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Abstract

Traffic congestion on the freeway is a serious problem for modern society. Dynamic traffic
management is a good alternative solution to improve efficiency on congestion problems. This article
aims to analyze parts of freeway traffic network by using METANET model which is part of
macroscopic traffic flow model that describes a set of parameters such as mean speed, traffic flow,
and density of a traffic system. The piecewise-affine (PWA) approximation on METANET model is
used to design traffic predictive controls and test them on a traffic model structure. This approach
guarantees more intensive calculation for METANET traffic flow model in nonlinear form in the
context of model predictive control (MPC). Some equations in the METANET model will be
approximated by PWA function. With PWA-MPC approximation as direct calculation, equation of
PWA model can be transformed into mixed-integer linear programming (MILP). Furthermore, to see
the control of the model with MPC control, numerical simulations will be carried out on mean speed,
traffic density, traffic flow, queue length, and MPC control. We use time 0 — 2.5 hours. Simulation
result shows that the density of traffic, traffic flow, and queue length decreased in this time period,
while the mean speed increased.

Keywords: traffic control; model predictive control; piecewise-affine model; METANET; mixed-
integer linear programming (MILP).

Abstrak

Kemacetan lalu lintas di jalan bebas hambatan merupakan masalah yang sangat serius bagi masyarakat
modern. Pengelolaan lalu lintas yang dinamis merupakan solusi alternatif yang baik untuk
meningkatkan efisiensi pada masalah kemacetan. Artikel ini bertujuan untuk menganalisis bagian
jaringan pada jalan bebas hambatan dengan mengkaji model METANET yang termasuk bagian dari
model arus lalu lintas secara makroskopik yang menggambarkan kumpulan parameter seperti
kecepatan rata-rata, arus lalu lintas, dan kepadatan. Pendekatan piecewise-affine (PWA) pada model
METANET digunakan untuk mendesain kendali prediktif lalu lintas dan mengujinya pada suatu
struktur model lalu lintas. Pendekatan ini menjamin penghitungan yang lebih intensif untuk model
arus lalu lintas METANET yang berbentuk nonlinear dalam konteks kendali model prediktif (node/
predictive control/ MPC). Bebetapa persamaan pada model METANET akan didekati oleh fungsi PWA.
Dengan pendekatan PWA-MPC sebagai perhitungan secara langsung, persamaan model PWA dapat
diubah menjadi program linear bilangan bulat campuran (wixed- integer linear programming/ MILP).
Selanjutnya untuk melihat keterkendalian model dengan kendali MPC, simulasi numerik akan
dilakukan terhadap kecepatan rata-rata, kepadatan lalu lintas, arus lalu lintas, panjang antrian, serta
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kendali MPC. Waktu yang digunakan pada simulasi adalah 0 — 2.5 jam. Hasil simulasi menunjukkan
bahwa kepadatan lalu lintas, arus lalu lintas, panjang antrian mengalami penurunan dalam kurun waktu
tersebut, sedangkan kecepatan rata-rata mengalami peningkatan.

Kata Kunci: endali lalu lintas; model lalu lintas berbasis kendali prediktif; pendekatan model piecewise-
affine; METANET; program linear bilangan bulat campuran.

1. INTRODUCTION

Model-based predictive control for traffic network is used for the needs to track traffic
conditions and take into account optimization approaches such as speed limits that produce optimal
control. In this article, models for traffic flow is selected macroscopically resulting a well accurate
description to provide traffic demand, traffic conditions, and output in one side of traffic network
(17[2][13]. A METANET-traffic model is used in this study to model the freeway traffic
network [4][5].

Model predictive control (MPC) is a control model satisfying the above criteria so that this type
of control is suitable to be applied in the traffic control problems, one of them is the METANET
model. The problem of designing MPC control is an optimization control method applied on the
horizon structure. This control is used on a model that is processed to obtained control signal by
minimizing the objective function [6].

The previous MPC control is applied in the traffic control model such as Hegyi [7] producing
nonconvex nonlinear optimization problems (METANET). Generally, the MPC nonlinear
optimization problems are difficult to solve quickly in order to achieve optimal values. In the
METANET model problem, a PWA approach is selected from the nonlinear function, thus it is
possible to formulate MPC optimization problems as a mixed-integer linear programming (MILP)
problem [8][9]. The PWA piecewise-affine formulation on the METANET model is used in the
MPC network that has nontrivial solution, however, the formulation can yield best solution as
compared to the initial nonlinear model [8][9][10].

