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Abstract 
 
This paper presents the design of a quantitative feedback control system for a three-axis hydraulic road simulator. The road simulator 

is a multiple input-output (MIMO) system with parameter uncertainties which should be compensated with a robust control method. The 
objective of the present paper is to reproduce the random input signal or real road vibration signal by three hydraulic cylinders. The re-
placed m2 MISO equivalent control system is suggested, which satisfies the design specification of the original mxm MIMO control sys-
tem by decoupling each of the three axes. Quantitative Feedback Theory (QFT) is used to control the simulator. The QFT illustrates a 
tracking performance of the closed-loop controller with low order transfer function G (s) and pre-filter F (s) having the minimum band-
width for the uncertain plant with parameter uncertainty. The efficacy of the designed controller is verified through dynamic simulation, 
which is co-simulated with hydraulic models of Matlab and Adams multi-body. The simulation and the experimental results show that 
the proposed control technique works well for uncertain hydraulic plant systems. 
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1. Introduction 

The vehicle dynamic characteristics and fatigue test are 
largely classified by two test methods: real road test and lab 
test, which is done inside of the room by reproducing the real 
road data. The real road test can afford high reliability as well 
as credibility on a vehicle’s dynamic behaviour and fatigue 
expectation. However, as it has the disadvantages of time, 
spatial and environmental limitations as well as dependency 
on the driver’s skill and the environment of the test road , it 
always requires compensation and continuous observation of 
the test results. Meanwhile, the lab test can supplement the 
demerits of the real road test by reproducing the real road 
input data. Even though it has many disadvantages, such as 
initial investment of the machine, continuous maintenance and 
operator education, its usage as a multi-axis hydraulic road 
simulator has been increasing recently. The main advantages 
of the simulator are that it can provide very flexible test meth-
ods through varied control input with different test specimens, 
and it can reduce test time and cost with an accelerated vibra-
tion test method [1]. Furthermore, one of the most important 
factors of the road simulatoris how accurately it can reproduce 

the real road data or random input at the dummy wheel. Each 
three-axis mechanical movement (longitudinal, lateral and 
vertical) should have as little interference as possible with 
other axes of motion (i.e. de-coupled motion) and it should 
have a reliable structure that can endure severe vibration due 
to a large external load. Also, it should have the robust control 
cability to reproduce the precise movements of each of the 
three axes under the given input data because each test speci-
men is never the same and the test environment keeps chang-
ing. 

Basically the three-axis hydraulic road simulator is the un-
certain plant, and this uncertainty comes from the mechanical 
coupling, non-linear hydraulic valve displacement, dynamic 
loading change and the varaiance of the supply oil pressure. 
Therefore, in this paper, quantitative feedback theory (QFT), 
which is one of the modern control techniques available to 
handle the uncertain plant with external disturbance, is utilized. 
QFT is the control methodology designed on the frequency 
domain to cover plant uncertainty and external disturbance [2-7]. 
It has the advantage of having a lower order controller than 
other control techniques such as LQG/LTR technology, H2/H∞ 
technology, and  synthesis [8-10]. Horowitz (1972) first es-
tablished the QFT [3], which can be robustly applied in con-
trolling plant uncertainty and external disturbances. Later, 
Shaked (1976) modified QFT to improve Horowitz’s method 
by transforming the multi-variable plant into a diagonal one 
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[11]. However, his method has the iteration problem to find 
the loop transfer function with minimum bandwidth. Horowitz 
(1982) revisited the QFT using the fixed point algorithm for a 
MIMO LTI system. Yaniv (1986) published the QFT which is 
much simpler and requires fewer iteration steps than the pre-
vious ones, but his method shows a numerical problem for 
large control systems because the inverse of the transfer func-
tion is compulsory. In 1988, D’Azzo and Houpis established 
the QFT design and analysis by solving the above mentioned 
problems [5]. Borghesani (1993) made a conventional nu-
merical program for the Matlab toolbox [12, 13]. Using his 
method, Park (1998) showed the stability with marginal pa-
rameter values using the Matlab QFT toolbox [14]. The engi-
neering application area using the QFT is very broad. Many 
applications, such as automotive dynamics, robotics, aero-
space and MEMS area, have been made. In particular, Ahn 
(2007) utilized the QFT in controlling a hydraulic actuator 
[15] and Ha (2000) used the QFT in controlling robotics area 
[16].  

