in time, and provides a reference for the 

intelligent analysis of engineering data. 

2 WMA and 3σ criterion 

2.1 Weighted Moving Average 

Moving averages are the basis for weighted moving averages. Moving average is a 

method of forecasting time series. In a set of data, there are n consecutive values, all of 

which have the same weight, and then the value of the next moment can be calculated 

according to the n values and its weight. The formula is as follows. 

 𝐹𝑖=
1

𝑛
(𝑥𝑖−1 + 𝑥𝑖−2 + ⋯ + 𝑥𝑖−𝑛) (1) 

Where: i is the predicted value at the i time; 𝑥𝑗−𝑛 is the measured value at time i-n; n 

is the range of values. 

Weighted moving average assigns different weights to the n consecutive pieces of 

data to predict the data in the next moment. The formula is as follows. 

 𝐹𝑖=
1

𝑛
(𝜔1𝑥𝑖−1 + 𝜔2𝑥𝑖−2 + ⋯ + 𝜔𝑛𝑥𝑖−𝑛) (2) 

Where: is the weight of the measured value at time i-n, ∑ 𝜔𝑗 = 1𝑛
𝑗=1 . 

The weight calculation of weighted moving average method is very important, and 

whether the weight is reasonable directly affects the accuracy of the prediction result. 

In general, the latest data is the most important for predicting the future, so the weight 

should be higher. This is also in line with the slope deformation process. 

2.2 The 3σ criterion 

The applicable premise of the 3σ criterion is to assume that the data series meets the 

normal distribution. This method needs to calculate the mean value μ and standard de-

viation σ of the data, and then select a suitable interval according to a certain probabil-

ity. If a data exceeds this interval, it is not a random noise but an outlier. On the con-

trary, it is a normal data. The 3σ criterion is defined as follows: The probability that the 

data is distributed in (μ-σ, μ+σ) is 0.6827; in (μ-2σ, μ+2σ) is 0.9545; in (μ-3σ, μ+3σ) is 

0.9973. The 3σ criterion means that almost all data is in the (μ-3σ, μ+3σ) range, and the 

probability of exceeding this range is less than 0.3%. 

Let a data series be {x1, x2,... , xj, xj+1,... , xt}, whose mean value is calculated as 

follows. 
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3 WMA-3σ method 

3.1 Basic Principle 

Aiming at the problem of the first outlier detection of measured data, the WMA-3σ 

outlier detection method is proposed in this paper. Considering the characteristics of 

slope deformation monitoring data with strong autocorrelation and stable change in the 

short term, the WMA-3σ algorithm is first used to estimate the measured data at a cer-

tain time and the previous c time. Then the difference between the estimated data and 

the measured data is detected by outlier based on the 3σ criterion.Finally, the outlier 

detection of the measured value can be realized. 

3.2 Calculation Step 

Before detecting outliers using WMA-3σ algorithm, it is necessary to determine the 

parameter c, which indicates that a value in measured data is significantly correlated 

with the first c values, so that the weighted moving average method can be used to 

estimate the value based on the first c values. Usually, the c value can be determined 

by correlation analysis, expert experience analysis, or a combination of methods. After 

determining the parameter c, the outlier test can be performed using WMA-3σ method. 

The specific steps are as follows. 

(1)Calculate the estimated value 

Let a set of measured data series be expressed as X={x1, x2,..., xn}, the estimated 

value based on weighted moving average method is calculated as follows. 

 𝑥𝑖
′ = ∑ 𝜔𝑗𝑥𝑖−𝑗

𝑐
𝑗=1  (5) 

Where: 𝑥𝑖
′ is the estimated value of the measured value xi at the i time; 𝑥𝑗−𝑘 is the 

measured data at time i-j; 𝜔j is the weight of 𝑥𝑗−𝑘，∑ 𝜔𝑗 = 1𝑐
𝑗=1 . 

As can be seen from equation (5), the estimated value is the sum of c measured 

values multiplied by the corresponding weights.The c measured values are the first c 

values at time i. The weight calculation is the most critical, and its detailed steps are as 

follows. 

1. Calculate differences ∆𝑗𝑥𝑖  between measured value xi and the first c measured val-

ues, the absolute value are expressed as|∆𝑗𝑥𝑖|. 