2. METHOD

MPC control is a control technique that uses a model to predict output along the horizon of
future prediction, then applies the first element of the series of optimal control inputs that minimize
the cost function. The basic idea of MPC is illustrated in Figure 1 [11][12]. There are two cases in
MPC i.e. MPC without constraints and MPC with constraints. One model that are suitable for traffic
control problem in MPC is METANET.

In traffic control problem, METANET model represents traffic network as direct graph with
link denoted by index 7 that correspond to a segment. Segments are freeway that stretches and links
are collection from several segments on freeway. In our research, every link is divided into N,

segments denoted by index i (Figure 2) where L, represents the length of segment between 500-

1000m. Based on [14], line is part of the road used for vehicle traffic which is physically in the form
of road works.
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Figure 1. Model Predictive Control.
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Figure 2. Freeway link divided into several segments in METANET model.

There are some related variables for traffic condition in every segment i of link i.e. mis traffic flow
is denoted by ¢, (k) (vehicle/hour), traffic density is denoted by p, (k) (vehicle/km/lane), and

mean speed is denoted by v,

(k) (km/how). The amount of k represents the instant time ¢ =4T,,
where T, is time step used for traffic flow simulation (commonly 7, =10s). For stability purpose,
interval time step simulation for every link m must satisfy the following inequality equation

T where v

free,m s free,m

L,>v is mean speed when a driver assumes that the traffic flows are free.

Traffic flow in each segment i of link m at time k is equal to traffic density multiply by the
mean speed and number of lines on each segment that is denoted by A
equation can be obtained:

so that the following

m >

G i (k) = i (k)V,, ;(K) 4, @

Traffic density on segment i of link m at time k+1 is equal to the traffic density at time k plus

traffic flow change on the link for segment i at timek. Thus, the following equation can be
obtained:

//i’m |:pm,i (k + 1) - pm,i (k)] + qm,[ (k) - qm,i—l (k) _
AT AL

0
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P /lm |:pm,i (k + 1) - Iom,i (k)] — qm,i—l (k) - qm,i (k)
T L

s m

L _
S Pk =p, () + 7 Y (9,01 (k) =g, (K)].

These equations describe traffic density changes by time.

Traffic speed and density are influenced by time and segment. However, mean speed is
described as follows:

1. Relaxation indicates that a driver is trying to reach the desired speed, V(p), relaxation time is
denoted by 7.

2. Convection indicates unstable speed caused by vehicle inflows.

3. Anticipation indicates that a driver adjust the speed according to traffic condition to
immediately pull over. The 7 shows the speed that is affected by anticipation time and & is
density involved in anticipation time.

Form the above definitions, we get:

Vv, (k+1)—v, (k)

vm,i (k) - vm,i—l (k) — 1 x pm,[+1 (k) - pm,[ (k)

m,i — — —_ 77
AL ey (Vo (k) =, ()=~ (0 7e) v
vm,[ (k + 1) - vm,[ (k) vm,i (k) - Vm,i—l (k) _ l _ _ 77 x pm,Hl (k) - pm,i (k)
T I PR FUs iy
vm,i (k + 1) - vm,[ (k) _ vm,ifl (k) - vm,[ (k) l _ _ 77 x pm,Hl (k) - pm,i (k)
< T =V (k)—Lm - (V (P, k)=, (k) P 3

chm,i (k)[vm,i—l (k) - Vm,; (k)] £ _ _ 7;77[pm,5+1 (k) - pm,[ (k)]
+= (VP (0) =, (0)

L, Lmr(pm)[ (k)+/()

_L pm,[ (k) !
am pcrit,m

and a,, is a parameter on fundamental diagram, p_ . is a critical density if traffic flow is maximal,

(k) 1is speed

SV, (k+1) = Vi (k)+

@)

where

V(pm,[ (k)) = min |:vfree,m eXp

s (1 + a)vmn/rol,m,[ (k)] > (3)

(I+@) is a non-compliance factor in drivers with speed limit shown and v,,,,...
limit [7][15].

