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A Study on Using Multiple Sets of Particle Filters
to Control an Inverted Pendulum

Midori Saito and Ichiro Kobayashi

Abstract—The dynamic system is controlled by various ap- an inverted pendulum stand upright from the vertical below
proaches by means of the equation of motion which approxi- position on a simulator. Furthermore, Inoue et al. [4], [5]
mates its motion charagtenstlcs with a Ilnear.functlon. There employed fuzzy rules which controls an inverted pendulum,
is however much noise in the real control environment. So, we ¢ ticall ted b tic aloorithm. taki
often encounter the situation in which we cannot completely ap- automatically genera' ed Dy a genetic 390” m, taking ac-
proximate such non-linear states in a target system with a linear count of the symmetrical movement of an inverted pendulum.
function. In recent years, the particle filter is often used for the However, as for the control of an inverted pendulum which
prediction of non-linear states of a system and for controlling requires more non-linear control in the real environments
the system. In this paper, we propose a method which predicts \yhare many disturbances exist, since the former study pro-

not directly observable control variable through sharing the i 7ati thod the strict stability i i
likelihood of an observable variable by means of multiple sets poses a linearization method, So the strict stability IS no

of particle filters. We employ an inverted pendulum as the target guaranteed by the study. Moreover, the latter study needs
system to be controlled; examine the ability of our proposed to design new fuzzy rules to respond to disturbances. So,

method from views of stability and robustness; and show the in general, if the target system to be controlled contains

method has both strong characteristics. disturbances in its characteristics, we had better introduce
Index Terms—particle filters, inverted pendulum, likelihood non-linear control to the system. In this context, Kashimura
sharing et al. [7] have introduced particle filter into the framework

for reinforcement learning to select a relevant policy based

|. INTRODUCTION on representing experience on action with probabilistic dis-

Hibution. Although introducing particle filter into non-linear

HE system is controlled by various approaches using tcgntrol is related to our approach, in the case of the control in

equation of'motlon. There is however much noise in thae real environment, to build a probabilistic distribution with
real control environment. So, we often encounter the cases .. ) : .
ﬁ\rtlcle filter for each estimated state and provide reward to

where we may not be able to completely approximate su : . . :
non-linear states with an equation of motion. The particle.. states might become a big problem in terms of processing
q ' P cost. Sun et al. [2] constructed a controller for an inverted

filter is a method to estimate the states of a system by me Ehdulum with a neural network and employed particle filter

stg dp:ﬁbsat;',!s:#cg(ﬁtt?glufﬁn’[S]n?;]ec_ﬁ?gr::/re]?;:e?]m‘ljfl 0 estimate its parameters. Furthermore, they have compared
y T P e control effect between Kalman filter and particle filter

includes non-linear states to control itself and the contr . : :
. . L o .and then shown that particle filter improves markedly than
mechanism itself is simple, so it is often used to testi

) . . alman filter both on speed and precision. Stahl et al. [3]
various propose(_j meth_od_s to control a system |nc_lud|ng no;?rbposed a method to control an inverted pendulum by
U\?eezrimChgacrgerggsa'Zo'sglf r[r}gzlth[ggj, E}n In ;?;isclztl:iﬂi’rigtroducing two nest particle filters, introducing the idea of

. propos 9p model predictive control into stochastic nonlinear systems.
to estimate not directly observable states of a system ang, this study, we introduce multiple sets of particle fil

control the system. As a target system to be controlled {8rs for estimating an unobservable controlled variable of

this paper, we employ an inverted pendulum and esnm?)éfsystem from an observable variable through sharing the
]

Lhee dfi(r)g(::(; gc')\()esr;rtvoeéh?hfg;t ﬁfatr:]ibzi':s;&jén\’/aﬁggz f‘?}gr elihood of the particles representing those non-linear states
y ' 9 G the system, and then propose a method of a robust control

the angle of pendulum from its standing position. Moreovey, ainst disturbances existing in the environment. Moreover,

we show our proposed method has strong robustness for ﬁ?e . . . S
. ; . rough simulation experiments we compare the abilities
disturbances in the control environment.

