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Abstract 
 An automobile consists of complex electrical systems, mechanical systems and control parts, all 
of them interacting among the steering, brake, suspension systems, and so on. Also, the objectives of an 
automobile control are to achieve the high driving performance, comfort, and safety and to satisfy 
common requirements. However, the suspension systems are often faced safety-critical situations due to 
their passive characters. Hence, the aims of this paper are to investigate the fault detection and diagnosis 
process of automotive suspension systems, especially the full-car model, via a filter bank approach and to 
detect the occurrence of any change, for instance, to keep maintaining the reliability and safety of 
automotive components. For our investigation, the Kalman filter, one of the most effective filters, was 
designed to track the automotive suspension system. Additionally, in order to evaluate the performance of 
the fault detection and diagnosis, the process is validated through our simulation to illustrate that the fault 
detection and diagnosis process capable of detecting effectively any faults in actuators. 
Key words: Fault detection and diagnosis, Kalman filter, Automotive suspension systems.  
 

1. Introduction 
The active suspension systems have 

played an important role in the modern vehicles.  
Also it is an interesting of control areas and 
fault detection and diagnosis process (FDA).  
The concepts and background of using FDA 
using model based-techniques to detect and 
diagnose the fault in the engineering system 
are provided many reports such as Gertler [1] 
and Isermann [2]. The FDA process to detect 
and diagnosis the fault in active suspension 

system was used in the previous works by 
Boner et al [3] and Yetendje et al. [4]. 

In this work, we focused on the area of 
fault detection and diagnosis process (FDA) to 
detect and diagnose faults in the active 
suspension systems. The model-base 
technique using an observer bank approach 
was used to detect fault and isolate the fault 
element of the active suspension system under 
the road disturbance and noises. The output 
signal from the fault observers were compared 
with those from the normal observer.   
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The remainder in this paper is organized as 
follows: The vehicle model is presented in 
Section 2, The LQR and Kalman filter we 
employ for the active suspension are briefly 
described in section 3. In section 4 the FDA 
using an observer bank is presented.  The 
simulation results are shown in section 5.  In 
section 6, the conclusion is stated. 

2. Vehicle Modeling 
The vehicle model we consider in this 

paper consists of five parts, namely, the 
chassis (sprung mass) and four wheel-axle 
assemblies (unsprung masses) as shown in 
Park and Kim [5]. Assumming that the sprung 
mass is rigid and has freedom of motion in the 
vertical, pitch, and roll directions. Each of the 
unsprung masses has freedom of motion in the 
vertical direction. Thus, the full-car model has 7 
degrees of freedom. Each suspension 
comprises a linear spring, a damper, and an 
actuator to generate pushing-force between the 
chassis and each axle. For convenience, 
suppose that the dynamics of the actuators are 
negligible, compared to the response of 
suspensions. 

The equations of motion of the full-car 
model are as follows: 

 
ሷ݌௦ܯ ൌ ሶ௨ݖ௦ ሺܤܩ െ ሶ௦ሻݖ  ൅ ௨ݖ௦௥ሺܭܩ െ ௦ሻݖ ൅  ݑܩ

   (1) 
ሷ௨ݖ௨ܯ  ൌ ܤ௦ሺݖሶ௦ െ ሶ௨ሻݖ ൅ ௦ݖ௦௦ሺܭ  െ ௨ሻݖ ൅

௥ݖ௧ሺܭ                     െ ௨ሻݖ െ     (2)                        ݑ
where                           
݌      ൌ ሾݖ௖ ׎  ߠሿ் א   Թଷ , 
௝ݖ      ൌ ሾݖ௝ଵ   ݖ௝ଶ    ݖ௝ଷ  ݖ௝ସሿ்  , Թସ א 

         ݆ ൌ ,ݑ ,ݏ  ݎ
ݑ      ൌ ሾݑଵ  ݑଶ  ݑଷ  ݑସሿ்   ,Թସ  א 

where ݖ௖ , ,ߠ   and ׎  stand for the vertical 
displacement at the center of gravity, the roll 
angle, and the pitch angle of the sprung mass, 
respectively, and ݖ௨௜, ,௦௜ݖ  ௜ݑ ௥௜, andݖ
represent the vertical displacement of the 
unspung mass, the vertical displacement of the 
road, and the pushing force generated by the 
actuator at suspension ݅, respectively. 

