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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 total 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 efficiently. The effectiveness of the
proposed method is compared with that of the conventional
method. Computational results show the effectiveness of the
proposed method.

Keywords: Petri Net, AGV routing, multi-objective opti-
mization, conflict-free routing, 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 total 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 scheduled time in order to avoid the
deadlock or collision of vehicles. Considering the simplic-
ity of making the master production schedule, the delivery
time should be as equal as possible. Hence, it is difficult to
estimate the delivery time to avoid the congestion of vehi-
cles. In this paper, we propose an optimization algorithm
for the routing of AGV systems to achieve the minimiza-
tion of the deviation of delivery time and the minimization
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 decompo-
sition algorithm(Tanaka, Nishi, Inuiguchi 2009) for solving

this problem.

The rest of the paper consists of the following 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. Problem Statement

The AGVs transportation system is described by a set of
nodes and edges. Each node represents a place where an
AGYV can stop or turn. Each edge represents a unidirectional
or bidirectional lane. The following conditions are assumed
for the traveling of AGVs.

e Two or more than two AGVs cannot travel on a node
(resource constraint on each node).

e Two or more than two AGVs cannot travel on an edge
(resource constraint on each edge).

e The loading time and unloading time is 1 time period.
The turning time is negligible compared with one trav-
eling time.

The following conditions are assumed for task assignments.

e A set of tasks are given at the same time.

e Each task denotes the request for transportation from
the starting node to the ending node for loading or un-
loading.

e 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(z),..., fp(x). For the multi-objective optimization
problems, z’ is a Pareto optimal if there is no z satisfy-
ing fi(z) < fr(z') VE(1 < k < p). The problem is
composed of two objective functions, J; and J,. J; is for
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the minimization of the deviation of delivery time. Jj is
for the minimization of total transportation time. To obtain
the set of Pareto optimal solution, the weighting parameter
method is used. It enables us to output a Pareto set by set-
ting the appropriate parameter u to each objective function.
The weighted sum of the objective function J is minimized.

3. Petri Net Modeling for AGV systems

3.1 Modeling for Task Assignnment and Routing Prob-
lem for AGV Systems

For modeling AGV system, place p,, s, represents the ex-
istence of AGV v; on node s;. The firing of each transition
tv;,5.,5, Tepresents the traveling for AGV v; on a lane be-
tween the two adjacent nodes s, and s;. The resource place
Po,s;{1 < j < n) is introduced to avoid collision on each
node and on each edge. A task can be modeled as follows.
Place p,,, o denotes the condition that task u; is not assigned
to any AGVs. Place py, ,; represents that condition that
AGV v; has not completed the traveling to a loading point.
Place py, »,+1 represents that AGV v; is transporting and
the traveling to an unloading point is not completed for task
u;. Py,,1 denotes the condition that task u; is completed.
tu;,v;,0 indicates the event that task w; is assigned to AGV
vj, and t,, ,,,1 means the event that AGV v; executes its
task wu; (loading or unloading products). Fig. 1 shows the
Petri Net model for 2 tasks and 2 AGVs.
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Fig. 1 Petri Net model for 2 Tasks and 2 AGVs routing
problem

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 formulated. The multi-objective optimal firing
sequence problem for Petri Net is defined as follows. Given
PN = (P,T,w, Mp), final marking My : P — (Z*U{x})
(x is a don’t care term), total time horizon N; € N, and
the objective fuctions .Jq,---,J,, the optimal firing se-
quence problem is to find a feasibe set of firing vectors
(ro,71,...,7n,-1) € ({0, 1HTH)Ne satisfying My, = M;
to minimize Ji, - - - , Jp. In our problem Jj is the sum of the

total traveling time, and .J, is the deviation of delivery time
from an initial position to the destination.

3.3 Formulation of Optimal Firing Sequence Problem

P, = {pui,()ypui,lvpui,vj»pui,vj+1}(1 <7<ml<
¢ < 1) is the set of places representing the assignment of
task u;. Let M be the marking at time k, M¥ € 77+ Pus |
be the column vector for p € P,,. M ;‘;‘Ck is a final mark-
ing for the loading of task u; where M;L{Ck (Pusv;+1) = 1.
M7+ is a final marking for the unloading of task u; where
M{*(pu;,1) = 1. The other places for M7, , M;* are
don’t care term (x). &y, x € {0,1} takes the value of 1
if unloading of the task u; is not finished, if completed 0.
87:% ¢ {0,1} takes the value of 1 if loading of the task
u; is not finished , if completed 0. The delivery time for

u; 18 ZkNio(éuhk - 65??5), and the total traveling time is

Zivz‘o Oy, k- Therefore, the objective function with respect
to the minimization of the deviation of delivery time is .J;,
and the minimization of the total traveling time is J2. These
functions are formulated as follows.