The most important factor in QFT is to design a controller 
satisfying the uncertain plant dynamics and compensating for 
the external disturbance in the frequency domain. The charac-
teristics of the QFT are to design a lower order controller hav-
ing minimum bandwidth. By considering the amplitude and 
phase information simultaneously in the Nichols chart, an 
optimal controller is designed utilizing loop shaping. After 
choosing the nominal plant and fulfilling all the boundary 
conditions, the final controller with lower order transfer func-
tion is synthesized. Empirical experience and thorough control 
knowledge are required for deciding the optimal controller. 

The mechanical plant in this paper has three-axis hydraulic 
road actuators with a dummy wheel. The actuators have three 
independent orthogonal motions—vertical, longitudinal and 
lateral movement. The longitudinal and lateral movements use 
force as a control input and the vertical motion utilizes dis-
placement for actuation. Therefore, the force and displacement 
actuations should be considered simultaneously. In theory, a 
x3 controller is required to control the hydraulic simulator, 
which is considered as a MIMO simulator. However, as the 
mechanical coupling between each axis is negligible, inde-
pendent control of the three axes using 3 MISO is possible [7]. 

The paper consists of the following parts: the characteristics 
of the three-axis simulator are considered and de-coupling 
among the three axes is verified in Section 2 while its mathe-
matical justification is covered in Section 3, mathematical 
modeling of the hydraulic simulator is performed in Section 4, 
equivalent MISO QFT control synthesis is derived in Section 
5, various simulation and experiments are performed and their 
results are shown in Section 6, and a conclusion is made in 
Section 7. 
 

2. De-coupling analysis by co-simulation 

In order to study the de-coupling effect of each axis, Adams 
kinematic/dynamic software is simulated, as shown in Fig. 1. 

The Adams model has a total of 30 DOFs, and it also in-
cludes 3 cylindrical joints, 13 revolute joints, 5 spherical joints 
and 3 Hook’s joints. To observe the de-coupling effect of each 
axis, lateral and longitudinal excitations are made with 
±0.05mm displacement variations, and vertical excitations are 

 
 
Fig. 1. Adams model of the hydraulic road simulator. 
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Fig. 2. Simulation relating to cross coupling analysis. 
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actuated with ±1mm amplitude. The simulation is performed 
by engaging step input for the vertical axis and having no 
inputs for the remaining axes. The simulation results are 
shown in Fig. 2. 

Fig. 2(a) shows the result of the displacement of the vertical 
axis with step input of 1 mm at the cylinder. As its linkage 
ratio is exactly 2.5, the dummywheel output displacement 
shows 2.5 mm movement exactly. Fig. 2(b) shows the results 
of the lateral and longitudinal movements due to step input of 
the vertical one. From the figure, it can be concluded that the 
coupling ratio between the lateral and longitudinal axes with 
vertical motion is within 3%, which shows that the coupling 
effect between the vertical axis and other two axes are almost 
negligible. Fig. 2(c) shows the force outputs of the two axes 
(longitudinal and lateral). The force outputs are below 100 N, 
which also shows negligible force interference with vertical 
one, which requires almost 2000 N actuation.  
 

3. Mathematical justification of MISO system 

The hydraulic road simulator has three inputs and three out-
puts, as shown in Fig. 3. In the figure, {P} represents the plant 
dynamics, G is a controller and F is a pre-filter. The plant 
dynamics has inherent uncertain parameters such as dynamic 
load variation and uncertain hydraulic parameters. 

In the model, each F, G and P are described as  
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If there is very small coupling between each simulator axis, 

the controller G and pre-filter F can be diagonalized, as repre-
sented by Eq. 1 (see Jeong et al. [17]). From the previous re-
search, the control ratio matrix T with elements of ijt is the 
matrix representing the input jr  and output iy , where 
i,j=1,2,3. Thus, 
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The MIMO relations from Fig. 3 can be expressed as 
 

1[ ]y I PG PGFr−= + .  (3) 
 
Therefore, the control ratio matrix T can be obtained as  

 
1[ ] PGFyT I PG

r
−= = + .  (4) 

 
The present paper utilizes a multiple MISO system which is 

the equivalent of a MIMO system using the relevant mapping 
with minimum cross-coupling effects. From the previous re-
search results, it is clear that the three-axis simulator’s cross-
coupling effect between vertical, lateral and longitudinal dy-
namics is negligible; multiple MISO control instead of a full 
MIMO one exhibits equivalent control effects with the benefit 
of simple mathematical derivation. 