 The matrices that appear in Eq. (1) and (2) 
are expressed as  
௦ܯ        ൌ diagሺ݉௦, ,ఏܫ      ,(׎ܫ 
௨ܯ         ൌ diagሺ݉௙, ݉௙,  ݉௥,  ݉௥), 
௦ܤ           ൌ diagሺ ௙ܾ, ௙ܾ,  ܾ௥,  ܾ௥),     

௦௦ܭ         ൌ diag൫݇௙, ݇௙,  ݇௥,  ݇௥൯, 

௧ܭ ൌ  ൦

݇௧௙

0
0
0

          0
          ݇௧௙

         0
         0

          0
          0

            ݇௧௙

          0

         0
         0
         0

          ݇௧௙

൪ ,         

 

௧ܭ   ൦

݇௙ ൅ ௙/2ݎ
െݎ௙/2

0
0

െݎ௙/2
    ݇௙ ൅ ௙/2ݎ

          0
          0

0
 0

          ݇௙ ൅ ௙/2ݎ
   0

          0
          0

          െݎ௙/2
          ݇௙ ൅ ௙/2ݎ

൪ ,         

 

ܩ    ൌ ൥
1 1

െݐ௙

െ݈௙

௙ݐ

െ݈௙

    
1 1

െݐ௙

݈௙

௙ݐ

݈௙

൩ 

where all the parameters employed are shown 
in Table 1 as well as their numerical values 
used in the later simulations. 

Additionally, let us define  ݖ௦ and ݌ have a 
kinematic relationship of  

௦ݖ       ൌ  (3)              .݌ ்ܩ
Substituting Eq. (3) into Eq. (1) and (2), we 
have 
ሷݖܯ ൅ ሶݖ௭ܤ ൅ ݖ௔ܭ െ ௥ݖ௕ܭ ൌ                                    (4)        ݑ௔ܩ
where 

ݖ ൌ ሾݖ   ்݌௨
்ሿ் א  Թ଻ 

All the matrices are also of appropriate 
dimensions: 
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ܯ ൌ ൤
௦ܯ 0
0 ௦ܯ

൨ ,    ܤ௭ ൌ ൤
்ܩ௦ܤܩ 0
െܤ௦்ܩ ௦ܤ

൨ 

௔ܭ ൌ ൤
்ܩ௦்ܤܩ െܤܩ௦்

െܭ௦௦்ܩ ௧ܭ ൅ ௦௦ܭ
൨ ,     

௕ܭ ൌ ൤
0
௧ܭ

൨ ,    and  ܩ௔ ൌ ቂ ܩ
െܫ

ቃ , 

Equation (4) can be represented as a state-
space form of  
ሶݔ               ൌ ݔܣ ൅ ݑܤ ൅  ௥                 (5)ݖܨ
where    ݔ ൌ ሾݖ  ்ݖሶ்ሿ் א    Թଵସ  

ܣ     ൌ  ൤
0 1

െିܯଵܭ௔ െିܯଵܤ௭
൨ ,                    

ܤ     ൌ ൤
0

௔ܩଵିܯ
൨ ,   and  ܨ ൌ ቂ

0

ܾܭെ1ܯ
ቃ 

 

3. LQR and Kalman Filter Design 
It is well known that the road/terrain 

irregularities can be easily modeled as the 
output of a linear shaping filter with an input of 
white noise. Here, the filter is modeled as a 
first-order system [6] as 

ሶ௥ݖ            ൅ ௥ݖߙ ൌ  (6)                   ݓ
where ݓ  is the white noise and ߙ  is the 
product of the road type coefficient and the 
vehicle speed. If the state vector is defined 
as   ݔ௦ ൌ ሾݖ  ்ݔ௥

்ሿ், from Eq. (5) and (6), it is 
easy to have the augmented state-space 
representation of the plant as follows,  
ሶ௦ݔ             ൌ ௦ݔ௦ܣ ൅ ݑ௦ܤ ൅  (7)           ݓ௦ܨ
where  

