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Efficient Scheduling Focusing on the Duality of MPL Representation

Hiroyuki Goto, Yusuke Hasegawa, and Masaki Tanaka, Non Members

Abstract—A max-plus linear (MPL) representation for
describing the behavior of a repetitious execution system with a
MIMO-FIFO structure is proposed. A conventional MPL form
is required to recalculate the representation matrices by each
job when applied to systems whose processing times differ by
each job. Approximately twice the calculation volume is
required to obtain the earliest and latest times using
conventional MPL compared with our proposed MPL
representation. This work assigns the state variables to events
other than conventional ones, reduces the number of
independent system parameters in representation matrices, and
improves the form to schedule efficiently, even when applied to
systems whose processing times differ by each job. The derived
equations are similar to the dual system in modern control
theory, which means that the calculation load for scheduling can
be reduced remarkably comparing with the conventional
method.

I. INTRODUCTION

HIS research considers a scheduling method for
repetitious execution systems with MIMO (Multiple
Inputs and Multiple Outputs) -FIFO structure. This kind of
system can also be understood as an extended class of project
scheduling problems based on PERT [1], which is improved
for MIMO type and repetitive systems. This class has the
following features and constraints.

Parallel execution: can work
simultaneously.

Synchronization: The subsequent processes cannot start
until a certain process has been completed.
No-concurrency: While a certain resource is in use, the

subsequent job cannot start.

. Multiple processes

The behavior of systems with the above features can also
be described with a subclass of Petri net called the TEG
(Timed Event Graph) [2] in which all places have single
upstream and downstream transitions. Moreover, as an
independent variable it is favorable to adopt the number of
event occurrences, called the event counter, rather than

Manuscript created October 31, 2006; revised January 12, 2007.

Hiroyuki Goto is with the Management and Information Systems Science,
Nagaoka University of Technology, Niigata, JAPAN (phone/fax:
+81-258-47-9322, e-mail: hgoto@kjs.nagaokaut.ac.jp).

Yusuke Hasegawa is with the Management and Information Systems
Science, Nagaoka University of Technology, Niigata, JAPAN (e-mail:
065364(@mis.nagaokaut.ac.jp).

Masaki Tanaka is with the Management and Information Systems Science,
Nagaoka University of Technology, Niigata, JAPAN (e-mail:
053920@mis.nagaokaut.ac.jp).

1-4244-0704-4/07/$20.00 ©2007 IEEE

57

‘time’.

It is also known that the behavior of TEGs can be
expressed in MPL (Max-Plus Linear) form as a set of linear
equations in max-plus algebra [3], [4]. The times of event
changes, especially the earliest starting times or the output
times, can be calculated by combinations of ‘max’ and ‘+’
operations. Thus, many studies on scheduling problems
utilizing the MPL representation are performed [5], [6]. On
the other hand, ‘min’ and ‘- operators are used to calculate
the latest starting times in internal processes. This
formulation is similar to one for earliest starting times except
the difference of operators [4]. In project management,
production scheduling, or transportation systems, it is
important to grasp the location of bottlenecks or floats in the
respective processes. Hence, calculation of the earliest and
the latest times is required.

However, if we use the MPL description from previous
research, when the execution times of processes vary by each
job, all representation matrices should be recalculated
accordingly. When calculating the latest times, a comparable
calculation load is added. This indicates that the simplicity
and the similarity of the state equations are not utilized
effectively and it is not advantageous in terms of calculation
load.

This paper derives a simpler state-space representation in
MPL form with fewer numbers of independent system
parameters by improving the assignment of the state variables.
The representation matrices are decomposed into two parts;
one dependent on the system structure and the other on the
execution times of processes. This method leads to a
reduction of the calculation load even when applied to
systems whose processing times vary by each job. In addition,
a similarity between the two MPL representations of forward
and backward types is examined. The former calculates the
earliest times and the latter for the latest times, and they are
similar to the relationship of dual systems in modern control
theory [7]. With the help of this relationship, the calculation
volume for obtaining the representation matrices is
remarkable reduced.

