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Abstract

  In this paper, we  propose an  optimization  algorithm  for
the routing  of  AGV  systems  to achieve  the minimization

of the deviation of delivery time  and  the minimization  of

the tetal transportation time. The dispatching and  conflict-

free routing  problem  for AGVs  is represented  as  an  opti-

mal  firing sequence  problem for Petri Net. A  Petri Net  de-

composition  approach  is applied  to solve  the multi-objective

optimization  problem eihciently.  The effectiveness  of  the

proposed method  is compared  with  that of  the conventionaJ

method.  Computational results show  the effectiveness  of  the

proposed method.
Keywords: Petri Net, AGV  routing,  multi-objective  opti-

mization,conflict-freerouting,decomposition

1. Introduction

  Multiple automated  guided vehicles  (AGVs) are widely

used  for transportation  systems  in semiconductor  fabrica-

tion bays, container  terminals,  and  production systems.  In
the preceding study,  it has been required  to derive collision-
free routing  to minimize  the tetal transportation  time  with

a shorter computation  time(Dotoli  and  Fanti 2004)(Liao,

Jeng, Zhou 2004). However, the delivery time,  which  is

the time from  a loading point to an  unloading  point, is of-

ten deviated from the schedulecl  time in order  to ayoid  the

deadlock or  collision  of  vehicles.  Considering the simplic-
ity of  making  the master  production schedule,  the clelivery
time should  be as equal  as possible, Hence, it is difTicult to

estimate  the delivery time to avoid  the congestion  of  vehi-

cles. In this paper, we  propose an optimization  algerithm
for the routing  of  AGV  systems  to achieve  the minimiza-

tion of  the deviation of  delivery time  and  the  rninimization

of the total transportation time. The transportation system

is treated as a discrete system  model  and  it is represented
by the  timed  Petri Net. We  describe the Petri Net decompe-
sition  algorithm(Tanaka,  Nishi, Inulguchi 2009) for solving

this problem.

  The rest  of  the paper consists  of  the fo11owing sections.
Section 2 states the problem definition. Section 3 describes

the modeling  for task assignment  and  AGV  routing  prob-
lems. Section 4 presents the Petri Net decomposition ap-

proach and  an efficient algorithm  for solving  subproblems.

Computational experiments  are demonstrated in Section 5.
Finally, Section 6 concludes  the paper.

2. ProblemStatement

  The AGVs  transportation system  is described by a  set  of

nodes  and  edges.  Each  node  represents  a  place where  an

AGV  can  stop  or  turn. Each edge  represents  a  unidirectional

or  bidirectional lane. The  fbllowing conditions  are  assumed

for the traveling of  A6Vs.

  -  Two  or  more  than two  AGVs  cannot  travel ona  node

    (resource constraint  on  each  node).

  -  Two  or  more  than  two  AGVs  cannot  travel on  an  edge

    (resource constraint  on  each  edge).

  .  The  loading time  ancl  unloading  time  is 1 time period.
    1[he turning  time  is negligible  compared  with  one  trav-

    eling  time.

The fo11owing conditions  are assumed  for task assignments,

  . A  set of  tasks are given at the sarne  time.

  e  Each task denotes the request  fbr transpertation from

    the staning  node  to the ending  node  for loading or un-

    loading.
  .  More than one  task  can  be allocated  to each  AGV,

    There  can  be free AGVs  whith  no  task.

In this study, there are  some  objective  functions to op-

timize.  Assume  that there  are  p objective  functions

fi(x),...,Jlo(x). For the multi-objective  optimization

problems, x'  is a Pareto optimal  if there is no  x  satisfy-

ing k(x) S ffo(x') Vk(1  { k S  p). The  problem is
composed  of  two objective  functions, Ji and  J2, Ji is for
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the minimization  of  the deviation of  delivery time. .Ji  is
for the minimization  of  total transportation time. [[b obtain

the set  of  Pareto optimal  solution,  the weighting  parameter
method  is used.  It enables  us  to output  aPareto  set  by set-
ting the appropriate  parameter pa to each  objective  function.
The  weighted  sum  of  the objective  function J is minimized.