ܣ     ൌ  ቂܣ ܨ
0 െܫߙ

ቃ ,  ܤ௦ ൌ ቂܤ
0

ቃ ,    ܨ௦ ൌ ቂ0
ܫ

ቃ 

Here, the LQR controller is designed to 
minimize a cost function of chassis acceleration, 
suspension deflections and tire deflections, 
respectively, represented by 

ܬ ൌ lim
௧՜∞

1
ݐ

ܧ ቊන ሺ
௧

଴
ሷଶݖଵ݌ ൅ ሷߠଵ݌ ଶ ൅ ሷ׎ଷ݌ ଶ  ቋ 

൅ ൝    ൅݌ସ ෍ሺݖ௦௜ െ ௨௜ሻଶݖ ൅

ସ

௜ୀଵ

൅ ହ݌ ෍ሺݖ௨௜   െ ௥௜ሻଶݖ

ସ

௜ୀଵ

൅ ଺݌ ෍ ௜ݑ
ଶሻ݀ݐ

ସ

௜ୀଵ

ൡ 

where the values of weighting factors (݌௜) are 
shown on Table 1. 
Table 1: Weighting factors of the cost function. 

p1 p2 p3 p4 p5 p6 
1x106 3x105 3x105 1x108 1x108 1 

Such a cost function above is 
equivalent to the minimization in the 
deterministic cost in eq. (8) as follows:  

ܬ ൌ න ሺݔሺݐሻ்ܳݔሺݐሻ ൅ ݐሻሻ݀ݐሺݑሻ்ܴݐሺݑ
ஶ

଴
 

Therefore, the optimal solution, for any 
initial state, is ݑሺݐሻ ൌ െܭ௥ݔሺݐሻ  where 
௥ܭ ൌ ܴିଵ்ܺܤ  and ܺ ൌ ்ܺ ൒ 0  is the 
unique positive semi-definite solution of the 
algebraic Riccati equation  

்ܺܣ ൅ ܣܺ െ ்ܺܤଵିܴܤܺ ൅ ܳ ൌ 0 
Since it is well-known that all states of vehicle 
model cannot measureable, it is easy to employ 
Kalman filters, one of the most powerful ones, 
to estimate such unmeasureable states. In 
addition, the Kalman filter has the structure of 
an ordinary state estimator or observer with 

ොሶݔ ൌ ොݔܣ ൅ ݑܤ ൅ ݕ௙ሺܭ െ  ොሻݔܥ
The optimal choice of ܭ௙ , that minimizes 

ݔሼሾܧ െ ݔොሿ்ሾݔ െ ොሿሽݔ , is given by ܭ௙ ൌ

ଵି்ܸܥܻ  where ܻ ൌ ்ܻ ൒ 0  is the unique 
positive semi-definite solution of the algebraic 
Riccati equation  

்ܣܻ ൅ ܻܣ െ ܻܥଵିܸܤ்ܥܻ ൅ ܹ ൌ 0 
For further LQR and Kalman filter details, the 
reader is referred to as Lewis [7]. 
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4. Fault Detection and Diagnosis Process 
Using an Observer Bank [8] 

The FDA process using an observer bank 
is utilized in the mechanical system such as 
works by Park [9] and Isermann [2].  The 
concept is also used in this paper as the 
previous works by Borner et al. [3] and 
Yetendje et. al. [4]. However, in this paper, the 
model of car is a full model given by Park and 
Kim [5] and the noises are included in the 
process. The vehicle suspension is controlled 
by the LQR algorithm and in the normal 
situation the 4 actuators works together in order 
to stabilize the car.  Assume that fault occurs at 
one actuator at each a time, the input matrix is 
manipulated as the work by Borner et. at. [3], 

௜ܤ ൌ ௜ܮ ,  ௜ܮܤ ൌ ݀݅ܽ݃ሾ݈ଵ, ݈ଶ, ݈ଷ, ݈ସሿ, 
                         ݈௜ א ሼ1,0ሽ 
Therefore, ܤଵ  , ,ଶܤ ଷܤ   and ܤସ  are 
corresponding to each fault observer whereas 
 .ହ is corresponding to normal observerܤ

All observers are driven by the same input 
ሻݐሺݑ  while the following measurement or 
output signals easily chosen 

ሻݐሺݕ ൌ ሾݖ  ׎  ߠ  ݖ௨ଵ  ݖ௨ଶ  ݖ௨ଷ  ݖ௨ସሿ், 
are measured from real system, based on ݑሺݐሻ 
and ݕሺݐሻ. 