Note that in the following discussions, assembly
production systems are mainly used, however the principal
ideas can also be applied to batch processing systems [8],
transportation systems [9] [10], and project scheduling [11],
etc.

II.

This section reviews briefly the basic operation rules of

CONVENTIONAL MPL REPRESENTATION
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max-plus algebra and explains a method for deriving the
conventional MPL state-space representation utilizing an
example of a simple production system.

A. Basic Operators

Max-plus algebra is an algebraic system in which the max
and the + operations are defined as addition and
multiplication, respectively. Denoting the real field by R, if
X, yeD, .?):Ru{—oo},then

x@y=max(x,y), x®@ y=x+y

where the symbol for multiplication ® is suppressed when
no confusion is likely to arise. Denoting the unit elements for
these operators by ¢ (=—) and e (=0) then the following
two operators are defined additionally.

XA y=min(x,y), x\y=—x+y

Operators for multiple numbers are as follows. If m<n ,

n

n
(‘Bxk =max m>xm+1""sxn) s AN =mIng,,x +1a”‘axn)

m
k=m k=m

Statements for matrices are as follows. For X e9™" ,

[X]; represents the (i, j) -th element of X and X " is the
transpose matrix. For X D™, Y™’ ,

(x®¥], =B((X], ®[¥], )= max(X], +[¥],)
[X®Y], =N[X], \[¥], )= min(-{X], +[¥],)

Suppose the priorities of the operators ®, \, and © are
higher than @ and A, they would then hold the following
properties. If X, YD, ZeD™ v,weD" ,

(XOY)Or =(XOr)A(YOV) )
XOWAw)=(XOr) A (XOw) 2)
Y &(Z" @v)=(ZY) v (3)

Unit matrices are denoted as follows.

e,, . All elements are & and its size is mx n
e : Only diagonal elements are e, all off-diagonal

m

elements are ¢, and its size is m x m
The two vectors v,w e D" , if

[v], <[w], forall i 1<i<m)

is satisfied are denoted simply by v <w .
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B. State-Space Representation in MPL form

In conventional studies for describing the behavior of
systems in MPL form, the state variables are assigned to the
starting times for manufacturing processes. Consider a simple
production system shown in Fig. 1 as an illustrative example.
Processes 1 and 2 receive materials from external inputs 1 and
2, respectively, manufactures them and sends the resulting
parts to process 3. Process 3 manufactures the received part
and sends the finished product to the external output. Suppose
the same processing operations are repeated multiple times
and the following constraints are imposed to the system.

e Jobs cannot be started until the previous job is finished.

e Processes 1 and 2 cannot begin until they have received
the corresponding materials from inputs 1 and 2.

e  Process 3 cannot start processing until it has received the
manufactured part from processes 1 and 2.

e The manufacturing starts as soon as all the above
conditions are satisfied.

For the k -th job, the starting times for manufacturing in
processes 1-3 are denoted by x,(k) (1<i<3) and those for
the manufacturing times by d,(k)(=0) . Moreover, the
output time of the finished product is represented by y(k).
We then find the following relations between the relevant
variables where the multiplication symbol ® is suppressed

x, (k) =max{x, (k- +d,(k=1,u, (k)}

—d, (k= 1) %, (k= 1) @ u, (k) )
x (k) = max {x, (k — 1)+ d (k — 1), 1, ()}
—d, (k1) x, (k1) @ u, (k) ©)
Xy (k) =max{x; (k-1)+d,(k-1), x, (k) +d,(k),
x, (k) +d, (k)}
= dy (k=1)x, (k=) ® d, (k) x, (k) ©
®d, (k) x, (k)
(k) = %, (k) + dy () = d (k) x, (F) ™

and k& is the event counter. By substituting (4), (5) for (6),
(4)-(7) can be summarized in the matrix forms shown below
which are similar to the state-space representation in modern
control theory [2].

x, (k)= Ax(k —1) ® Bu(k) (8)
Y (k) = Cx(k) )
where
d (k-1) £ £
A= ¢ d, (k~1) N G
d,(k=1d, (k) dy(k ~Dd, (k) d,(k-1)
e £ e |
B=| ¢ e |,C=| ¢ (11)
dy(k) dy(k) d, (k)
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Fig. 1. A simple manufacturing system with two-inputs and one-output.