3. PetriNetModelingforAGVsystems

31  Modelingfor[[bskAssignnmentandRoutingProb-

    lem for AGV  Systems

 For modeling  AGV  system,  place p.,,., represents  the ex-

istence of  AGV  vi  on  node  sj  , The  firing of  each  transition

tv,,s.,s, represents  the traveling for AGV  vi  on  a  lane be-
tween  the two  adjacent  nodes  s.  and  sb.  The resource  place

po,.,(1 g j' <- n)  is introduced to avoid  collision on  each

node  and  on  each  edge.  A  task can  be modeled  as  fo11ews.
Place p.,,o denotes the  condition  that task  ut  is not  assigned

to any  AGVs.  Place p..,.j represents  that condition  that

AGV  vJ  has not  completed  the traveling  to a loacling point.
Place pu,,v,+i represents  that AGV  vj- is transporting  and

the traveling to an  unloading  point is not  completed  for task
ui.  p.,,i denotes the condition  that task ui  is completed.
tu,,vj,o indicates the event  that task  ui  is assigned  to AGV
vj  , and  tu,,v,,i means  the event  that AGV  vj executes  its
task  u,  (loading or unloading  products). Fig. 1 shows  the

Petri Net model  fbr 2 tasks and  2 AGVs.

[iliiili]
AGVv,  AGVvl

Fig. 1 Petri Net  model  for 2 fasks and  2 AGVs  routing

    problem

total traveling time , and  J) is the deviation of  delivery time

from an  initial position to the destination.

33  FormulationofOptimalFiringSequenceProblem

 Rt, ;  {P.,,o,P.,,1,p.,,.i,p.,,.j+1}(1 E{ j -< ml1  f{
i g l) is the set of  places representing  the ass{gnment  of

task ui. Let ua  be the marking  at time k, ncag, E  Z+IR:i1
be the column  vector  forp E  ll,.. ILC:.k is a  final mark-
ing for the loading of  task ui  where  Ml:ii.k(pu`,v,+i) 

=
 1･

Mf"i is a final marking  for the unloading  of  task ui  where

Mf"'(p.,,i) =  1. The  other  places for agi'.k, At(;F' are

don't care  term (*). 6.,,k E  {0,1} takes the value  of  1
if unloading  of the task ut  is not  finished, if cempleted  O.

6e:f,ic C  {O, 1} takes the value  of  1 if leading ef  the task

ui  is not  finished,if completed  O. The delivery time for
ui  is Ei  o(6u,,k 

- 6Mf,k), and  the total traveling  time  is

£ ff2o 6u.,k. Therefore, the objective  function with  respect

to the  minimization  of  the deviation of  delivery time  is Ji ,
and  the minimization  of  the total traveling  time  is Ji . These
functions are  formulated as  foIIows.

       l N,

J, -  EIE(6,,,,,-6Z{,f,h)-ol
      i=1  k=O

       l N,

Jle -  ZE6.,,,
      i=1  k=O

(1)

(2)

e in Ji is an average  of  the delivery time.  And  it is written

as

i -  1 S S(ti.. , - 6Z:Cf)
    i=1  ic=O

6u,,k,6elf,k are forrnulated as

6u,,k 
-:

 { "Mff･1i l Mi･llCEi:l:il I, Sl

(3)

(4)

3.2 Optimal Firing Sequence Problem and  Multi-

   objective  optimization  problem

 The  problem  modeled  by  Petri Net  is treated as a opti-

mal  firing sequence  problem, Here, we  define the  optimal

firing sequence  problem. The  multi-objective  optimization

problem  is formulatecl. The  multi-objective  optimal  firing

sequence  problem  fbr Petri Net  is defined as  fbllows. Given

PN  =  (P, T, w,  Mb), final marking  IL(f : P -  (Z+u{*})
(* is a  don't care  term), total time herizon IVt E N, and

the objective  fuctiens Ji,･-･,J},, the optimal  firing se-

quence  problem  is to find a  feasibe set  of  firing vectors

(ro,ri,-･･,rN,"i) c ({O,1}iTI)N" satisfying MN,  =  op
to minimize  Ji , - ･ ･ , Jb, In our  problem Ji is the sum  of the