Assume that fault occurs at one actuator at 
each a time. Therefore, the observer banks, as 
shown in Figure 1, are constructed from fault 
observer (observer#1, 2, 3, 4) and a normal 
observer (observer #5).  Each of observers is 
the Kalman filter and attempts to track the 
behavior of the real system. Observer Bank 
generator the residual vector ݎԦሺݐሻ corresponds 
to each observer. Normal observers would 
generate ݎറହሺݐሻ while fault observers (#1, 2, 3, 

4) generate the  ݎԦଵ, ,Ԧଶݎ  Ԧସ correspondingݎ Ԧଷ andݎ
to a fault actuator occurring on left front, right 
front of the vehicle left rear, and sight rear, 
respectively. Then, all residuals will be 
analyzed in order to detect and isolate the 
location of the fault actuator.   The idea of the 
FDA can be concluded as the following 
diagram. 

5. Simulation Results 
The simulation results with fault occurring 

at the front right wheel can be shown in figure2.  
The component of residual ݎଶሬሬሬറሺݐሻ  referred to 
the error corresponding to each output signal 
, ݖ , ߠ , ׎ ௨ଵݖ , , ௨ଶݖ  ௨ଷݖ  and ݖ௨ସ . The non zero 
value of each component represents the 
detection of the suspension system.  However, 
in order to locate the position of the fault 
actuator. 

 
Figure 1: Observer bank 

The some components of residuals from each 
fault observer are needed to be analyzed.    
Our simulation focuses on situation when fault 
occur one at a time on each position of 
actuator of each wheel. The criteria used in this 
paper are norm of error signal, Mean of error 
signal and the mean square error (MSE). All 
criteria can be shown in Table 2 Table 3 and 
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Table 4 respectively. When the actuator of the 
suspension is damage one at each wheel. It 
can be discussed as followings. As considering 
the value of norm of error of each 
measurement signal corresponding each of 
fault mode (positions of the fault actuator), It is 
clear that the maximum value of norm, mean, 
and mean square error of error of each signal 
occur at the fault position at each mode.  For 
example when, a fault occurs at actuator of 
front right wheel (mode 2).  The error of 
measurement signal 2uz of mode2 relative to 
that of mode 5 is highest as represented in 
term of norm of absolute error, mean of error 
and mean square error as colored in green.  
Also, types of errors are agreed in every mode. 
Table 2. : The Norm value of selected component of 
residual vector of location of fault. 
Measur
ement 

Norm of Error signal 

Mode1 
Front   
Left 

Mode2 
Front Right 

Mode3 
Rear Left 

Mode4 
Rear Right 

Zu1  0.14511 
*1.0e‐3 

0.03547
*1.0e‐3 

0.01177 
*1.0e‐3 

0.01047
*1.0e‐3 

Zu2  0.02278 
*1.0e‐3 

0.15035
*1.0e‐3 

0.01178 
*1.0e‐3 

0.01047
*1.0e‐3 

Zu3  0.01124 
*1.0e‐3 

0.01273
*1.0e‐3 

0.05859 
*1.0e‐3 

0.05948
*1.0e‐3 

Zu4  0.011254
023605 
*1.0e‐3 

0.0127197
41676579 
*1.0e‐3 

0.0585912
25951445 
*1.0e‐3 

0.059486
6174633 
*1.0e‐3 

Table 3. : The mean value of selected component of 
residual vector of location of fault. 