between the control which approximates the continuous
space with a linear equation of motion and the control we
Il. RELATED STUDIES propose.
In general, in order to control a non-linear system, the
method using non-linear feedback or linear approximation I1l. PARTICLE FILTER

based on the first approximation of Taylor developing i the particle filter is a time-series filter which does not have

widely used, however, there are cases where SOme S,VSI%{H;? constraint on the shape of probabilistic mass function
cannot be controlled because of their strong non-linearity. 19 ostimate the states of a system, it can therefore estimate
overcome the problem with non-linearity, Yamada et al. [}, gtates of a non-linear system. Particle filters estimate an
proposed a method to combine the non-linear feedback gfjthpservable state, with an observable stagg. Both states
coordination transformation, they were successful in maknggt andy; are obtained from the following state space model
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statez is estimated from an observable statein the case
that there is dependency betweerand z.

The algorithm of the proposed method is shown as follows:
Yy, = Hyz,+w, ) step 1lnitial setting:

o ] K &,_1 and 2;_, states are randomly generated.
In (1) and (2),v; andw; indicate system noise and observed step 2Prediction

noise, respectively;, Gy, H, indicate coefficient matrices Following equation (1), noise is provided to both
corresponding to each variable. The stateis represented &, and2,_q
b _ 1.
with a set of K weighted particlesX; = {(wﬁk),wﬁk))}kzl, step 3Sorting:
where;(*) indicates the weight of each particle. The statest; and 2; are sorted in ascending order,

respectively.
The general algorithm of particle filter is shown as follows: step 4Observation of states:

r, = Fxiq+ Gy 1)

step 1lnitial setting: The state ofr is observed and the state afcannot
K states ofz; ; are randomly generated. These be observed.
states are regarded as the initial particles. step 5Likelihood estimation:
step 2Prediction The Weightwt(k) = p(wt\ﬁcgk))(lngK) is com-
Following equation (1)x; is estimated and pre- puted.
dicted particles are generated through the processstep 6Likelihood sharing:
of Fie, 1 + Gyvy — xy. The same likelihoodr of & is provided to 2,
step 3Likelihood estimation corresponding to the index of the result of sorting
By comparing ; with y,, the weight of each in step 3.
particle 7, is calculated under the condition of step 7Resampling:
Zle wt(k) =1 K particles of#; and 2; are extracted with the
step 4Resampling probability in proportion tor;.
K particles ofx; are selected with the probability ~step 8Update:
in proportion tom;. Repeat step 2 to step &t + 1.

step 5Update:
Repeat step 2 to step &t + 1.

Step 1

ATINN

Step 2
Prediction

Step 3 . Step3
Calculating StepB
likelihood Step5 Step7
Resampling Steps Stepd
Fig. 2. Two sets of particle filters sharing the same likelihood
Fig. 1. Process of particle filters In step 1 and step 2, the same process of normal particle

o _ ~_filters is performed. In step 3, the particles #f and 2
_As shown in Figure 1, a series of process: predictiogre sorted in ascending order, since they were randomly
likelihood estimation, resampling, and update are repeate@nerated at step 1. Here, by sorting the partictesyill be

By this, the statey, is tracked by multiple particlest,. able to be shared as the weight®ifn relation to the index
of & at step 6. As for botl® and 2, the processes after step
IV. LIKELIHOOD SHARING FOR STATE ESTIMATION 7 are the same as those of the normal particle filter. Like

In the control of an inverted pendulum, we assume th&iis, by sharing likelihood qsing two sets qf particle filters,
there is dependency between the deflection of pendulum 4hg unobservable state efwill be able to estimate from the
the other control variables corresponding to the deflectighoservable state a.
for example, the force_ necessary given to the ca_rt of the \/ ExpERIMENT STABILIZING CONTROL OF AN
pendulum to make an inverted pendulum stand upright. The INVERTED PENDULUM
force is not observed directly but can be estimated by an
observable state, i.e., the angle of the pendulum from itsWe conduct experiments with an inverted pendulum to
upright position. In general, particle filters can only trackonfirm the control ability of our proposed method by
observable states, whereas our proposed method can estirb@faparing the control method using the equation of motion.
unobservable states by employing the architecture of sharing
likelihood through multiple sets of particle filters. A.