The starting point or point of departure is modeled by a simple queuing model. Some involved
variables in point of departure are length of queue w, (k) (vehicles), traffic demand d, (k)
(vehicle/hout) and outflow ¢, (k) (vehicle/hour). Those variables are related so that the following
equation can be formed:

w, (k+1) —w, (k)
AT

w k)=, () _
R e A GRYA L)

S w,(k+)=w,(k)+T,[d,(k)-q,(k)]

=d,(k)—q,(k)
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The outflow of a starting point depends on traffic conditions of the corresponding mainstream
segment and the existence of ramp metering control measures 7,(k), where r,(k)€[0,1]. Thus,

I k
outflow equation can be expressed as g¢,(k)=min|d, (k)+w;k), r(k)C,, [p’m'"—pml()ﬂ

s Jjam,m pcrit,m

where C, is the capacity of the on-ramp under free flow traffic conditions and p,,, , is the

maximum density from link » connecting to the on-ramp. The & shows speed will decline caused by
merging phenomena at on-ramps. If there is traffic flow from on-ramp to freeway then we define
the following equation:

v (k+1)—-v .(k v v
5 A)T 5 )”’”’"(k) m(k)ALm l(k)=%(V(p””[(k))_v””[(k)) ( m?k)m)
Puin(K) = p (k) g, (kv (k)
AL LA, (£, () +x)
QVW(kH% vm,i(k):v'""'(k) = l(kim el %(V(pm),.(k))—vm,[(k)) 7( m,?k)ﬂc)
P ®) =P, (k) 0q,(k)v,,, (k)
L, LA, (pml(k)+/()

v, (k+D)=v, (k) + ‘v"”(k)[v"”LI(k) 2 () T(V( P (k) =v,,,())

TP (K) = (O] T.84,000v,,(K) @
L(p,,(0)+x) L4, (p, (0)+x)

2.1. Piecewise Affine (PWA) Approximation
Given a function f:R" — R . Function f'is called PWA function if consists of collection of
affine functions that can be defined on polyhedral and can be expressed as f(x)=a/x+5b, if x€€).
Some methods for PWA approximation are
1. Least Square Optimization
The least square optimization method is well known method by taking the difference between
initial function and the approximated curve. Nonlinear function of a single variable can be
determined by one region of numbers of interval of PWA function. For example, the following
PWA problem can be solved by the least square Given function f that is defined on interval

rrrrr

—x
|(V+a MR (§—y), for xmpSx<a
mln
frwa(x) = { (6 —-90), fora<x<p
X —
|k6+x '8 (5—6) for B < x < Xpmax-
max ~

2. PWA Identification
Identification of PWA is a collection of algorithms that produces PWA approximation
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according to a set of data points. Therefore, this approach is very useful for complex
multivariable function. There are three methods used in PWA identification, i.e. clustering,
linear identification, and pattern recognition methods. These methods are not suitable to be
used in this identification, thus the most appropriate method for bivariate identification is
multicatgory robust linear programming (MRLP) algorithm [16].
3. Partial constant piecewise approximation

An approximation of bivariate function using several complete variables consists of domain
segment on one of the variables, where each region is a set at constant value. In general,
bivariate function f(X,)) can be approximated as follows: assuming variable x and y have

xmax — xmin and ymax B ymin
xmax Y max

region. To select variable x on interval [x,,x,,] for i=1,2,..,N-1 where x, =x_, and x, =x_

relative distance variable x is selected to be drawn from each

bl

xi + xi+l
2

can be written as: f(x,y) = f[ ,yj for xe[x,x,,].

2.2. Piecewise Affine Approximation in METANET Model
METANET model is a nonlinear equation that will be approximated by using PWA function
[17]. This model is constructed by developing new model, i.e. with linearization on equations (1), (2),

(3), and (4).

2.2.1. Nonlinear traffic flow equation
To model traffic flow equation, we can approximate using PWA identification and constant

piecewise approximation on one of variables in equation (1). Speed variable v, (k) is chosen with

the smallest domain as compared to traffic flow variables. This variable is replaced with mean value
v.+v.
on each sub domain. Thus, equation (1) becomes g, ,(k)=4,p,. (/()’T’+1 for v, .(k)e [vj,vm] ,

where j = 1,2,...,n. Interval [vj,v J can be chosen one by one by considering the approximated

Jj+l

function form or by determining more advanced method using optimization.