 ∆𝑗𝑥𝑖 = 𝑥𝑖 − 𝑥𝑖−𝑗    (j=1，2，⋯，c) (6) 

2. Calculate the sum s of these absolute values |∆𝑗𝑥𝑖|. 

 𝑠 = ∑ |∆𝑗𝑥𝑖|𝑐
𝑗=1  (7) 
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3. The ratio of s to |∆𝑗𝑥𝑖| is calculated separately, and c variables wj are obtained. 

 𝑤𝑗 =
𝑠

|∆𝑗𝑥𝑖|
 (8) 

4. Calculate the sum S of these variables wj. 

 𝑆 = ∑ 𝑤𝑗
𝑐
𝑗=1  (9) 

5. The ratio of wj to S is calculated separately, and c weights ωj are obtained. 

 𝜔𝑗 =
𝑤𝑗

𝑆
 (10) 

As can be seen from the above formula, when calculating the estimated value at 

different times, the weight is adjusted adaptively according to the distance between the 

measured value at this time and the measured value at the previous time c. The smaller 

the distance, the larger the weight, the larger the distance, the smaller the weight. This 

is to reduce the weight of outliers on the estimate value, thereby improving the accuracy 

of the estimate value. When 𝑥𝑖 = 𝑥𝑖−𝑗, the formula (8) can not be calculated. According 

to the principle of the algorithm, the weight of 𝑥𝑖−𝑗 is the largest. At this point,let the 

estimate value 𝑥𝑖
′ = 𝑥𝑖.  

In a set of measured values, the initial value of the estimated value corresponds to 

the measured value at the time c+1. In order to ensure that the sequence length of the 

estimated value and the measured value is the same.It also need to calculate the initial 

estimated value for the first c time. The calculation method is still according to formula 

(5) to formula (10). It is only necessary to calculate the measured value in reverse order, 

that is, to calculate the estimated value with the last c measured values of xi and their 

corresponding weights. 

(1)Calculate the difference value 

Calculate the difference value between the estimated value and the measured value 

to form the difference sequence ∆X = {Δ𝑥1，Δ𝑥2，⋯ ，Δ𝑥𝑛}. 

 ∆𝑥𝑖 = 𝑥𝑖 − 𝑥𝑖
′ (11) 

(2)Mirror processing 

Take the opposite of ∆𝑥𝑖 and form the sequence ∆X′ = {−Δ𝑥1， − Δ𝑥2，⋯ ， −
Δ𝑥𝑛}, and then merge the two sequences ∆X and ∆X′ into one sequence ∆X′′, which has 

length 2n. 

(3)Calculate the threshold 

Calculate the standard deviation σ for the sample ∆X′′according to equations (3) and 

(4), and then the threshold T is obtained. 

 T= ±𝑘𝜎 (12) 

Where: k is the standard deviation coefficient, usually is 3. If the outlier test results 

are not satisfactory, the k value can be adjusted by combining expert experience. 

(4)Outlier detection 
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Judge the difference value between the estimated value and the measured value, 

when |∆𝑥𝑖|>T, 𝑥𝑖  is a outlier, otherwise, it is a normal value. 

The WMA-3σ method is aimed at the outlier detection of the measured data. It fo-

cuses on the absolute value of the difference value between the data, so as to determine 

whether there is an outlier. Therefore,the above calculation formula does not consider 

the unit of data. 

3.3 Other Notes 

WMA-3σ method has the characteristics of high computational efficiency, real-time 

detection and strong robustness. The calculation process of WMA-3σ method calls less 

sample data, and the process of threshold calculation and outlier detection is simple, so 

its detection efficiency is high. When there is a large number of historical data, the 

threshold calculated by WMA-3σ is representative to a certain extent. It can not only 

detect the outlier of the historical data, but also monitor the outlier of the measured 

value in the future, which has a certain real-time performance. When there are outliers 

in measured value, the algorithm can greatly reduce the weight of the outlier's contri-

bution to the estimated value, so as to reduce the influence of the outlier on the accuracy 

of the estimated value. Therefore, the method has certain robustness. 