6z:c,k-{"EM#.il[:zzl:?lC:ii.l･;/i･l.gl  (s)

If the task is not assigned  to the AGV  in the time  horizon,
Ji can  be minimized.  However, this solution  is impractical.
Hence,  (6) should  be added  into the constraints.

 tE(nflti)TMkl

 -- t
i=1

(6)

Moreover, the firing condition  and  state equation  are formu-
lated as

        Mk  -  (A-)Trk }l 0

MK+1  =  Mk  +  (A+ -  A-)Trk
(7)(8)
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The optimal  firing sequence  problem  can  be formulated
as an  MILP(Mixed  Integer Linear Programming)  problem.
The fomiulations are  as  fo11ows:

min  J{rk}J=paJi+(1-p)J)

s. t. (1), (2), (3), (4)i (5),
OS  pa <1

6.,,k, 6Zlf,k c {o,i}

(6), (7), (8)

(9)

(10)

(11)(12)

4. PetriNetDecompositionMethod

4.1 DecompositionApproach

 The optimal  firing sequence  problem  is computationally

extensive  to solve  when  the number  of  tasks and  AGVs
are  increased, Therefore, the entire Petri Net  is decom-

posed into several subnets  by the Petri Net  decomposition

approach.  The Petri Net is decomposable if the fo11ow{ng
two  conditions  are  satisfied.

 .  The  total objective  function J  is additive  for each  sub-

   net  ut(1  S i g M)  , which  means  that J =  £ X-=i -Iu,  ･

   Each  value  of  J., should  depend on  only  index i.
 .  The final marking  is not defined for the duplicated

   place PR , that is, the final marking  for place p E  RR is
   do not  care  term  (*).
The  entire  Petri Net of task assignment  and  routing  prob-
lems forltasks and  Tn  AGVs  can  be decomposed  into in-

dependent subnets  if the  several  places are  duplicated. The
l independent subnets  for the assignment  of task ui, and  m

independent subnets  for the  routing  of  AGVs  are  generated.
M  is a  sum  of  l and  m,  subnet  ui (1 g i S l) is for the
task, ui  ((l +  1) S i S M)  is for the AGV.  The transition
set  T  is decomposed  into subsets  , [ll,, as  (13) where  A  U  B

denotes the diajoint union  of  A  and  B  for any  sets.

          T=71,,u7k,,u･･･u71,m  (13)

The  place set is decomposed into the subsets  Il,, and  RR by

        P=K,ua,u･･･uFLmullR  a4)

where  IL, satisfies  (15), Iin satisfies  (16), OUT(p)  is the

set  of  the output  transitions for place p  and  IN(p)  is the set
of  the input transitions for place p.

    Ila, -  {p l IN(p)  ! 71,,,OUT(p)  g [IL,} (15)

       lk=PX(Il,,UR,,U･･･U4m)  (16)
The  firing condition  and  the  state  equation  for PN  are  de-

rived. rX{  E {O, 1}IZ"{l is a column  vector  comprising  rk(t)

fort C 7},,. M:'  E  Z+IP'"ilandMkR  E Z+IPRI is acol-

umn  vector  comprising  ca(p) forp  E R,,anclp E PR. The
firing condition  for the  PN  is describecl as

       M:i-(A.-,)T  )o  (1 gis  M)  (17)

       M,R-(B-)Trk  )O  (18)
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by an  appropriate  integer matrix

z+ITini1X1P,iJ,A.-, E Z+171ii1× LPui1 and

B+=B-=[(Bu'i )[(Bu-i
 )

A+
 ui

T,･･-,(B.+m)T]T
 (B.+. EZ+ITuilXIPH-1)

T7'''i(BuTm)TIT
 (B.-. EZ+ITini1XIPRI)

The  state  equation  for the PN  can  be expressed  by

MX  1eqR+1
=:  MXi  +  (A.', - A.-,)Tr,"'i

=  eqR +  (B+ -  BL)Trk

c

(19)(20)

From  this approach  for the places and  transitions, PN
is decemposed into the subnets  PN"'  =  (R,. U

RR., , 71i., w"',  M3`i) where  PR.. is a set of  places which
corresponds  to RR . The  marking  of  the subnet  PN"t  is de-
fined as  M::' : (R,. u  RR..) -  z+.  MAR"t c  z+IPRu.1 is
a column  vector  Mlt{ (p) involyed in p E  IIR,., . The firing
condition  and  state equation  for PN"{  can  be written  with

(17), (19), (21), and  (22).