2.2.2. Speed equation

Several variables in equation (2) and (3) can be replaced by constant value based on fixed value
determined by historical data. In equation (2), some problems must be related to the following
descriptions. First, speed variable appears in exponential factor in equation (3). Density variable
appears in exponential factor in the first term of function (3). This function represents fundamental
diagram where speed is as traffic density function. Some variables in equation (3) are replaced by
e €quals to 102km/hour, a, equals to 1.876, p,, equals to 33.5

vehicle/km/line  and a equals  to 0.1.  Thus, equation 3) becomes

V(p,. (k)= min[102 exp[—;[ %’33_(;‘)

constant values, ie. v

m

1.867 j },(1.l)vc,,,,,m,,m,,-(k)}. Then, multiplication of speed

variable in equation (2) is v, (k)(vm’H (k) —vm’i(k)), speed variable v, . (k) is constant based on the
value determined by the historical data. The error in this method is caused by multiplication
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s

between speed variables and constant value —-. Association between these two causing relatively

m

small error, the value z‘ is close to 2.78 xX10” hour/km.

m

pm,i+1 (k) - pm,i (k)

Division between density variable with other densities is
(pnz,i(k)+K)

multiplication

bl

between is close to

()= p,. (k T, . : T
Pt 0~ P, (1) and 7 causing relatively small error, the value L/
(Pns )+ x) Lt L

33.33km’/km/line. Adding density on the denominator part in the function is constant denoted by
pm,i+1 (k) - pm,i (k)

K, i.e. 40 vehicle/ km/ line. Thus, we obtain 33.33
(pm,i (k) + K)

. The last function in equation (4) is

_ Toq,(k,, (k)
LA, (£, (k) +x)

. This function exists when there is speed decline from entrance deviation to

1.13x10 g, (k)v,,, (k)
(2, (k) +40)

freeway. Substituting the parameter value to the function, we can get —

2.2.3. From PWA to MPC

The results from PWA METANET model can be obtained when it is combined with MPC
optimization method. PWA model can be written as a mixed-integer language program with several
decision variables of integer and domain ratio [13]. Given dummy binary variable (denoted by
0,6,,6, €{0,1}) to show whether some regions apply associative rule with one of affine pieces in its
PWA function (i.e. PWA function y:X—R with one of affine pieces f:X—>R and XcR").

Next, ¢ is an arbitrary constant and & shows machine precision used to change perfect inequality to
imperfect inequality. Thus, yielding the following properties:

()  f(x)<c< d=1is true if and only if
f(xX)<c+(M-c)1-9)
f(x)Zc(1—§)+6+(m—6)§}
(i)  Variable y =0 f(x), if and only if
y<Mo
y=>mo
y< f(x)=m(1-0)
v f(0)-M(1-5),
(iii) Binaty value 6 =0,6,, if and only if
-0,+0<0
-0, +0<0
0,+0,-0<l.

2.3. Controlling Predictive Model for Traffic Control Model
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MPC control is used based on the size of state variable at time £, performing state prediction
along prediction horizon denoted by N, . One of many possible optimization methods for traffic

model is by maximizing traffic flow, the spread of traffic density, and minimizing the difference of
control variables. The most used objective function is minimizing the total times spend (T'TS) in the
system, where T'TS is the total waiting vehicles at on-ramps to freeway added by waiting time in that
road, and the penalty equation in the changes of decision variables. MPC algorithm is used to
determined control signal that minimizing the following objective function J(k) = J e (k) + J,pc (k) -
This objective function minimizes vehicle waiting time at on-ramp and along the queue in the
mainstream segment at point of departure before entering the freeway, thus we get:

Jm(k)='uf( DS WO(")J’

k=1 \_(m,i)el,, 0e0,,

where N, represents optimal time simulation, 1, is a set of pair (m,i) from every link and segment

sim

in that network and O, is a set of index from all points of departure. Next, the main objective of

MPC control is to reduce TTS on prediction hotizon, ie.
k+N
I (k)=T, Z( Z L, AP, (J)+ Z wg(j)J where je{l,2,..,N,}. Given penalty equation in
(m,i)ely, 0€0,,

input deviation and hotizon control N, < N, then control signal is assumed to be constant, i.e.

k+N, -1
Jype (k)= (a S (N -1,G-D) 4y D, (vm,,,m,,m,,-(j)—vm,ml,m,,-u—1))2J,

=k 00, (m,i)eCy,

where a,,,, and a,,, are load coefficients and C,, is all sets of pair index from link and segments.

ramp

3. RESULTS AND DISCUSSIONS

The case study of METANET model simulation in freeway traffic network is depicted in
Figure 3. In segment 3 and 4, speed limits are given. Here, O, is a set of origin of intersection 7, L, is
the speed limit, and D, is the destination.