The subscripts £ in (8) and (9) represent the earliest times.

The representation matrices 4 , B, and C include the
system parameters. Matrix A includes the parameters for the
event counters k —1 and k. This induces a disadvantage on
the calculation load. For example, the number of unknown
parameters grows large when adjusting the system parameters
for obtaining desirable outputs [11].

Moreover, the representation matrices (10) and (11)
depend on both the precedence constraints and the
manufacturing times in the respective processes. Thus, it is
difficult to grasp the effects on system matrices caused solely
by changes of the system parameters where the
manufacturing times vary by each job. Reference [11] utilized
the idea of an incidence matrix and decomposed the system
matrices to the precedence constraints, locations of inputs and
outputs. However, since the state variables are assigned in the
same way as conventional methods, the matrices also include
the system parameters for the event counters k£ —1 and % .

Hence, by assigning the state variables to other events, the
system matrices can avoid dependence on multiple event
counters and a simpler MPL state-space representation is
derived.

III. FORWARD MPL REPRESENTATION

We derive a MPL state-space representation whose system
matrices are decomposed to the precedence constraints and
the manufacturing times in the respective processes. The
assumptions and constraints imposed to the system are as
follows.

e The number of processes, external inputs, and external

outputs are n, p,and g, respectively.

Each job goes through all of the processes and each
individual process is used only once per job.

The subsequent job cannot start while the previous job is
in manufacturing.

All tasks in a preceding process must finish before the
following process can begin manufacturing.

Processes that have external outputs cannot start
manufacturing until all corresponding materials are
received.

A. State Equation
The state variable [x~ (k)], is assigned to the starting time
of manufacturing in the i -th (1<i<n) processand [x" (k)],
to the completion time. The next relation holds.
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[x~ (0], +d, (k) =[x"(k)], (12)

Fig. 2 depicts the relationship between the process i and
its preceding processes and external inputs. Suppose & and
R, represents the number sets of attached external inputs and
preceding processes, respectively. The input variable [u(k)];
is assigned to the feeding time of material. The process i can
begin after all of the following three conditions are satisfied;
the manufacturing of the previous job is completed, all of the
required parts are received from preceding processes, and all
of the required materials are received from external inputs.
Thus, the earliest starting time of manufacturing for the & -th
job in process i can be formulated as follows.

[x(0)]; =[x"(k=D], ® @ [x;(k)]; ®

_ _@[”(k)]j (13)
JER; Jje%;

From (12) and (13), the next relation is as follows.

[xp ()], =([x" (k= D], +d, (k)
© @ ([x(0)]; +d, (k) ® D ((u(k)]; +d,(k))

JeR; JjER

Here we introduce matrices P, € D™, F, € D", and
B, € D" which are defined in the following way.

P, =diag[d, (k),d,(k),---,d, (k)]
: R, ={¢g} , if the i -th process has a

e
[F,] = preceding process ;.
v 1 R, ={¢}, if the process does not have any
€ preceding processes.
e P ={¢g}, if the i -th process has an
(B,]. = external input ;.
0 . : & ={4}, if the process does not have any

external inputs.

Accordingly, [x; (k)], can be transformed as follows.
[x; (0], =@ (2], ©Lx" (6 =D])
® Gi—)([Fo],-,- ®[x; (k)]; +d;(k))

® (‘FB([BO]U ®[u(k)]; +d,; (k)

=[P.x"(k-1)],
@ ([Fyx; (0)]; +d, (k) ® ([Byu(k)); +d, (k)
=[P.x"(k-1)], ® [P, F,x(k)], ®[P,Byu(k)]

Since this is followed for all i (1<i<n), the next relation is
satisfied.

x; (k)= PF,x; (k) ® PLx" (k-1)® Bu(k)]  (14)
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Fig. 2. External inputs and preceding processes attached to the i-th process.
In order to simplify (14), the following theorem is proved.

Theorem 1. There exists an instance of | that satisfies

(P,F)) =¢,,1<I<n

nn >

Proof. In [11], the existence of the following constant / is
proved.