MkRu.

MAR;ti

- (B.-., )TrX"' }l 0

-  MkR"' +  (B.'. - B.-.)Tr:"

(21)(22)

Since the final marking  for PN  is do not  care  term (*) re-
garding the set of  RR, the final marking  for PN"`  is formu-
lated as

Mf"i(p) -
 Mf(p) (Vp E  R,,)

The initial marking  is fbrmulated in the same  way.

M6`{(p) -  Mb(p) (Vp E  IIs.)

(23)

(24)

Let us  introduce an  exarnple  of  the application  of  the  Petri

Net decomposition approach.  If this approach  is applied  to

Fig. 1, it is decomposed into 4 subnets  as shown  in Fig. 2,
Since each  AGV  subnet  ui  (l +  1 g i g M)  does not  have

task 

task

/tt
Pn,., p.,-  p//,tt

p/,.,P...,  yl...

pS.

Pptt

tlat

p)

o.t

AGVvi

AGVv,

Fig. 2 Decomposed  subnets  fbr 2 Thsks and  2 AGVs

    routing  problem

the final marking,  6.,,h =  O (l +  1 ( i ( M)  is always
true. In this case,  each  AGV  travels wastefu11y,  lb avoid

useless  traveling for each  AGV,  the objective  function for
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each  AGV  subnet  is defined as  the  distance from the current

position. The  objective  function .1., is written  by

     Nt

tlu.  ;E  6L.,k (l +1  S i ( M)
    le=o

where  O'.' ,,k  is a  function which  satisfies

(25)

6L.,k -  { 8 Eival t ivai, B (iv7' E {*}PuT) (26)

42  ApproximationoftheObjectiveFunction

 Each  task  subnet  ui  (l +  I S i S M)  has the final mark-

ing ay'(p), M) i'.k(p) E  Z+  as described in section  3.3.
The  objective  function for the  task subnet  is defined as:

      N,  Nt

bLL.  =  pa1 E(tiu.,k - 6.P:fkk) - Vl +  (i - pa) E  6･u,,k
fo=o k=O

     (27)

where  u  is a  weighting  parameter. Hewever, .4,,  has the av-
erage  value  of ti . The value  of  V cannot  be computed  by the
optimization  of  each  subnet  ui  by the Petri Net decompo-
sition  approach.  It does not hold the decomposable condi-
tion , Therefore , the average  v- is modified  to a constant  value

D  E  Z+  and  the value  is estimated  during the search  of the

Petri Net decomposition approach.  (1) is reforrnulated  as

     i Nt

Ji ;  E  1 E(6u,,k 
-
 6£:fkk) 

-
 Dl

    i=1  k=O

(28)

 The  setting  of  D  is explained  in section  4.3. Due  to the

modification,  the  decomposable  condition  can  be satisfied,

and  the objective  function for the task  subnet  is defined as

follows:

      N,. N,

bLi, =  pa1 E(6u,., 
-
 6Zlf,k) - Dl +  (i - p) E  6.,,k

k=O k=O

     (29)

By  using  this method,  the objective  functions to solve  are

(28) and  (29).

43  OptimizationAlgorithm

 The  algorithm  of  the Petri Net decomposition method  is

described as  fo11ows.

