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Building estimation model of construction
using Kalman filter

QuocKhanh Pham', TrungDung Pham'?, QuynhAn Tran'
! Hanoi University of Mining and Geology

2 Stuttgart University, Germany

Summary

Kalman Filter has used popular on processing data in geodesy field over the world. However, this filter
has been applied on the engineering surveying in Vietnam for few years. This paper presents a theoretical
research and Kalman’s applications for creating a prediction model of subsidence based on the
subsidence value of points in the previous cycles. An experimental analysis using a real data
demonstrates for precise and reliability of the prediction model relied on Kalman filter.

1. Objective

Kalman filter is proposed by Rudolf E. Kalman in 1960’s, an efficient recursive filter and a high
effective way for dynamic models in a real time. Kalman filter method is popular in many fields with
remarkable achievements (Phan,V.H., Pham Q.K., 2012; Bao, H, 2009; Wang Qi., 2009). In recent years,
Kalman filter is widely used for processing data of important constructions like dam of hydro electric
plans and big bridges, etc. In Vietnam’s engineering surveying, the study of Kalman filter has been
mentioned in a few scientific research (Dinh, X.V., 2009; Le, V.H, 2014). This paper presents the
Kalman filter method applied for build a subside model using data of previous cycles, then evaluating the
accuracy of these model and computing predicted subside of some cycles in the future.

2. Algorithms and Models

According to dynamic system, the KF, a recursive function, using the process and measurement S
equations for optimal estimation in the real time. Besides, It may be used for prediction of the state of the °§
system in the future. Hence, KF is more likely to use for real time purposes and an immediate warning of

dynamic systems.

Mathematical algorithm of KF includes the process model and the measurement model, the discrete:
model is given (Pham, Q.K., 2012; Phan,V.H., Pham Q.K., 2012): ‘

X, = ¢A1k-lXt-l +rk-lwk—l (k= 1,240*7)

Lk:H/,XI;_FVk (k=l,2,)
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(3) Kalman gain

K, = P&Jk—lHkr(HkPHk—lHI A R* )_l

(7
(4) Update state vector !
Xy =.-Xklk—l+Kk(Lk_Hl-‘XA'klk—l) (8) :
(5) Cofactor matrix of updated state vector o
I =(-K,H)F ., ©) g
|
(6) Initial state vector ;
X, =E(X) =y B=Var(X,) 4
(10
A |

In the equation 5, the state vector X, _, is known at epoch #,_,. It is assume that W, , =0, we can

calculate the update state vector at epoch f,. From the equation 7, the observation L, at epoch ¢, is

known and which helps getting the best estimator of the X . state at epoch ¢, . This process is iterated for

the next steps. Therefore, depending on the initial state vector and initial covariance, it could be used
above equations from eqn (5) to eqn (10) to estimate.

3. On the application of Kalman Filter for monitoring construction
3.1. Process model and measurement model

In gereral, the positions of monitoring marks in three dimension are attained by GPS receivers or total
stations. In case of using GPS, the coordinate of monitoring marks may be determined in the spatial \"
system (X,Y,Z), in the geodetic system (B,L,H), or in the independent system of construction "

(x, v, h). For example, if a position of measured point is X = (x, y, h)", the velocity of this point is
X = (e 0ys ﬁ)r, and the acceleration of this point is X = (x, y, ii)r, the process equation and the"’f

measurement equation are given by:

- 1
] | —-AfE-‘
x1 |E A4E EAth X 6
: ; |
Kl =ONNNE: ALE || X| +|=AfE W,
2 2 :
X, 00 & X i At E
B 3 L -
Where:
0 and E is zero matrix and identity matrix with level of three, respectively;
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At, =1, —t,_, is the different time at epoch k and epoch k-1.

If observations are defined in 3D, we have measurement model may be written:

X X
yl =[E 0 o] x| +¥, (12)
) x|

Eqn (11) and eqn (12) are a mathematical model of a single point appling KF for deformation
monitoring.

The choice of state of parameters relates to not only deformation monitoring objects also measurement
frequency. If monitoring targets are unstable and quickly variable, it is need to concern velocity and
acceleration of measuring points. Conversely, If monitoring targets are stable and they have a slow
tendency of deformation with a quite high frequency, It should be considered the chancing velocity of
measured points while moment’s velocity is given a random error. In consequences, the process model

and measurement model are written by:

1

P E ALE| X —At’E

H ]H | SAuE (13)

e e e | ALE )

FX
X

y| =[E 0]{} +V, (14)
Xk

_hk

It is consider that the process model is a discrete linear function with a thick repetition of measurement.
In a very short time, the movement of position is neglected or, in other words, moment’s chancing
position is a random error. Therefore, the process of prediction with time is used as follows:

[ x 1 0 0x

y| =(0 1 O]y + W, (15)
|h, 0 0 Ljjh k-1

[x 1 0 Offx

y| =(0 1 0fy +V, (16)
) 0 0 1j[A]

3.2. Determining initial state vector

. ! A AT
From the KF algorithm, to determine the state of system at "#, at the beginning the initial value must be
know. In practical, before filtering, the initial state vector is not easy to choose fine values. Normally,
rough values is selected in this step. However, If these initial value have a big deviation, it causes the

results of filter getting a quite large. In other words, the monitoring value is not real even leads to
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disperse. Therefore, determining the initial value is very important, these includes the initial vector of