(F,P,) =¢,,,1<1<n

nn >

Thus,
(FOPk)I :FO(PI(FO)F]P/( :g/m

holds, and multiplying P, on each term from the left side
leads to the next relation.

(PkFO)IPk :gnn (15)

The (i, j) -th element of (15) is

n

DIP.F)' 1, P, =(PF,)'], +d,(k)=¢

h=1
Recalling d,(k) 20,
[(PF,)' ], =¢—d;(k)=¢

This holds true for all i and j (1<i,j<n), which proves
the proposition. O

By substituting the entire right-hand side of (14) for the
first term, x;(k), in the right-hand side, the following
relation is obtained.

xp (k)= (P Fy)" x (k) 16
(e, ® PF)P[x"(k-1)® Byu(k)] (1o

Similarly, substituting (14) for x (k) in the right-hand side
of (16), repeating the same procedures, and utilizing Theorem
1, (14) can be transformed into
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x;(k)=(P,F,) P,[x"(k-1)@® Byu(k)] (17)
where
(P.F,)) =e, ®P,F,®-®(PF,)""
Consider
x*(k-1)® Byu(k) (18)

in the right-hand side of (17). The first term represents the
completion times of the k& —1-th job and the second term is
the feeding time of material in processes that have external
inputs. Thus, (18) can be interpreted as the times for turning
into the ready state. Note that the above two terms do not
depend on the manufacturing times explicitly. On the other
hand, since F, means the precedence constraints and P,
represents the manufacturing times, (P, F,) P, represents
the shortest transportation times between two arbitrary
processes. It should be noted that (P, F,)" P, depends only
on the event counter k& and parameters for the counter k —1
do not appear. As an example, consider the production system
shown in Fig. 1 where the representation matrices are as
follows.

d, (k) & £ E € €
P = ¢ dyk)y & |,Fy=|l¢ ¢ ¢,
& & d3(k) e e ¢ (19)
T
e € ¢
BO :{ } ’
g e ¢
d, (k) £ &
(P,F) P, = e d, (k) £ (20)

d,(k)d; (k) d,(k)d;(k) d;(k)

We compare (8) and (17), the former is conventional and
the latter is based on the proposed method. Equations (8),
(10), and (11) include five independent system parameters,
whereas only three parameters appear in (20). Moreover, the
coefficient matrix B of the feeding times of material wu(k)
depends on the system parameters in (11) but does not depend
on them in (19). Equations (8) and (17) have similar forms to
each other, however the proposed representation is simpler
and is advantageous especially when treated as unknown
variables.

B. Output Equation

Consider an equation when the earliest output time is
assigned to the output variable. Cases where the external
inputs and outputs are directly connected are taken into
account for the purpose of this general discussion. Fig. 3
depicts the definitions of the relevant variables. Suppose J;
and U state the number set of the attached preceding
processes and the one for the external inputs, respectively.
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The earliest output time can be formulated in the following
manner.

(0] =D [x" (b)], ® Dluk)],

Jeg; jey

We introduce matrices C, € D”" and D, € D" that are
defined as follows.
3, #{¢} , if the 7 -th output has a preceding

e
[C,1, = process j.
v 13 ={¢}, if the output does not have any
preceding processes.
e U =#{¢},if the i -th output has an external
[D,], = input j .
v . 1Y ={¢}, if the output does not have any

external inputs.

By utilizing these matrices, the output variable [y, (k)], can
be stated as follows.

[ye k),
~@C,1, ®Lx (0], © @ (D, ], SLu(k)])

=[Cyx" (k)], ®[D,u(k)],

This holds true for all i (1<i7 < g) and the summarized form
is shown below.

Ve (k) =Cox" (k) ® Dyu(k) e2))

For the production system depicted in Fig. 1, the

representation matrices are as follows.
C,=[ezel, D, =[¢¢]

The coefficient matrix C of the state vector x(k) in (9)
includes the system parameter for the output equation. On the
other hand, since it is not included in (21), it can be said that
the proposed MPL representation is simpler than the
corresponding conventional one.