 STEPI  initialization

   The initial value  of D  is set to the average  estimated

   delivery time  for all  the tasks,

 STEP2  InitialOptimization

   The number  of  iterations is N  :=  1 . The  subproblems

   formulated as (30) for subnet  uj' (j' =  1,2,･･･,M) is

   solved  by the algorithm  explained  in section 4.4. The

optimal  solution  fbr each  subproblem  is regarded  as a

tentative solution.

           min  LLi,

           {r:ti }
         subject  to (17), (19), (21), (22)
STEP3  EyaluationofConvergence
  If the tentative solution  fik

  [(fk"i)T,(":2)T,...,V:m)T]T satisfies

  the derived solution  has not  been updated

(30)

                               (18), and

                                 from a

  previous solution,  the  tentative solution  is regarded  as

  a feasible and  near  optimal  solution  and  go to STEP  7.

  0therwise go to STEP  4
STEP4  Re-optimization

  The subnet  fOr re-optimization  is selected  sequentially

  from ui  (i ; M)  to ui+i  (i ; M)  or uM  to ui  if i =

  m.  The re-optimization  for subnet  uj is executed  on  the

  condition  that the tentative solutions  fXL (ui ; uj)  de-

  rived at other  subnets  are constant  value,  The objective

  function for the re-optimization  step  is formulated as

  (31), where  wSY.l.  is the weighting  factor for violating

  firing constraints  with  other  subnets  at  Nth  iteration.

     {i ltti,n} (tJiL, + tl.liiopE\... wSNu), [!u,,p,k(r:J  )) (3i)

         s. t. (17), (19), (21), (22)

  The penalty function a.j  ,p,k(rk"O ) is the number  of  to-

  kens required  to satisfy  the firing condition  by the fir-

  ing vector  rXO at placep c RFt in time period k. Note

  that au,,p,k(r:')  (l +1  S o' <. M)  is the sum  of

  au,,p,k-i(rXJ)  and  the number  of  tokens  required  to

  be feasible at  k.
STEP  5 Increasing Weighting Parameter for Penalty
  Function

  The weighting  factor for penalty function is updated

  by (32) and  (33) using  the derived solution  rk"" and

  tentative solutions  "Xi (i f o') for other  subnets.  Aw
  is the parameter for updating  weighting  factors for the
  penalty function.

                     N ±

      wSY.1  
i)
 -=  wSY.), +  Aw  E  a.,  ,,,k(rXj  ) (32)

                     k=O

      LvSiY.1 
i)
 -:  wEiY.l. (i 7L j) (33)

STEP6  Updateof[[bntativeSolution

  The derived solution  r:O  at  Step 4 is regarded  as  a  ten-

  tative solution.  Update FXi :;  rkU'i , then  N  :=  N  +1,

  and  return to Step 3.
STEP7  Evaluation

  Let c  (O s{ c  <  C) define c  E  Z+  where  C  is a pa-
  rameter  involved in completing  the algorithm.  If D  is

  not  updated  from  the value  of  STEP  1, J =  J', c =  0,
  D  :=  D  +  1 

,
 and  return  to STEP  2. 0therwise, com-

  pare J with  J', and  if J >  J',c =  O, J =  J',c =  O,
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D  :== D  +  1 and  return  to ST[EP 2. When  J g J' ,c
 is

defined as c+1,  Then,  ifc <  C, D  :=  D  +1  and  return

to STEP  2, If c  =  C, output  J, and  the algorithm  is

finished.

4A  SolvingSubproblems

  The  subproblems  (30) and  (31) are  an  integer program-
ming  problem which  is also  dirncult to solve  for integer

programming techniques. The subproblem  can  be solved

by  Dijkstra's algorithm.  Let T'j(O ( J' <- l) denote the set
of states. hk is a function which  takes the  value  of  1 if the

marking  has reached  the final marking,  if not  zero,

[[hble 1 Comparison of  objective  function fbr 10 Thsks

      and  10 AGVs  problems
             Ji J2
CASE
       Conv. Proposed Conv, Proposed

12345 o3.24.81.89.6ooooo 319341371334376485494513524554

Avg.3.88 o 348,2514

Pj =  {al a  =  (M)UI 
j'
 ,k,  hk); Mic"" E  R(PNUi,  k);

O S k S IVtl hk E  {O,1}i hk =OV(M)"i  
J'
 =  agUj')} (34)

  If the marking  M}"iO is the same  as  the final marking,

two  types  of  states,  (Mk"",k, 1), and  (Mk"",k,O) are gen-
erated.  (Mk"1k,1) is the state where  the marking  is the
final marking  and  all of  the transitions are completed.  On
the other  hand, (M}"i 

j
 , ib, O) is the state  where  the marking

is the final marking  but the transitions are not completed.