In this study, we employ two iets of particle filters as ex- |n the experiments, we have modeled the figure of an
pressed inX; = {:igk), 25’”, Wt(k)}k:p then an unobservableinverted pendulum (see,Figure 3) and the equations of motion

Experimental settings
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to control, referring to [3]. The inverted pendulum consistiverted pendulum as symmetrical system around the upright
of the upper and lower parts, i.e., pendulum and cart. Hepmsition [4]. In this study, we also use this characteristics
the length and the mass of the pendulum &are 0.5(m) to achieve stabilizing the pendulum in the condition of
and m = 0.3(kg). The mass of cart isn. = 3.0(kg), standing upright. Considering such motion characteristics of
respectively. The angle of pendulum from the upright p@a pendulum around the upright position, we think that the
sition is ¢(rad), and angular acceleration ig(rad/s?). control needs less calculation rather than the other cases.
Moving distance, speed and acceleration of the carp@ars,

p(m/s), p(m/s?), respectively. The acceleration of gravity

g is 9.8(m/s?). We use a physics engine called PhysX. Control with the equation of motion

[8]. PhysX can perform on-line calculation of the physical

characteristics of an object and illustrates the state of theThe equation of motion of an inverted pendulum is ex-
object simultaneously. We use it to simulate the physicptessed with the following equation defined in [3].
characteristics of a pendulum represented with the equation
of motion and with our proposed model.

é B gsin ¢ + cos qﬁ%jﬁm“ﬁ 3)
- l(% _ mcos? qb)
p : Position of the cart mc—&-m"
ot @ : Deflection of the pendulum P o= I+ ml(¢2 sin ¢ — ¢cos (b) 4)
1 1 : Length of the pendulum me +m

P lm‘g " :_I]Eass Oiﬂ: pendulum Here,we approximate the motion of the inverted pendulum
T | mc:Ga“.o i ecim Pt around the upright position, i.e(¢ = 0,2r,¢ = 0), with
f g - Uravitationalacceleration the following equation.
— Mme f : Force input
2
Fig. 3. Overview of the inverted pendulum f1(¢) = —0.806314¢" + 5.06622¢ (5)

. . i i . The equation off; is approximated with the quadratic
Figure 4 illustrates an example of simulation enV|ronmer‘g’,qlh,jmOn ofp as expressed in (5) defined in [3]. Therefore,

The white and small objects scattered under the cart fg set4 as the control target and regard it as the controlled
disturbances to the cart. variable given to the cart by transforming to f through
equation (5). Moreover, we control the pendulum around

0 with equation (5) under the following 4 conditions of the
position and the angular acceleration of the pendulum.

~h () it (p>0,6>0)

_ ) fi(=9) if (p>0,9<0)
HO=9 1) tp<0g>0 O

Sh(-) T (p=0,6<0)

D. State estimation by sharing likelihood

Even though the inverted pendulum is effected by dis-
turbances, the controlled variabfedepends onp, i.e., the
angle from upright position. In this study, we prepare 500
particles to estimate the angle and the forcef provided

The specification of the computer we have used for sirf2 the cart — two sets of particle filters are expressed as

Fig. 4. Simulation environment on PhysX (with disturbances)

~ ~ K
ulation is shown in Table I. X = {¢§k), ft(k),wt(k)}k:l. f is usually obtained from given
TABLE | ¢ through the equation (5), however, by using proposed
THE SPECIFICATION OFPCUSED IN THE EXPERIMENTS method, the unobservable variabfeis estimated by the
Item Specification observable variable. A A
CPU  Intel Core2 Duo P8800 (2.66GHz 2.67GHz) For estimation, the range of the initial values@®fand f
RAM 4G Byte are set as follows:
Graphics Mobile Intel 4 Series Express Chipset
2 (k
0.0 < {§"H, <05 )
. . . r(k
B. Equation of motion for an inverted pendulum 0.0 < {f{HE, <100 (8)

If the goal of controlling an inverted pendulum is to The estimatedf is output by following the Arelatiorf x
make it stand upright, it is reported that we can regard gh As mentioned in V-B, the control variablg is divided
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into two cases: i.e., positive and negative, depending on the
direction of deflection of the inverted pendulum.