X L . )& AE . " )
0 the initial covariance ~ °, covariance of process noise O , and covariance of measurement noise
oy

According to deformation monitoring by cycles, the subside value X and the rate of change X of
measured points are the state vector. Hence, it is assume that the adjustment value in the second cycle

X" are initial state vector with a correlative covariance. The average rate of subside of two cycles
At (X" = X') is parameter of subside Xo, the covariance matrix 1s At”z(P; + P;’). The matrix of

measurement noise is defined by measured data. The matrix of process noise is Oy =4At* R, because

the acceleration of measured point is considered the process noise (Bao, H, 2009).

4. On application of KF in prediction for deformation monitoring

Experimental data is collected during eleven cycles with one month per cycle at Foreign Trade
University from December, 2008 to November, 2009. The optical level (Ni004) and the invar staff are
used to create basis and monitoring verticle networks with level of standard I and II, respectively. The
monitoring net has 30 marks, two of them (M18 and M19) is used for build and calculation predicted
values in this research. Table 1 shows measured data of two marks M18 and M29.

Table 1. Subsidence values of M18 and M29 during 11 cycles (mm)

No Cycle MI18 M29 No Cycle MI8 M29
1 0.00 0.00 7 -3.33 -3.44
2 -0.86 -0.41 8 -3.93 -4.06
3 -1.57 -1.34 9 -4.55 -4.70
4 -1.66 -1.74 10 -4.53 -5.21
5 -2.38 -2.60 11 -5.98 -6.54
I 6 -2.93 -3.34

From these data, we built two estimation model as follows:

The first case: Using the data of the first seven cycles, applied the KF algorithm above that is carried °“le o
establishment of the subsidence model and calculation for estimation value of the next four cycles (fm““ &
8th cycle to 11st cycle). The results are obtained by comparing between estimate values and real Ones Sy

shown in the table 2:
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Table 2: The results are based on KF method in the first case

o Obsevation mark M18 (mm) Obsevation mark M29 (mm)
No - B No
chdls Real value | Estimated value | Deviation &l Real value | Estimated value | Deviation
1 0.00 0.00 0.00 1 0.00 0.00 0.00
2 | -086 -0.79 -0.07 2 -0.41 -0.34 -0.07
3 -1.57 -1.45 -0.12 3 -1.34 -1.19 -0.15
4 -1.66 -1.72 0.06 4 -1.74 -1.77 0.03
S -2.38 -2.33 -0.05 S -2.60 -2.57 -0.03
6 -2.93 -2.93 0.00 6 -3.34 -3.34 0.00
7 -3.33 -3.36 0.03 7 -3.44 -3.54 0.10
Model error: 0.05 Model error: 0.07
Estimated value Estimated value
- 8 -3.93 -3.81 -0.12 8 -4.06 -3.80 -0.26
9 -4.55 -4.26 -0.29 9 -4.70 -4.06 -0.65
10 -4.53 -4.71 0.18 10 -5.21 -4.31 -0.90
11 -5.98 -5.15 -0.83 11 -6.54 -4.57 -1.97

Figure 1 and figure 2 illustrate sudsidence model using KF algorithm.
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Figure 1. The graph of predicted mark M18 Figure 2. The graph of predicted mark M29

data of the first nine cycles, the subsidence model and calculation for

The second case: Using the
™ cycle and 11st cycle). The computation is

estimation value is computed for the next two cycles (10
carried out like the first case, we achieve the results in table 3:
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Table 3 The results are based on KF method in the second case

Obsevation mark M18 (mm) Obsevation mark M29 (mm)
No k ke No ; ¥ |
Real value | Estimated value | Deviation Real value | Estimated value | Deviation
cycle cycle
1 0.00 0.00 0.00 1 0.00 0.00 0.00
2 0.86 20.79 -0.07 2 -0.41 20.15 0.26
3 -1.57 -1.45 -0.12 3 -1.34 -1.22 -0.12
4 -1.66 -1.72 0.06 4 -1.74 -1.81 0.07
5 -2.38 -2.33 -0.05 5 -2.60 -2.58 -0.02
6 -2.93 -2.93 0.00 6 -3.34 -3.34 0.00
7 -3.33 -3.36 0.03 7 -3.44 -3.54 0.10
8 -3.93 -3.91 -0.02 8 -4.06 -4.02 -0.04
9 -4.55 -4.54 -0.01 9 -4.70 -4.67 -0.03
Model error: 0.04 Model error: 0.07
Estimated value Estimated value

10 -4.53 -5.15 -0.62 10 -5.21 -5.30 -0.09
11 -5.98 -5.77 0.21 11 -6.54 -5.92 0.62
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Figure 3. The graph of predicted mark M18

From the graphs of two case above, we can consider that:

in a short term.
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5. Conclusions

KF algorithm is more likely to build the monitoring deformation model and the results are suitable for
the tendency of subsidence monitoring marks. Besides, KF should be use to predict for next few cycles.
Finally, It is needed to study this method for auto deformation monitoring in a real time.
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