Once  the state  (M}"l 
"',k,

 1) is generated, no  other  states can

be reachable  except  (Mk"+Ji,k+ 1,1) (agUli =  Mf"･')
from the state.  The  cost  function duj,a.,,a,+i(1 S j' <T l)
from a  state  ak  =  (Mk"i',k,hfo) E PJ to a state ak+i  =

(Mk"+j i, 
k +  1, hk+i) C Pj takes  the value  as fo11ows.

duj,ak,ak+i =

  k+1  k+1

ps1 2(tiuJ - - 6Zif.k) -  DI '  (i ' pa) 2  6tii･n
  n=O  n=e

+  E  wEV.l, a.,  
,p,k(rX)

 ) ((hk -  o) A  (hic+i -  i))
  pEPR.
      j

O (otherwise)

duj,ak,a,+, ) O must  be satisfied  in Dijkstra's algorithm.

On  the  otherhand,subnet  uj- (l+1 g  j' -< M)  does not  hove

a  final marking.  Therefore, let Pj and  duj,ak,ak+i (t + 1 S
j' -< M)  be defined as

Pj 
--

 {ala=(M,U",k); Ogkg  Ni}(35)

5. Computationalexperiments

5.1 Comparisonwiththeconventionalmethod

  In this section,  the  computational  experiments  are  con-

ducted to compare  the perfbrrnance between  the proposed
method  and  the conventional  method.  The  proposed  method

aims for minimizing  the  deviation of  delivery time  and  the

conventional  method  aims  to minimize  the  total transporta-

tion time. In the experiments,  all tasks  have the same  dis-

tance  (20 times)  although  each  task  has a  difTerent loading

and  unloading  point. This is because it is easy  to verify  how

the proposed method  can  effectively minimize  the deviatien
of delivery time compared  to the conventional  method.  The

number  of  tasks and  AGVs  are 1O, and  the  distance between
loading point and  unloading  point is 20. 5 cases  are exe-

cuted  where  the initial position of  AGVs,  tbe loading point
and  the unloading  point oftasks  are different with  each  case.

The  parameters are  set  Aw  =  O.3,a  =  1, IV} ==  100 for
all problems. The transportation system  is Fig. 3. Intel(R)
Core(TM) i7 CPU  860 @2.80GHz  with  3.7IGB memory  is
used  for computation.

  [fable 1 presents the value  of the objective  function
Ji andJ2  between the proposed method  (Proposed) and  con-

ventional  method  (Conv.). Table 2 presents computation

time (CPU) and  the maximum  delivery time (Max DT).

Fig. 3 Transportatien system  with  115 nodes  and  128

     edges

du,,ak,ak+, :=  6a,,k+ E  wSX)a.,,p,k(rXJ)

                 pEPRu
                     ti

(36)

If the cost  function is a  monotonic  functien with  respect  to

the  number  of  states,  the  subproblem  can  be fbrmulated as

a  shortest  path problem  that can  be solved  by Dljkstra's al-

gorithm where  Pj is the set  of  nodes  and  duj,a,,ak+, is the

length of  nodes,

[fable 1 shows  that the  value  of  J2 for the  conventional

method  is smaller  than that for the proposed method,  How-

ever, Ji for the proposed method  is smaller  than  that for the

conventional  method.  The  results  imply that the proposed
method  can  generate routes  that can  minimize  the  devia-

tion of  delivery time.  Table 2 shows  that the  average  CPU
and  the maximum  delivery time  of  the proposed method
is shorter  than those  of  the corrventional  method.  In other
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[fable 2 Comparison  of  CPU  time  and  maximum  deliv-

      ery  time  for 1O Tlasks ancl  10 AGVs  problems

CASE
CPU[s]