£ 1 —angle
[ i (p<00)
I= { —rf if (p=0.0) ©)

The initial values of) and f mentioned above are empir-
ically decided, and also we have set the range of those as CHECEENEEERRULINEEEENEEY
follows: 0.0 < ¢ < 0.5, 0.0 < fo < 10.0, 7 = 5.0.

Moreover, in order to decide the number of particles téig. 6. Angle¢ (without disturbances)
estimate the angleé and the forcef given to the cart of
the pendulum, we compared the cases where the number of 005
particles is 50, 100, and 500. Figure 5 shows the average of 5

trials of the error between estimate anéland the real angle EHCEEERIEEEEEE:
¢ — the horizontal axis indicates time steps and the vertical o
axis indicates error from the real angle. As a result, we o1
confirmed that the accuracy gets increased as the number of 015

particles increased. Based on this result, in this experiment, — Position

we use 500 particles taking account of the graphic speed of
the physical engine, PhysX.

Fig. 7. Position of the inverted pendulum (without disturbances)
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Fig. 8. Angle ¢ (with disturbances)

Fig. 5. Relation between number of particles and error from the real value

E. Experimental results and discussions — Position

Control with the equation of motionFigure 6 and Figure
7 show the results of the cases where there is not any
disturbance in the environment. Figure 8 and Figure 9 shawg. 9. Position of the inverted pendulum (with disturbances)
the results of the cases where there is disturbance in the
environment. Moreover, Figure 6 and Figure 8 show the
absolute value of the angle of the inverted pendulgm  Control by sharing likelihood to estimate statds: Figure
when the equation of its motion is approximately expressd®, the thick line indicates the actual observed valug ahd
with a linear function. Figure 7 and Figure 9 show th¢he thin line indicates the estimated value gofracked by
position of the center of gravity of the inverted pendulurparticle filter. From Figure 10, we see that the estimation of
from a viewpoint of the fulcrum of the pendulum. We see with particle filter is almost correct. However, in the case
from Figures 8 and 9 that the controller which had beehat the amplitude of the inverted pendulum is extremely
able to control the pendulum with the equation of motiosmall, that is, almost 0, we see that the estimation is not so
became unable to control in the environment with lots aforrect. Therefore, there is still space to consider improving
disturbances. the accuracy of the estimation with particle filter.

In the case that disturbances were provided in the environ-From Figure 11, we see that the pendulum leaned largely
ment, at the initial stage of controlling the pendulum, it couldt the point where the pendulum faced the disturbances and
be controlled, but the control error given by the disturbancégally it become stable after swinging right and left and
had been getting accumulated as time passed, and finally passing the disturbances. Figure 12 shows the absolute value
pendulum had become unable to be controlled and was falleinf obtained by sharing the likelihood with By this, it is
down (see, Figures 8 and 9). shown that the value which is not directly observed can be
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estimatedby our proposed method.
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Fig. 13. More disturbances whose side5i$)(mm)

: |

Fig. 11. Position of the inverted pendulum (with disturbances)

Fig. 14. More disturbances whose sideli$.0(mm)

Fig. 12. Estimated forcg’ (with disturbances) and the size of disturbances are changed as shown in Figure
14. From those Figures, we see that at first the pendulum was
widely swinging when hitting the disturbances but finally

VI. EXPERIMENT 2: ROBUSTNESS FOR DISTURBANCES pecame stable and stood upright. Besides, we conducted

To verify the robustness of our proposed control methoénother experiment with the settings for disturbances in
we conducted two additional experiments under differemthich they exceed0.0(mm) on a side, but could not control
experimental settings. In the experiment 2, we use the saAgthe pendulum stood up.