L,

speed limit  speed limit
segment 3 | segment 4

I ramp metering

0,

Figure 3. Simulation model for case study.

To simulate the model, we use some parameters value i.e. Vree = 102 T =10s,7=
vehicle km? vehicle vehicle vehicle
18 s,k = 40 = —, Dj =180 . = 33.5 Co1 4000 C,, =
! m line’ hour’ Pjam km line’ Perit km line’ > 02

8 | InPrime: Indonesian Journal of Pure and Applied Mathematics



Traffic Model Based Predictive Control: A Piecewise-Affine using METANET

vehicle

20002258 [ = 1km, Ny = 40’5, Ly = 3 line, 7, (k) = 1, @ = 0.1, § = 0.0122, and a,, = 1.867.
We use Matlab to simulate this model. The MPC control graph for METANET model with PWA
approximation is shown in Figure 4. This figure shows that traffic flow experiences a decrease to
zero for time between 0 to 2.5. Traffic flow in link 1 of segment 2 to link 2 of segment 2 experiences
an increase and decline at the end. Figure 5 shows the traffic density in each link and segment. This
tigure show that the traffic density will decline to zero. The lines describe every link and segment of
the traffic flow.

T v T T
—©— link 1,segme 1

& : H H —=—— link 1,segme 2
6000 |-k "5 -~~~ A T i | —8—link 1.segme 3 ]
W o : : —&— link 1,segme 4
5000 {od e R gy -----.--.-..-:.... link 2,segme 1 |4
R f : H —%— link 2,segme 2
4000 P~ - Lo Ao B P
2
<

25

T
—€— link 1,segme 1
L S e e feomeemrenneenndoned —w— link 1,5egme 2 H
i —8— link 1,segme 3
i---1 —6— link 1,segme 4 H
: link 2, segme 1
io.- ] —— link 2,segme 2 |

Kepadatan

Figure 5. Traffic density.

Figure 6 displays mean speed in every link and segment. From this figure, we can see that the
mean speed tends to increase. In this figure, we also show that the speed in link 1 of segment 3 and
4 approaches 100 causing by speed limit. Figure 7 shows the length of queue of the traffic network.
According to this figure, length of queue in link 1 of segment 1 and link 2 of segment 1 experiences
a decrease to zero.
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Kecepatan

—6— link 1,segme 1
——— link 1,segme 2
: —8—link 1,segme 3

' —%— link 1,segme 4

L bt b P link 2, segme 1 [T

—%— link 2.5egme 2
[

0 05 1 s 2 s

Antrian

e RSLSsas Sttt St 25

Fungsi objektif

Figure 8. Objective function.

Figure 8 describes the objective function to be controlled. In this figure we can see that objective

function decrease to zero in all links. Figure 9 shows objective function given MPC control. It also
shows a decreasing trend to zero.
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Kendali MPC

Figure 9. MPC control.

CONCLUSION

METANET model is a nonlinear model. To transform the model into linear form then PWA

approximation is considered. PWA approximation consists of least square optimization method,
PWA identification, and partial constant piecewise affine approximation. METANET model is
approximated by PWA by substituting parameter values to the model. Based on study case, only the
mean speed shows increasing trend and the density of traffic, traffic flow, and queue length tend to
decrease in this time period. Mean speed in link 1 of segment 3 and 4 approaches 100. It’s caused by
the speed limit.

REFERENCES

[1]
2]

R. Haberman, Mathematical Models: Mechanical Vibrations, Population Dynamics, and Traffic Flow.
Society for Industrial and Applied Mathematics, 1998.

A. Kotsialos, M. Papageorgiou, C. Diakaki, Y. Pavlis, and F. Middelham, “Traffic flow
modeling of large-scale motorway networks using the macroscopic modeling tool
METANET,” IEEE Trans. Intell. Transp. Syst., vol. 3, no. 4, pp. 282-292, 2002, doi:
10.1109/1its.2002.806804.