In Eq. (4), the problem is to design system transfer function 
tij, which is very complicated and difficult. However, using 
Schauder’s fixed point algorithm, MIMO can be designed into 
MISO (Horowitz, [4]). The problem is to find the appropriate 
mapping, which minimizes the effect of the cross coupling 
terms, and allows the newly-designed MISO controller to 
track the desired input. 

By using the fixed point algorithm proposed by Schauder 
and Horowitz, the inverse matrix of P can be easily obtained 
as  

11 *[ ]P p Bij qij
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− ⎢ ⎥= = = Λ +
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where Λ  is the matrix with diagonal terms and B is the bal-
anced matrix for the offt-diagonal terms, i.e. i j≠ . 
 

Y (Ti) ≡ [Λ+G]-1 [GF-BTi]≡ Tj  (5) 
 

For a more detailed derivation of the above equation, please 
refer to Ref. [5]. Fig. 4 shows the diagonalized input and out-
put relations by neglecting the cross coupling effect. The ap-
proximated control dynamics in Fig. 4 can be represented as 
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Fig. 3. MIMO feedback control structure. 
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Fig. 4 MISO loops with cross coupling rejection. 
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Using Eq. (6), the matrix representation for the total control 
system can be drawn as shown in Fig. 5. 

As shown in Fig. 5, the system has three MISO control 
structures, and it shows the equivalent 3x3 MIMO feedback 
control effect. The next procedure is to design controller G(s) 
and pre-filter F(s) with the uncertain plant P(s). 
 

4. Mathematical modelling for hydraulic simulator 

 The hydraulic servo system utilizes electrical current as an 
input to open the servo valve, and the fluid pressure, which 
builds according to the opening of the valve, finally moves the 
actuator to the outside load.  

The modeling has three parts: servo valve, hydraulic actua-
tor satisfying continuum equation of oil flow, and load relation 
from the mechanical cylinder (See Fig. 6). 

The transfer function between input current i and output 
spool velocity xv can be approximated as a second order sys-
tem [18] 

 
2( )

2 2( ) 2
X sv nKvI s s sn n

ω

ξω ω
=

+ +
  (7) 

 
where Xv is the spool valve displacement, Kv is a valve gain, 

nω is the natural frequency of the flapper, ξ  is the damping 
ratio, and I represents the input current. 

The load pressure PL represents the pressure difference be-
tween each cylinder face, and its mathematical expression is 
as follows: 
 

1 2P P PL = − , 1 2P P Ph = + , 2 2
P PLhP

−
= .  (8) 

 
If one considers the load pressure, the continuity equation 

for the q can be the function of spool displacement xv and load 
pressure PL as follows: 
 

( , )q f x Pv L= .  (9) 
 

If we linearize the q around the operating point, it can be 
represented as  
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where 2 , 0C ca gP C ca x g Px P vh hγ γ= = . 

By refining the mathematical model, one can consider the 
leakage coefficient and compressibility of the fluid as  
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where q0 is the incompressible component of the fluid, qc is the 
compressible component, ql is the leakage component, A is the 
piston area, ρ is the density, KB is the bulk modulus of the oil, 
V is the volume of the fluid under compression, and L is the 
leakage coefficient of the whole system. 

The output load F can be represented as  
 

F n APF L=   (12) 
 
where F is the output force and nF represents the force conver-
sion efficiency. The mechanical parts can be represented as  
 

F M y By Ky n APF L= + + =&& &   (13) 
 
where M is load mass, B is the damping coefficient, and K is 
the stiffness coefficient.  

The transfer equation between input current I and force F 
for each axis can be obtained as 
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where , ,x v x v x vf C K M g C K B h C K K= = = . 
 

The parameters of a, b, c, d, f, g and h of Eq. (14) represent 
the uncertain cylinder characteristics including fluid com-
pressibility, leakage, electrical servo mechanism, non-linear 
orifice and non-linear mechanical connections. As these pa-
rameters are not expressed as fixed constants, parameter vary-
ing bounds should be decided. By inspecting the specifications 
and referencing parameters from other papers, these parameter 
boundaries are calculated. For a more detailed expression, 
please refer to Kim et al. [19]. 
 