experimental settings in the experiment 1 except the settings

of disturbances in the simulation environment. As Figure 13 VII. CONCLUSIONS

and Figure 14 sh_ow, we have set the er_1vironment whereln controlling a system, we have proposed a method

there are more disturbances than those in the experimgntempioy multiple sets of particle filter to estimate the

1. Furthermore, as well as the case expressed in FigWigies of the system, which cannot be directly observed, by

13, in Figure 14 we increased the number of disturbancgs,ring the likelihood of particles. The equation of motion

and enlarged each side of disturbances fro(mm) 10 for an inverted pendulum is generally made based on its

10.0(mm). motion characteristics around the standing position, which is
because the motion characteristics are approximately repre-

A. Experimental results and discussions sented in a linear function. This makes the pendulum stably

The results of two additional experiments are shown frofPntrolled only around the standing position, but does not

Figure 15 to Figure 20. Figures 15, 16, 17 show the result @¢arantee for stable control against disturbances existing in

¢ and, p, and f, respectively, in the case where the numbdhe environment. Whereas, our proposed method has more

of disturbances increased as shown in Figure 13. The inverf@gustness to the control based on the linear function. We
pendulum could be controlled as it stood upright as well &ve experimented on the usefulness of our method with
the experiment 1 where there were 22 disturbances in tAeSimulator in terms of being able to estimate a directly
environment. Next, Figures 18, 19, 20 show the resulp of Unobservable control variable and robustness to disturbances
and ¢, p, and f, respectively, in the case where the numbéXisting in an environment.
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Fig. 17. Forcef to the cart (More disturbances whose sidé.i8(mm))

can estimate not directly observable states of a target by
sharing the likelihood of the observable states of the target.
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Fig. 20. Forcef to the cart (More disturbances whose sidé (s0(mm))
In the experiment 1, we have confirmed that our method

REFERENCES

By this, the control without the equation of motion can bﬁ] T. Nishida, N. Ikoma, and S. Kurogiracking and shape estimation

achieved by our method.
In the experiment 2, we conducted an experiment

experiment 1, and then have shown the robustness of &ir

proposed method for controlling the pendulum.
As future work, we will explore the stability of control

of deformable object using patrticle filter and adaptive vector quantizer,
No0.190, WAC2010, 2010.

. " . i ] L. Sun and S. WangControlling inverted pendulum based on neural
controlling an inverted pendulum in the environment where' network and particle filter, pp.1345 - 1348, Intelligent Control and

more disturbances exist rather than the environment in the Automation, 2008.

(4]

and improve the accuracy of estimation with particle filters.

ISBN: 978-988-19252-3-7
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

(5]

(6]

(71

D. Stahl and J. HautlPF-MPC:Particle Filter-Model Predictive Con-
trol, System Control Letter, Vol.60, pp.632-643, 2011.

H. Inoue, K. Hatase, and K. KAMEIFuzzy Classifier System Using
Hyper-Cone Membership Functions and Rule Reduction Techniques
Proceedings of The 10th IEEE International Conference on Fuzzy
Systems, pp.1436-1439, 2001.

H. Inoue, K. Matsuo, K. Hatase, K. KAMEI, M. Tsukamoto and K.
Miyasaka,A Fuzzy Classifier System Using Hyper-Cone Membership
Functions and Its Application to Inverted Pendulum Contfloceed-
ings of 2002 IEEE International Conference on Systems, Man, and
Cybernetics, Paper Number WA2D3(CD-ROM), 2002.

K. Yamada, A. Yuzawa, and K. NittaSwing up control of inverted
pendulum using approximate linearization (in Japaneskurnal of

the Japan Society of Applied Electromagnetics and Mechanics, Vol.12,
No.1, pp.62-72, 2004.

Y. Kashimura, A. Ueno, and S. Tatsum, Continuous Action Space
Representation by Particle Filter for Reinforcement Learning (in
Japanese)2A1-3, The 22nd Annual Conference of the Japanese Society
for Artificial Intelligence, 2008.

[8] PhysX http://www.nvidia.co.jp/object/physren_jp.html

WCECS 2013