The following two lemmas are proved in order to represent
(21) in a different form.

Lemma 1. The state vector x* (k) that represents the

completion of manufacturing times satisfies the following
inequality.

P.F,x"(k)<x"(k) (22)

Proof. Consider the i -th (1<i<n) element of F,x" (k). It

can be expanded as
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Hu(b)],
Inputs }
j c 51 O}Jtput i
Precedence
Processes ye (0],
Jjeq

[x"(R)],

Fig. 3. External inputs and preceding processes attached to the i-th external
output

[Fox" (K)]; :é([Fo]U +[x"(0)]))
=@ [x" (0], <[x"(0); =[x"(k)); —d; (k)

JeR;
Hence, the next inequality holds.
[P (K], =@ (P, +TFyx" (K)])
=d; (k) +[Fyx" ()], <[x" (k)]

Since this relation is followed for all i (1<i<n), the
proposition is proved. O

Lemma 2. The state vector x* (k) holds the next relation.

x*(k)=(P,F,) x" (k) (23)
Proof. Utilizing the result of Lemma 1 repeatedly,
(P F))*x" (k)< P, F,x" (k)< x" (k) (24)
Similarly, the following inequalities are satisfied.
(P.F,)’ x"(k)<x* (k)
: (25)

(P.F) "' x" (k). <x* (k)
Utilize (22), (24), (25) and the next trivial relation.
x"(k)=x"(k)
Operating @ on both sides induces (23). O

Utilizing Lemma 2, y, (k) in(21) can also be expressed as
follows.

(k)= Cy(P.Fy) x" (k) ® Dyu(k) (20)

The coefficient matrix of the state vector x* (k) includes P,
which depends on the manufacturing times. Thus, it is not
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advantageous in reducing the calculation load. However, it is
closely relevant to another MPL representation for the latest
starting times examined in the next section.

IV. BACKWARD MPL REPRESENTATION

This section derives a MPL representation for obtaining
the latest starting times in the respective processes. It is
performed by setting the finishing times of products to the
input variables and feeding times of materials to the output
variables. The target system is identical to the previous
section and the same symbols are used.

A. State Equation

The latest starting times for manufacturing processes are
considered by regarding the input variable [u(k)],
(1< j <q) as the output time to the external output. Fig. 4
shows the succeeding processes and the external outputs of
the process i . & is the number set of external outputs
attached and S, represents the number set of the succeeding
processes. The completion time of manufacturing in the i -th
process is equal or earlier than the minimization of the
following three times; the starting time of the next job, the
times for manufacturing in succeeding processes, and the
output times to the external outputs. Hence, the latest
completion time in the i -th process can be formulated as
follows.

[x, (O], =[x"(k+D]; A A [x, (K)]; A

=

/Qz, [”(k)]j 27

Using (12) and (27), the next relation holds.

[x, ()], =([x" (k + D], - d, (k))
AN X (B)]; =d, ()~ A (k)] —d, (k)

jes; Jjet;

Moreover, utilizing matrices P,, F, and B, introduced in
the previous section transforms this in the following way.

[x; ()], = A (P71, VX~ (k+D)],)

J=1

A AFS 1, VX ()], —d, (k)

J=1

A AET), Wk, ~d, ()

=[P/ Ox (k+ D], A(IFy ©x, (k)] ~d, (k))
A€ ©Cu(k)], ~d, (k)
=[P/ ©Ox (k+ D], ALP] CLFy ©x (b)]],
AP CIC; ©u(b]],
=[(F,P)" ©x, (b)),
APl O[x™ (k+1) AC! ©u(k)
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(b)),
Outputs
Process | jel
[x (k+1)], < | Succeeding
N Processes
[x; (K)]; jes

EAGIE:
Fig. 4. External outputs and succeeding processes attached to the i-th process

Since this holds true for all i (1<i<n), the next relation is
satisfied.

x; (k)= (F,P,) ©x; (k) s
AP Ox (k+1) A CL ®u(k)]

Substituting the right-hand side of (28) for the first term
x; (k) leads to the following equality.

x; (k) =[(FyP,)* ] ©x; (k) 29)
Alle, ® PF,)P.] O[x (k+1) A C] ©u(k)]
Substitute (28) for the first term x, (k) in the right-hand side
of (29) again. Repeat this procedure and utilize the next
theorem proved in [11].