Measu
rement 
Signal 

Mean of Error signal 

Mode1 
Front Left  

Mode2 
Front 
Right 

Mode3 
Rear Left 

Mode4 
Rear Right 

Zu1  0.37192 
*1.0e‐5 

0.08794
*1.0e‐5 

0.02863 
*1.0e‐5 

0.02644
*1.0e‐5 

Zu2  0.05445 
*1.0e‐5 

0.37788
*1.0e‐5 

0.02865 
*1.0e‐5 

0.02642
*1.0e‐5 

Zu3  0.02709*1
.0e‐5 

0.03246
*1.0e‐5 

0.14734 
*1.0e‐5 

0.15228
*1.0e‐5 

Zu4  0.0271105
87119325 
*1.0e‐005 

0.0324134
04787704 
*1.0e‐005 

0.1473436
46200949 
*1.0e‐005 

0.1522949
03687689 
*1.0e‐005 

Table 4. : The MSE value of selected component of 
residual vector of location of fault. 
Measu
rement 
Signal 

Mean Square of Error signal 

Mode1 
Front Left  

Mode2 
Front 
Right 

Mode3 
Rear Left 

Mode4 
Rear Right 

Zu1 0.2103845
24943782 
*1.0e‐10 

0.0051842
56320313 
*1.0e‐10 

0.0012627
63457116 
*1.0e‐10 

0.0012652
65207979 
*1.0e‐10 

Zu2 0.0125715
81462547 
*1.0e‐10 

0.2258435
49752908 
*1.0e‐10 

0.0016206
04068006 
*1.0e‐10 

0.0016163
01981208 
*1.0e‐10 

Zu3 0.0013859
12480942 
*1.0e‐10 

0.0013880
31925451 
*1.0e‐10 

0.0342951
82186124 
*1.0e‐10 

0.0342950
22562370 
*1.0e‐10 

Zu4 0.0010970
53061423 
*1.0e‐10 

0.0010955
78935375 
*1.0e‐10 

0.0353485
94751770 
*1.0e‐10 

0.0353512
25346988 
*1.0e‐10 

Next, we consider the situation when damage 
or faults occur at two position of suspension 
system. First we consider norm of error of 
measurement signal corresponding to each 
fault mode. Based on the values of norm, mean 
and mean square error as shown in Table 
5.,Table 6. and Table 7. The most of maximum 
values of all type of error occur at the pair of 
measurement signals corresponding to the fault 
positions which are colored in green.  Even 
though such as mode 2 , mode 4 and mode 5 
the maximum value of those criteria do not 
occur at measurement signal corresponding to 
the mode as the value colored in pink. However, 
algorithm predicts the correct one position from 
two fault positions of suspension system.    

Table 5. : The Norm value of selected component of 
residual vector of location of fault of two fault position. 

S
I 
g
n
a 
l 

Norm of Error signal 

Mode1 
Front 
Left  
Front 
Right 

Mode2 
Front 
Left  
Rear 
Right 

Mode3  
Front 
Left  
Rear 
Left 

Mode4  
Front 
Right 
Rear 
Right 

Mode5 
Front 
Right 
Rear 
Left 

Mode
6 
Rear 
Right 
Rear 
Left 

Z
u
1 

0.14894
699604
7516 
*1.0e‐
003 

0.1472
268960
87832 
*1.0e‐
003 

0.14699
922728
3393 
*1.0e‐
003 

0.0225
484987
80351 
*1.0e‐
003 

0.0231
480828
49871 
*1.0e‐
003 

0.014
86146
35465 
*1.0e‐
003 
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Z
u
2 

0.12562
586858
8601 
*1.0e‐
003 

0.0281
568594
17679 
*1.0e‐
003 

0.02886
513165
2422 
*1.0e‐
003 

0.1226
827883
44530 
*1.0e‐
003 

0.1228
051863
67448 
*1.0e‐
003 

0.014
86171
88567 
*1.0e‐
003 

Z
u
3 

0.01274
551407
4370 
*1.0e‐
003 

0.0658
926711
31767 
*1.0e‐
003 

0.06647
825967
1411 
*1.0e‐
003 

0.0654
818447
77933 
*1.0e‐
003 

0.0653
657717
15934 
*1.0e‐
003 

0.094
64811
90965 
*1.0e‐
003 

Z
u
4 

0.01275
135721
2449 
*1.0e‐
003 

0.0658
937406
48154 
*1.0e‐
003 

0.06649
072260
5823 
*1.0e‐
003 

0.0654
867496
22458 
*1.0e‐
003 

0.0653
627376
15120 
*1.0e‐
003 

0.094
65129
58555 
*1.0e‐
003 

Table 6. : The mean value of selected component of 
residual vector of location of fault of two fault position. 