5. Controller design 

The QFT is the robust control method used to guarantee 
stable control action even if the plant has model uncertainty 
with external input and output disturbances. The required 
feedback control action can be quantitatively decided by the 

 
 
Fig. 6. Hydraulic servo system. 
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design specification represented by (i) stability margin, (ii) 
tracking specification, and (iii) disturbance rejection specifica-
tion. These three specifications have the certain boundaries in 
the complex plane (including amplitude and phase). The un-
certain plant, which can be modeled as a template surrounded 
by the uncertain plant parameters, should be designed by satis-
fying the above three boundaries in the Nichols chart. Also, 
the prefilter F(s) should be designed to filter out unnecessary 

disturbances. The typical design process is as follows : 
 

5.1 Design specification 

Typical design parameters, such as rising time, overshoot 
and settling time, should be transferred from the time domain 
to the frequency domain. The specifications also include the 
stability margin and disturbance rejection specification.  

 
5.2 Plant template 

The three axes road simulator as shown in Fig. 1 has one 
dummy mass (which can be represented as the suspension un-
sprung mass of the quarter car model), which is activated by three 
perpendicular hydraulic cylinders. As explained from the previous 
section, the servo valve input current I(s) and output of cylinder 
displacement and force Y(s) and F(s) can be represented, respec-
tively, as  
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and subscript ij represents the three axis indices. It is necessary 
to represent the plant uncertainty in the Nichols chart. The plant 
template represents the plant uncertainty with parameter varia-
tion. The load simulator is the set of the all possible plants 
with the variation of all parameters of a, b, c, d, f, g and h in 
accordance with the changing of load condition as well as 
spool displacement. The variation boundaries of the uncer-
tain parameters are very important and should be well es-
tablished to synthesize the good controller. The plant pa-
rameter variation of a, b, c, d, f, g and h are summarized as 
below: 

The hydraulic system parameters are represented byTable 2. 
As it is reasonable to set the maximum operating frequency 

to 300 Hz in considering the slow mechanical plant, the dis-
crete frequency set can be defined as  

 
= [0.1,1,3,5,10,20,30,50,100,200,300]. 

 
The uncertain plant sets are drawn on the Nichols chart as 

shown in Fig. 7.  

Table 1. Varying range of parameter set of plant. 
 

Para-
meters Range Para-

meters Range 

a11 8.852e-8 b11 3.671e-5~6.264e-5 

c11 1.564e-3~1.585e-3 d11 3.664e-3 ~ 6.256e-3 

a22 6.019e-8 b22 2.231e-5~3.806e-5 

c22 2.538e-3~2.551e-3 d22 2.226~3.801 

a33 1.393e-8~5.573e-8 b33 1.999e-4~8.073e-4 

c33 8.781e-3~9.391e-3 d33 1.99e-2~2.018e-2 

f11 5.937e-2~8.203e-2 g11 4.75e-2~6.563e-2 

h11 5.937~8.203 f22 5.937e-2~8.203e-2 

g22 5.225e-2 ~7.219e-2 h22 5.937 ~ 8.203 

f33 0 g33 0 

h33 0.1681   

 
Table 2. Parameter value of dynamic plant equation. 
 

Parameter Value Unit Description 
ALat 1.526e-3 m2 Piston area of Lateral axis

ALon 2.512e-3 m2 Piston area of Longitudi-
nal axis 

AVer 4.8081e-3 m2 Piston area of Vertical 
axis 

VLat 3.8151e-4 m3 Cylinder Volume of 
Lateral Axis 

VLon 4.2704e-4 m3 Cylinder Volume of 
Longitudinal Axis 

VVer 8.0776e-4 m3 Cylinder Volume of 
Vertical Axis 

M 100 ~ 500 Kg Load mass 

B 200 ~ 540 Ns/m Load Damping 

K 10,000 ~ 50,000 N/m Load spring stiffness 

L 1.56e-11 m3/sPa Leakage coefficient 

C 0.6 ~ 0.8  Flux coefficient 

g 9.8 m/s2 Gravity acceleration 

Ph 21e6 Pa Supply pressure 

xv 
0.00001 ~ 

0.0033 M Displacement of Spool 
valve 

w 0.008 M Port width 

KB 1.379e9 Pa Bulk modulus 

ρ 870 Kg/m3 Hydraulic density 

KvL 8.25e-5 m/mA Gain of spool valve (Lat-
eral, Longi) 