(F,P,) =¢,,,1<1<n

nn >

Finally, (29) can be simplified in the following way.

x; (k) =[(P,F,) P.]"®[x (k+ ) A Cq Gu(k)]  (30)

B. Output Equation

We consider an output equation when the latest feeding
times are assigned to output variables. For general discussion,
systems in which the external inputs and the external outputs
are connected directly are also taken into consideration. Fig. 5
presents the definitions of the relevant variables and
collections. W and U, represent the number sets of
succeeding processes which are attached to the i -th external
input and the external outputs, respectively. Accordingly, the
latest feeding time can be stated as follows.

(B = A [x (O], A A [uk)], (1)
e jet;

Utilizing the representation matrices B, and D,
introduced in the previous section, (31) can be transformed
into
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[, (0, = ATB] 1, V- (0], A AP, \uh],

=[B; ©x"(k)], A[D; Ou(h)];

Since this relation holds true for all i (1<i< p), the next
equation holds.

¥, (k)= B} ©x™ (k) A D] ©u(k) (32)

In order to represent (32) in another form, the following two
lemmas are proved.

Lemma 3. The state vector x (k) that represents the

starting times for manufacturing satisfies the next inequality.

(F,P)" @x ™ (k)2 x~ (k) (33)

Proof. For the i -th (1<i<n) element of F, ®x (k) , the
following relation is followed.

[Fy ©x™ (k)] =Z\([F0T]i,- \x=(6)];)
= AL (0] 2[x" (0] =[x (0)]; +d; (k)

Jes;

Thus,
(FyP) ©x™ (k)] = ;}([Pkr]g/ \[Fy ©x™(K)];)
=—d, (k) +[F) ©x~(k)], >[x~ (k)],

Since this is applicable for all i (1<i<n), the proposition is
proved. O

Lemma 4. The state vector x~ (k) follows the next equality.

x (k)=F, ®x (k) (34)
where
(F()Pk)* =e, ®F P, @"'GB(FOP/()H
Proof. Utilizing the result of Lemma 3 repeatedly,
[(F,P)* ) ©x ()2 (F,P) Ox (K)2x (k) (35)

holds true. In a similar way, the following inequalities are
satisfied.
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[u(K)];
Outputs
Input § jel,
Q(_ Succeeding
k Processes
[y, (K)] jew
[x_(k)]j

Fig. 5. External outputs and succeeding processes attached to the i-th
external input

[(F,P) ) ©x™ (k)= x (k)
5 (36)
[(F,P) ™1 ©Ox™ (k)2 x (k)

Utilize (33), (35), (36), and the next trivial equation.
x (k)=x"(k)
Operating A on both sides proves (34). O

By using Lemma 4, y, (k) in(32) can also be expressed as

follows.
Y (k) =[(F,P.)" B,]" ©x~ (k) A Dg ©u(k) (37)

This form includes the manufacturing times in P, which is
the coefficient matrix of the state vector x~ (k). Therefore, it
is not advantageous in terms of the calculation load. However,
it is closely related to the state equation and the output
equation that is used for obtaining the earliest completion
times derived in the previous section.

From the above discussions, the state equations and the
output equations have two forms for the forward and
backward type.

V. NUMERICAL EXAMPLE

A simple numerical example is presented here. We again
consider the simple manufacturing system depicted in Fig. 1.
Assume the number of jobs is one, and the manufacturing
times are given as

[d,(D),d, (1), d; ()] =(1,2,3)

The system matrices appeared in (20) and (22) can be
expressed as

e ¢ ¢ 1 ¢ ¢
(PF) =|¢ ¢ &|,(RF)P=|¢ 2 ¢
3 3 e 4 5 3

First, the forward type state equation is considered.
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Suppose the system is empty in the initial stage, and all
required materials are ready at time ¢ =0, which means

x'(0)=[e & &]", u()=[0 0]"

Then, the earliest completion times can be obtained in the
following way.

x;()=(PF)) P[x"(0)® Bu)]=[1 2 5]
Moreover, the correctness of Lemma 2 is examined. For

x;(1) above, the next relationship can be confirmed in a
straightforward way.