M. van den Berg, A. Hegyi, B. De Schutter, and J. Hellendoom, “A macroscopic traffic flow
model for integrated control of freeway and urban traffic networks,” 42nd IEEE International
Conference  on  Decision — and — Control  (IEEE ~ Cat.  No.03CH37475). 1EEE, dot:
10.1109/¢dc.2003.1273044.

X.-Y. Lu, T. Z. Qiu, R. Horowitz, A. Chow, and S. Shladover, “METANET model
improvement for traffic control,” 2077 14th International IEEE  Conference on Intelligent
Transportation Systems (ITSC). IEEE, 2011, doi: 10.1109/itsc.2011.6082936.

X.-Y. Lu, T. Qiu, R. Horowitz, A. Chow, and S. Shladover, “METANET Model
Improvement for Traffic Control,” Int. ]. Transp., vol. 2, no. 2, pp. 65-88, 2014, doi:
10.14257/ijt.2014.2.2.05.

E. F. Camacho and C. Bordons, “Commercial Model Predictive Control Schemes,” Mode/
Predictive Control. Springer London, pp. 33-50, 1999, doi: 10.1007/978-1-4471-3398-8_3.

A. Hegyi, B. De Schutter, and H. Hellendoorn, “Model predictive control for optimal
coordination of ramp metering and variable speed limits,” Transp. Res. Part C Emerg. Technol.,

11 | InPrime: Indonesian Journal of Pure and Applied Mathematics



[10]

[11]

Liyas and M. Wakhid Musthofa

vol. 13, no. 3, pp. 185-209, 2005, doi: 10.1016/j.trc.2004.08.001.

“Piecewise Affine Systems,” Optimal Control of Constrained Piecewise Affine Systems. Springer
Betlin Heidelberg, pp. 39-42, doi: 10.1007/978-3-540-72701-9_4.

N. Groot, B. De Schutter, S. K. Zegeye, and H. Hellendoorn, “Model-based traffic and
emission control using PWA models &#x2014; A mixed-logical dynamic approach,” 2077
14th International IEEE Conference on Intelligent Transportation Systems (ITSC). IEEE, 2011, doi:
10.1109/itsc.2011.60828009.

G. Ferrari-Trecate, M. Muselli, D. Liberati, and M. Morari, “A clustering technique for the
identification of piecewise affine systems,” Awtomatica, vol. 39, no. 2, pp. 205-217, 2003, doi:
10.1016/s0005-1098(02)00224-8.

M. H. Moradi, “Predictive control with constraints, J.M. Maciejowski; Pearson Education
Limited, Prentice Hall, London, 2002, pp. IX+331, price £35.99, ISBN 0-201-39823-0,” Int. ].
Adapt. Control Signal Process., vol. 17, no. 3, pp. 261-262, 2003, doi: 10.1002/acs.7306.

S. Liu, B. De Schutter, and H. Hellendoorn, “Model Predictive Traffic Control Based on a
New Multi-Class METANET Model,” IFEAC Proc. Vol., vol. 47, no. 3, pp. 8781-8786, 2014,
doi: 10.3182/20140824-6-2a-1003.00893.

A. Bemporad and M. Morari, “Control of systems integrating logic, dynamics, and
constraints,” Automatica, vol. 35, no. 3, pp. 407-427, 1999, doi: 10.1016/s0005-
1098(98)00178-2.

S. Setyawan, “Analisa Operasional Jalan pemnda Tengah Depan Toko Laris Dan Plasa Matahari,”
Universitas Gadjah Mada, 2014.

A. Hegyi, B. DeSchutter, and J. Hellendoorn, “Optimal Coordination of Variable Speed
Limits to Suppress Shock Waves,” IEEE Trans. Intell. Transp. Syst., vol. 6, no. 1, pp. 102-112,
2005, doi: 10.1109/tits.2004.842408.

E. J. Bredensteiner and K. P. Bennett, “Multicategory Classification by Support Vector
Machines,” Computational Optimization. Springer US, pp. 53-79, 1999, doi: 10.1007/978-1-
4615-5197-3_5.

S. Alexander, “Optimal Piecewise Affine Approximations of Nonlinear Functions Obtained
from Measurements,” 4zh IFEAC Conference on Analysis and Design of Hybrid Systems. IFAC,
Elsevier, 2012, doi: 10.3182/20120606-3-n1-3011.00026.

12 | InPrime: Indonesian Journal of Pure and Applied Mathematics