Kv 0.0825 m/A Gain of spool valve (Ver-
tical) 

nF 0.9  Force conversion effi-
ciency 
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5.3 Boundary condition 

Usually, the boundaries are represented by (1) the robust 
stability  

 

( ) 1.2, 0
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where P is the plant and G is the feedback controller, and (2) 
the tracking boundary represented by 
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where TU is the upper bound and TL represents the lower 
bound of the tracking specification. However, as each cylinder 
has different specifications, the lateral axis upper boundary 

conditions are Mp = 1.1 (Overshoot 10%), ts = 0.043s, tr= 
0.012s, lower ones are set as ts= 0.0778s , tr= 0.0448s. The 
obtained upper and lower boundary conditions are represented 
in the frequency domain as  
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The longitudinal axis upper boundary conditions are Mp = 

1.1 (overshoot 10%), ts = 0.082s, tr= 0.0256s, lower ones are 
set as ts= 0.149s , tr= 0.0836s. The obtained upper and lower 
boundary conditions are represented in the frequency domain 
as  
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Finally, the vertical axis boundary conditions are set as  
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5.4 Loop shaping  

In order to create an optimal design, the loop should be 
close to a U-contour for guaranteeing the stability margin. It 
should be within the given frequency range )( ωjL and lo-
cated above the final combined bondaries (i.e. tracking and 
disturbance rejection boundaries.) Loop shaping is the process 
with heuristical design. Once the appropriate loop shaping is 
decided, then the final controller and filter are synthesized. An 
initial integrator is used then appropriate gain adjustment, zero 
and pole are added. In this paper, the lateral and longitudinal 
axes have included notch filters for better loop shaping. The 
final loop shapings are shown in Fig. 8. 

 
5.5 Controller design 

After loop shaping, the final controllers for each axis can 
be calculated as  
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(a) Lateral axis 
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(b) Longitudinal axis 
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(c) Vertical axis 

 
Fig. 7. Plant templates. 
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where )(sGL and )(sGLo  are the lateral and longitudinal 
axis controllers, repectively, and )(sGV represents that of the 
vertical axis. The final controllers obtained from QFT show 
maximum 4th order transfer functions, which are compara-
tively low order functions because other robust control meth-
ods, such as H2/H∞ or µ synthesis, have much higher controller 
orders, rendering the real-time control difficult to implement. 

 
5.6 Pre-filter design 

Finally, the pre-filter is introduced in consideration of the 
working range of the cylinders. The pre-filter is designed in 

accordance with real road simulator specification. The de-
signed pre-filters are shown in Fig. 9 in the frequency domain 
and their equations are represented by  
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The figures show that the controller will satisfy the uncer-

tain plant dynamics within the upper and lower bounds.  

 
(a) Lateral axis 

 
(b) Longitudinal axis 

 
(c) Vertical axis 

 
Fig. 8. Controller design of three-axes axis. 
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(a) Lateral axis 
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(b) Longitudinal axis 
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(c) Vertical axis 

 
Fig. 9. Pre-filter design of vertical axis. 
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6. Simulation results 

The Adams model is shown in Fig. 1 and its corresponding 
simulation and experimental diagram are shown in Fig. 10 and 
Fig. 11. The simulator uses the force control for the longitudi-
nal and lateral axes and displacement control is utilized for the 
vertical axis. The simulation is performed simultaneously 
using the Adams model and Matlab/Simulink software. Real 
road data is used as the input signal.  

Fig. 12 shows the results of each axis simulation. Fig. 12(a) 
and 12(b) show the force response for the longitudinal and 
lateral axes, respectively, and Fig. 12(c) represents the dis-
placement for the vertical axis response. Each axis shows the 
maximum RMS errors of 0.20%, 0.85% and 0.13%, respec-
tively, and these results prove that the proposed controller 
works very well to reproduce the random road data. Although 
there is minor coupling between the vertical lateral and longi-
tudinal axes (about 3% as explained in Section 2), this cou-
pling is safely negligible. Therefore, the independent control-
ler can reproduce the input motion accurately. The results also 
show that the proposed controller is robust even though there 
are negligible external disturbances which are considered as 
coupling effects between each axes.  
 