Conv.Proposed

Max.DT
Conv.Proposed

3
530.38220.03

304.67130.39

451,26177,5

289.38168.45

555.11153.95

21 21

22 21

23 22

22 22

25 21

Avg.426.16170.0622.621.4

words,  the  proposed method  can  generate the solutions  to

avoid  the congestion  in a  shorter  CPU  compared  to the con-

ventional  method.  The  above  discussion indicates that the

proposed  method  can  minimize  the  deviation ofthe  delivery
time, And  the proposed method  has the efTect  to minimize

the maximum  delivery time.  It is not  diMcult to estimate

the delivery time  when  the proposed method  is executed.

Therefore, it can  decrease wastefu1  time and  cost.

52  Comparisonwithnearestneighborhoodmethod

  The  performance of  the  proposed  method  is compared

with  a  heuristic method  called  nearest  neighborhood  method

(NN method).  The  NN  method  is constructed  so  that the
tasks  are  assigned  to the  AGV  which  has the least estimated

trayeling  time  to complete  the task. The  estimated  traveling

time to complete  the task E.j can  be computed  by

Evj -- MaX{71fVrOee,  T}zow}  
-
 Thow  + TX:tn(37)

where  zf".J,, is the estimated  completion  time  for AGV  vj･

to complete  all  the tasks without  considering  gollision with

other  AGVs.  Ti,..  is the current  time,  and  T#ti.  is the min-

imum  traveling time  from  the ending  node  for the  last task

executed  by AGV  vj･ to the starting  node  of  newly  generated
task without  considering  collision with  other  AGVs. In our
problem  definition, 7},.. =  O because all tasks are generated
at time O. The  proposed method  and  the NN  method  are con-

structed  to minimize  the  deviation of  delivery time.  All tasks

have  the  same  distance (1O unit  time), The  number  of tasks

and  AGVs  are  15. Five cases  are executed  with  different ini-
tial positions of  AGVs  and  different loading and  unloading

points of  tasks in each  case.  [fable 3 presents the value  of

the objective  functions Ji and  J2 for the proposed method
(Proposed) and  the  NN  method  (NN). [fable 4 presents the
computation  time  (CPU) and  the maximum  delivery time

(Max DT).  1[lable 3 shows  that the  value  of  Jle for the NN
method  is smaller  than  that for the proposed method.  How-

ever,  Ji for the  proposed method  is smaller  than  that for
the NN  method.  The  results  demonstrate that the proposed
method  can  generate solutions  that can  minimize  the devia-
tion of  delivery time.  Furthermore, the maximum  delivery
time  for the  proposed  method  is shorter  than that fbr the NN
method  from  Table 4. This implies that the proposed method

[[bble 3 Comparison of objective  function fbr 10 Thsks

      and  10 AGVs  problems

CASE      Jl J2
NN  Proposed NN  Proposed

12345 5.603.73o.oo13.875.60o.oo2.00o.ooo.ooo.oo433394456308599552568506596545

Avg.5.76O.40438553.4

[[hble 4 Comparison of  CPU  time and  maximum  deliv-

      ery time for 10 [ibsks and  10 AGVs  problems

CASE
CPU[s]

NNProposed
Max.DT

NNProposed

3
114.313235.14

247.411041.44
1730.981039.48

183.06960.97

350.772251.22

14 11

14 13
11 12

18 12

14 11
Avg.525.311705.65142ll.8

can  minimize  the  deviation of  the delivery time  although  the

computation  time  is longer than  that of  the NN  method.

6. CenclusionsandFutureWOrks

  In this paper, we  have presented the  Petri Net decompo-

sition method  fbr the routing  of  AGV  systems  to achieve

the minirnization  of the deviation of  the delivery time  ancl

the minimization  of  the total transportation time, The  com-

putational experiments  demonstrate the effectiveness  of  the

proposed method.  The maximum  delivery time  of  the so-

lution for the preposed methocl  is shorter  than  that for the

NN  method.  One of  our  future work  is to  simulate  more

practical problems with  large scale  AGVs  systems.
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