l N,
SIS (Bu, — 85K — 1] @

Ji =
=1 k=0
!l N

Joo= Y buk )
i=1 k=0

¥ in J is an average of the delivery time. And it is written
as

17:

o~ =

N
37D (Bu,, — OEF) 3)
=0

i=1k

8us k> 00 are formulated as

s o1 (Mt #F M)A (Gue-1 = 1) @
uisk 0 (M =M}V (bu, k-1 = 0)

6p'ick _ { 1 ((M;ch)TMgl = 0) A (5526571 )

=1
U; - Ui Uq 1 5
0 (M) TM¥ =1)v (omek —g) ©

If the task is not assigned to the AGV in the time horizon,
J1 can be minimized. However, this solution is impractical.
Hence, (6) should be added into the constraints.

l
D (MM =1 ©6)

i=1

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

Mg — (A7) >0 )]
Mgi1 =My + (AT — A7)y, (8)
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The optimal firing sequence problem can be formulated
as an MILP(Mixed Integer Linear Programming) problem.
The formulations are as follows:

r{nir}l J 9)
J=pdi+ (1 p) (10)
s.t. (1), 2), 3), @), (5), (6), (), (8)

0<p<l1 (11)
Suc ks 05 € {0,1} (12)

4. Petri Net Decomposition Method
4.1 Decomposition Approach

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 following
two conditions are satisfied.

o The total objective function J is additive for each sub-
net u;(1 < ¢ < M), which means that J = ijl Jus -
Each value of J,,, should depend on only index i.

e The final marking is not defined for the duplicated
place Pg, that is, the final marking for place p € Pg is
do not care term (x).

The entire Petri Net of task assignment and routing prob-
lems for [ tasks and m AGVs can be decomposed into in-
dependent subnets if the several places are duplicated. The
[ independent subnets for the assignment of task u;, and m
independent subnets for the routing of AGVs are generated.
M is a sum of [ and m, subnet u; (1 < ¢ < [) is for the
task, u; (I +1) < i < M) is for the AGV. The transition
set T'is decomposed into subsets , T, as (13) where AU B
denotes the disjoint union of A and B for any sets.

T=T, Uy, U---UT,, (13)
The place set is decomposed into the subsets P, and Pg by
P=PFP,UuP,uU---UP, UPg (14)

where P, satisfies (15), Pg satisfies (16), OUT (p) is the
set of the output transitions for place p and I N (p) is the set
of the input transitions for place p.

Py, ={p|IN(p) C To;, OUT(p) € Tu;} )

Pr=P\(P,UP,L ---UPR, ) (16)

The firing condition and the state equation for PN are de-
rived. ¢ € {0, 1}/7:! is a column vector comprising 7 ()
fort € T,,. M} € Z*PulandMF € Z+IPrl is a col-
umn vector comprising My (p) for p € P,,andp € Pg. The
firing condition for the PN is described as

My —(A;)T 20 (1<i<M) a7
M —(B7)Tr, 20 (18)
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by an appropriate integer matrix A €
Z“"]Tuilxlpuil, A;l c Z+\Tuilxlpui| and

Bt =[(B

;-)T,,..,(B;‘ )T]T (B‘L. EZ+|:l“,,ﬁ.|><\p,{|)
B~ =[(B;)T,....,(BL)"IT (B, € zZtITwlxIPrl

1

The state equation for the PN can be expressed by

M, =M+ (A} — A7 )Trs (19)
M, =ME+ (Bt -B)"ry (20)

From this approach for the places and transitions, PN
is decomposed into the subnets PN“: = (P, U
Pg, Ty, w™, My'*) where Ppg,, is a set of places which
corresponds to Pr. The marking of the subnet PN*: is de-
fined as M : (Py, U Pg, ) — Z%. M,?"i AL
a column vector M;* (p) involved in p € Pg,_. The firing
condition and state equation for PN*"¢ can be written with
(17), (19), (21), and (22).

M — (By)Tri > 0 @1
R, R., T,
M, i = M. + (B, — BUi)Trk (22)

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

M (p) = My(p) (Vp € Pu,) (23)
The initial marking is formulated in the same way.
Mg (p) = Mo(p) (¥p € Pu.) 4

Let us introduce an example 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 u; (I + 1 < i < M) does not have

Fig. 2 Decomposed subnets for 2 Tasks and 2 AGVs
routing problem

the final marking, 8, = 0 (I + 1 < i < M) is always
true. In this case, each AGV travels wastefully. To 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 J,,, is written by

N,
Jui =Y O, p (+1<i<M) (25)

where 6;, « 18 a function which satisfies

b _ [T (M EME) P,
ui,k T { 0 (]W,i:i — M;?h) (Mf € {*} ) (26)

4.2 Approximation of the Objective Function

Each task subnet u; (I + 1 < i < M) has the final mark-

ing My (p), M5 (p) € Z* as described in section 3.3.