(PFy) x;(D=[1 2 51" =x;()

Additionally, consider a case where the manufacturing has
delayed for 2 unit times in process 1. The state variables are
then updated to

xM=[3 2 7"

By operating (P, F,)" ® from left side, we can also confirm
that

(PF) x")=[3 2 7I"=x"()

is followed and Lemma 2 holds true even when the sate
vector does not hold the earliest times.

Subsequently, the backward type state equation is
examined. Suppose the delivery time for k=1 is 7, and there
is not any additional schedule for k¥ >2 . Thus,

u)=[1", x @)=[-¢ -¢ -¢I

Accordingly, the latest starting times can be calculated in the
next manner.

x (D=[(PF,)" P]"®x;(2) AC; Qu(D)]
=[3 2 47

As these inspections show, the forward and backward type
equations for the online scheduling can be performed using
the same system matrix (P,F,) P,, which is accomplished
by improving the assignment of the state variables.

VI. CONCLUSION

This paper derived a MPL state-space representation that
describes the behavior of repetitious execution systems with a
MIMO-FIFO structure. A disadvantage of the conventional
MPL form is that all representation matrices should be
recalculated when the system parameters are changed since
the two elements for describing precedence constraints and
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the execution times are not separated.

In this research, the locations of inputs and outputs and
precedence constraints are given by parameter matrices
whose every element are logical numbers. The parameter
matrices are independent of the system parameters. For the
state variables, we assigned the earliest starting times to the
completion times of manufacturing. In addition, we assigned
the latest times to the starting times of manufacturing. This
revised the MPL form whose representation matrices are
dependent on only the system parameters of the
corresponding job and reduced the number of independent
system parameters.

The discussions clarified several fundamental properties
for describing the corresponding systems and it is also
expected that the calculation can be simplified and its load
reduced.

REFERENCES
[1]

[2]

F. Hillier, and G. Lieberman, /ntroduction to Operations Research 7ed.
McGraw-Hill Science, New York, 2002.

J. Boimond, and J. Ferrier, “Internal model control and max-algebra:
Controller design,” IEEE Trans. Autom. Control, vol. 41, no. 3, pp.
457-461, 1996.

G. Cohen, P. Moller, J. Quadrat, and M. Viot, “Algebraic tools for the
performance evaluation of discrete event systems,” Proc. [EEE, vol. 77,
no. 1, pp. 39-58,1989.

F. Baccelli, G. Cohen, G.J. Olsder, and J.P. Quadrat, Synchronization
and Linearity, John Wiley & Sons, New York, 1992.

B. De Schutter, and T. Boom, “Model predictive control for
max-plus-linear systems.” Automatica, vol. 37, no. 7, pp. 1049-1056,
2001.

T. Boom, and B. De Schutter, “Model predictive control for perturbed
max-plus linear systems,” Syst. & Control Lett., vol. 45, no. 1, pp. 21-33,
2002.

D.E. Kirk, Optimal Control Theory, Dover Publications, New York,
2004.

G. Schullerus, and V. Krebs, “Diagnosis of batch processes based on
parameter estimation of discrete event models,” Proc. European
Control Conf., pp. 1612-1617,2001.

J. Braker, “ Max-algebra modeling and analysis of time-table dependent
transportation networks,” Proc. European Control Conf., pp.
1831-1836, 1991.

B. Heidergott, and R. De Veries, “Towards a (max, +) control theory for
public transportation networks,” Discrete Event Dyn. Syst.: Theory and
Appl., vol. 11, pp. 371-398, 2001.

H. Goto, and S. Masuda, “Scheduling method for MIMO-type discrete
event systems utilizing max-plus linear representation,” Proc. Asia
Pacific Ind. Eng., Manage. Syst., pp. 1029-1037, 2006.

[3]

[4]
[3]

[6]

71
(8]

9]

[10]

(1]