S 
I 
g
n
a 
l 

Mean of Error signal 

Mode1 
Front 
Left  
Front 
Right 

Mode2  
Front 
Left  
Rear 
Right 

Mode3  
Front 
Left  
Rear 
Left 

Mode4  
Front 
Right 
Rear 
Right 

Mode5 
Front 
Right 
Rear 
Left 

Mode6
Rear 
Right 
Rear 
Left 

Z
u
1 

0.36914
146557
1268 
*1.0e‐
005 

0.3649
699083
40097 
*1.0e‐
005 

0.3661
404717
33839 
*1.0e‐
005 

0.0225
484987
80351 
*1.0e‐
005 

0.0587
293884
22433 
*1.0e‐
005 

0.03805
530364
1689 
*1.0e‐
005 

Z
u
2 

0.31889
775327 
*1.0e‐
0005 

0.0728
541887 
*1.0e‐
005 

0.0745
690161 
*1.0e‐
005 

0.3063
577683 
*1.0e‐
005 

0.3084
602667 
*1.0e‐
005 

0.03806
191303 
*1.0e‐
005 

Z
u
3 

0.03146
920617 
*1.0e‐
005 

0.1652
243401 
*1.0e‐
005 

0.1672
492424 
*1.0e‐
005 

0.1646
756328 
*1.0e‐
005 

0.1657
475603 
*1.0e‐
005 

0.24016
235650 
*1.0e‐
005 

Z
u
4 

0.03150
650656 
*1.0e‐
005 

0.1652
081676 
*1.0e‐
005 

0.1673
001544 
*1.0e‐
005 

0.1647
005354 
*1.0e‐
005 

0.1657
402189 
*1.0e‐
005 

0.24017
122974 
*1.0e‐
005 

Table 7.: The MSE value of selected component of residual 
vector of location of fault of two fault position. 

S
i
g
n
a
l 

Mean Square  of Error signal 

Mode1 
Front 
Left  
Front 
Right 

Mode2  
Front 
Left  
Rear 
Right 

Mode3 
Front 
Left  
Rear  
Left 

Mode4  
Front  
Right 
Rear 
 Right 

Mode5 
Front 
Right 
Rear 
Left 

Mode6
Rear 
Right 
Rear  
Left 

Z
u
1 

0.2216
30445
8*1.0e
‐10 

0.21654
104826 
*1.0e‐
10 

0.2158
718563 
*1.0e‐
10 

0.00507
9268703 
*1.0e‐10 

0.0053
529844 
*1.0e‐
10 

0.0022
06424
9*1.0e
‐10 

Z
u
2 

0.1576
60927
5*1.0e
‐10 

0.00792
016715 
*1.0e‐
10 

0.0083
236346 
*1.0e‐
10 

0.15036
0305254 
*1.0e‐10 

0.1506
604775 
*1.0e‐
10 

0.0022
06500
0*1.0e
‐10 

Z
u
3 

0.0016
22858
43176 
*1.0e‐
10 

0.04337
506602
2769 
*1.0e‐
10 

0.0441
494406
48746 
*1.0e‐
10 

0.04283
5884071
142 
*1.0e‐10 

0.0426
841569
63233 
1.0e‐
10 

0.0894
93171
31377 
*1.0e‐
10 

Z
u
4 

0.0016
24346 
*1.0e‐
10 

0.04337
647409 
*1.0e‐
10 

0.0441
659959 
*1.0e‐
10 

0.04284
2301459 
1.0e‐10 

0.0426
801944 
*1.0e‐
10 

0.0894
99178 
*1.0e‐
10 

Conclusions 
This paper is dealt with investigation in the 

fault detection and diagnosis process of 
automotive suspension systems, particularly the 
full car model, using a Kalman filter bank and 
LQR approach to keep maintaining the 
reliability and safety of automotive suspension 
systems. Our simulation results have shown to 
evaluate the performance of the fault detection 
and diagnosis capable of detecting effectively 
any faults in actuators. It is clear that the 
algorithm can locate the fault positions in the 
suspension system correctly when a single fault 
occurs at each position. In order to locate the 
multiple faults in the suspension system, it is 
necessary to use other or criteria which can be 
considered as a future work.   
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