7. Experimental results 

The road simulator input signal shows road fluctuation, and 
its major frequency range is usually between 2 Hz – 40 Hz. It 
also has random characteristics. In the real experiment, we 

chose an exciting random input signal with a maximum of 40 
Hz to actuate the simulator. The experimental test rig is shown 
in Fig. 13. 

The test specimen is the front suspension a Korean automo-
tive maker’s compact car (the lower control arm with non-
linear bushings and ball joint). Displacement and force con-
trols are made through the ball joint of the LCA. The load 
cells are attached as a force sensor, and LVDT is used as a 
displacement one. 200 bars of pressure are applied to the cyl-
inder. 

We made a GUI using Labview software for real-time con-
trol and its result is shown in Fig. 14. In the figure, the white 
line represents the random input signal and the red represents 
the controlled cylinder response output. The experimental 
result shows that the proposed controller tracks well up to 40 
Hz. 

After testing under various input conditions and saving the 

 
Fig. 10. Co-simulation model of multi-axes hydraulic simulator. 

 

 
 
Fig. 11. Schematic diagram for the experiment. 
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(a) Longitudinal force response with real road data excitation 
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(b) Lateral force response with real road data excitation 
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(c) Vertical displacement response with real road data excitation 

 
Fig. 12. Co-simulation results of the three axes with real road data. 
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input and output signals, we reproduced one of the results as 
shown in Fig. 15. In Fig. 15 the black solid line is the input 
signal, and blue dashed line represents the cylinder output 
response. Fig. 15 (a) is the longitudinal force response and its 
maximum RMS error is 4.55%. Fig. 15 (b) is the lateral force 
reponse output and its maximum RMS error is 5.38%. Fig. 15 
(c) shows the vertical displacement response and its corre-
sponding maximum RMS error is 7.64%. Although the 
maximum RMS error shows a slightly larger value compared 
to the simulated results, it is satisfactory because the commer-
cialized road simulator permits a reproduced maximum RMS 
error of 9% (Jeong, [17]). The RMS error difference between 
the simulated response and experimental one is considered 
mainly due to the plant modeling error and hydraulic pump’s 
supply fluid flow rate shortage. The pump’s supply fluid flow 
rate is very important to engage the real road with enough 
cylinder force, but in our experiment, the supply flow rate is a 
slightly insufficient because the small fluid pump used in the 
experimenthas a capacity that is usually suitable for one axis 
actuation. 

The relative tracking errors of each axis in Fig. 15 is shown 
in Fig. 16. In Fig.16, the black solid line, the blue dashed line 
and the brown dash-dotted line represent the relative tracking 
error of the longitudinal axis, the lateral axis and vertical axis, 
respectively. The relative tracking errors of the experimental 

results of the threeaxes are within 3%. 
 

8. Conclusion 

We designed the robust controller for the three-axis road 

 
 
Fig. 13. The real plant of dynamic road simulator. 

 

 
 
Fig. 14. Designed software using Labview andiIts result. 
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(a) Longitudinal axis 
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(b) Lateral axis 
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(C) Vertical axis 

 
Fig. 15. Random responses of experiment with multi-axes hydraulic 
simulator. 
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Fig. 16. Relative Tracking Errors of 3-axes on Fig.15. 
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simulator, which has the uncertain parameters of fluid com-
pressibility, fluid leakage, electrical servo components, and 
non-linear mechanical connections. In designing the 3x3 
MIMO system controller, three equivalent MISO systems are 
used and its verifications are made from dynamic simulation 
result as well as mathematical derivation. By applying the 
QFT algorithm to each MISO system, which satisfies the am-
plitude and phase design boundaries such as stability, tracking, 
and disturbance rejection, the three robust controllers are syn-
thesized with pre-filters. The obtained controllers have low 
order transfer functions (maximum 4th order), which is another 
benefit to implement testing in the real-time environment. 

The simulation and experimental results show that the pro-
posed method can work well in controlling the hydraulic 
simulator with maximum RMS errors of 0.67% and 7.64%, 
respectively. Therefore, the proposed method of three MISO 
controllers can be considered to satisfy the stability margin, 
tracking performance as well as rejecting the external distur-
bance for the uncertain hydraulic plant. This method can po-
tentially be applied to the hydraulic road simulator and yield 
satisfactory results. 
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