4 Example 

A high slope was equipped with surface and deep deformation monitoring instruments 

to monitor the deformation process of the slope. In this paper, outliers were detected 

and analyzed by using the monitoring data of slope deep deformation. The data were 

obtained by the rod displacement meter arranged in the adit. The data range is from 

January 2020 to October 2022. The monitoring data showed a slow monotonically in-

creasing change trend, and there are small fluctuations and step-like changes in local 

areas. This is due to the inevitable noise error in the measurement process of the instru-

ment, as well as the reason of insufficient accuracy. In this paper, WMA-3σ method 

was used to detect the outliers of the data. Since the outliers of the measured data are 

not obvious, five outliers are added as the data to be detected in this paper, and the data 

change process is shown in Figure 1. 
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Fig. 1. Process of the measured data and added outliers 

According to relevant analysis and expert experience analysis, parameter c and k in 

WMA-3σ method were selected as 3. The data sequences of the estimated value and 

the value to be detected in the calculation process is shown in Figure 2. The difference 

sequence between the data to be detected and the estimated value is shown in Figure 3. 

The difference sequence after mirror processing is shown in Figure 4, and the outlier 

test result of the data to be detected is shown in Figure 5. 

 

Fig. 2. The data sequences of the estimated value and the value to be detected 
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Fig. 3. The difference sequence between the data to be detected and the estimated value 

 

Fig. 4. The difference sequence after mirror processing 

 

Fig. 5. Outlier detection result of the data to be detected 
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As can be seen from Figure 2, the change process and rule of the data to be detected 

and the estimated value are very close, and the two sets of data are almost overlap. 

However, the outliers in the data to be detected do not appear in the estimated value. 

This shows that WMA-3σ method is not affected by outliers in the data to be detected, 

and can estimate the data to be detected very accurately. As shown in Figure 3, in the 

difference sequence between the data to be detected and the estimated value, in data 

with large absolute values, the number of positive numbers is significantly greater than 

that of negative numbers. This is caused by the monotonically increasing trend in the 

data to be detected. This situation is not conducive to the calculation of 3σ criterion. 

This is because the 3σ criterion assumes that the sample data is normally distributed 

and should have a certain symmetry. This does not satisfy the conditions for the appli-

cation of the 3σ criterion, that is, the data needs to be normally distributed and symmet-

rical. Therefore, mirror processing is applied to the difference sequences, and the dif-

ference sequence processed has symmetry, as shown in Figure 4. The 3σ threshold was 

calculated for the difference sequences after mirror processing, and 10 data were out-

side the threshold interval, that is, they are identified as outliers. As can be seen from 

Figure 5, the 10 outliers in the difference sequence correspond to the outliers in the data 

to be detected, including 5 added outliers and 5 step outliers. Compared with the previ-

ous data, the step outliers have a large variation and is also an outlier, so it can be 

detected by WMA-3σ method. It can be seen from the above test results that the method 

has a good test effect and can detect the outliers of slope deformation monitoring data. 

5 Conclusions 

According to the regularity and characteristics of the deformation monitoring data of 

high slope, this paper put forward the outlier detection method of WMA-3σ. Through 

the systematic research and example calculation of this method, the following conclu-

sions are obtained. 

(1) The slope deformation data changes gently and stably in the short term, with 

strong autocorrelation. This paper put forward an adaptive weight calculation method 

for weighted moving average algorithm. The method can well calculate the estimated 

value of the measured value. The variation rule, trend and local variation characteristics 

of the estimated value are highly similar to the measured data, and are not affected by 

the outliers in the measured data. 

(2) The monitoring data of slope deformation has the tendency of monotonic change 

in the long run. This makes the total amount of positive change greater than the total 

amount of negative change, which leads to the asymmetry of the difference sequence 

between the estimated value and the measured value. In order to better meet the appli-

cation conditions of 3σ criterion, this paper put forward the mirror processing for the 

difference sequence, which can solve the asymmetry problem well, so as to better apply 

the 3σ criterion to calculate the threshold. 

(3) WMA-3σ method can accurately detect outliers in measured data, including sin-

gle outliers and step outliers. In general, according to the monitoring data of different 

measuring points or different instruments, parameter k can be properly adjusted by trial 

Outlier Detection of Slope Deformation Monitoring Data             197



calculation or expert experience to obtain satisfactory outlier detection results. It has 

important reference value for outlier detection and intelligent data analysis of all kinds 

of engineering monitoring data. 

(4) Outlier detection has always been the focus and difficulty in all kinds of data 

analysis, and the threshold selection is the key and core issue. The occurrence of outliers 

is also complex and changeable. So it is difficult to establish a single method for detec-

tion of all kinds of outliers. This paper combined WMA method and 3σ criterion, and 

improved them.The WMA-3σ method proposed can be used to detect outliers of slope 

deformation monitoring data in general conditions. 
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