The objective function for the task subnet is defined as:

N N
Jur = HY_ s = 878) =0 + (L= 1) Y duck
k=0 k=0

27

where p is a weighting parameter. However, J,,, has the av-
erage value of ¥. The value of ¥ cannot be computed by the
optimization of each subnet u; by the Petri Net decompo-
sition approach. It does not hold the decomposable condi-
tion. Therefore, the average ¥ is modified to a constant value
D ¢ Z7 and the value is estimated during the search of the
Petri Net decomposition approach. (1) is reformulated as

Ji =313 (Gue —85%) = D (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:

Z%,

(29)

M—MEJ%M 85F) = DI + (1 — p

By using this method, the objective functions to solve are
(28) and (29).

43 Optimization Algorithm

The algorithm of the Petri Net decomposition method is
described as follows.

STEP 1 Initialization
The initial value of D is set to the average estimated
delivery time for all the tasks.

STEP 2 Initial Optimization
The number of iterations is N := 1. The subproblems
formulated as (30) for subnet u;(j = 1,2,..., M) is
solved by the algorithm explained in section 4.4. The

optimal solution for each subproblem is regarded as a
tentative solution.

min Ju (30)

{n?}
subject to  (17), (19), (21), (22)

7

STEP 3 Evaluation of Convergence
If the tentative solution i =
[(FIT, (F2)T, ., (Fem)T)T satisfies (18), and
the derived solutlon has not been updated from a
previous solution, the tentative solution is regarded as
a feasible and near optimal solution and go to STEP 7.
Otherwise go to STEP 4

STEP 4 Re-optimization
The subnet for re-optimization is selected sequentially
from u; (1 # M) tou;y1 (1 # M)orup touy if i =
m. The re-optimization for subnet u; is executed on the
condition that the tentative solutions 7* (u; # u;) de-
rived at other subnets are constant value The objective
function for the re-optimization step is formulated as
(31), where w](,{a is the weighting factor for violating
firing constraints with other subnets at Nth iteration.

Ny
min | Ju, +> D wilew,p(r’) | GD

{Tk } k=0p€EPr,,
s.t. (17), (19), (21), (22)

The penalty function o, .k (r},” ) is the number of to-
kens required to satisfy the firing condition by the fir-
ing vector rzj at place p € Pg in time period k. Note
that o p & (rk (I +1 <35 < M) is the sum of
Quj p k- 1(rk ) 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 rzj and
tentative solutions 7,* (i # j) for other subnets. Aw
is the parameter for updating weighting factors for the
penalty function.

wN+D (N) +szau,,p, rk ) (32)

Py
k=0
Wl = wi) (@ #) (33)
STEP 6 Update of Tentative Solution
The derived solution r;ij at Step 4 is regarded as a ten-
tative solution. Update #,” := r,”, then N := N +1,
and return to Step 3.
STEP 7 Evaluation
Let ¢ (0 < ¢ < C) define ¢ € 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. Otherwise, com-
pare J with J/,andif J > J',¢c=0,J = J,c =0,
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D := D+ 1 and return to STEP 2. When J < J/ ,cis
defined as ¢c+1. Then,if ¢ < C, D := D +1 and return
to STEP 2. If ¢ = C, output J, and the algorithm is
finished.

44 Solving Subproblems

The subproblems (30) and (31) are an integer program-
ming problem which is also difficult to solve for integer
programming techniques. The subproblem can be solved
by Dijkstra’s algorithm. Let P7(0 < j < [) denote the set
of states. hj is a function which takes the value of 1 if the
marking has reached the final marking, if not zero.

PI = {o]| o = (M7, k,hi); M} € R(PN" k);
0<k<Ng hege{0,1}; hg =0V (M7 = M}“)} (34)

If the marking M,” is the same as the final marking,
two types of states, (M,”,k,1), and (M, k,0) are gen-
erated. (M,”,k,1) is the state where the marking is the
final marking and all of the transitions are completed. On
the other hand, (M, k,0) is the state where the marking
is the final marking but the transitions are not completed.
Once the state (M, k, 1) is generated, no other states can
be reachable except (M7, k + 1,1) (M1, = M;7)
from the state. The cost function d; 4, a,,,(1 < J < 1)
from a state ar, = (M;?,k,h) € P’ to a state axy; =
(M:iv k+1,hgt1) € P7 takes the value as follows.

dujsak;alc+1 =
k+1 . k+1
:u‘l Z(éuj-n - 557;611::) - Di + (1 - M) z 5uj,n
n=0 n=0
+ 3 Wi o, ok () ((h = 0) A (hgr = 1))
PEPRuj

0 (otherwise)

dy; ar,ary, = 0 must be satisfied in Dijkstra’s algorithm.
On the other hand, subnet u; (14+1 < j < M) does not have
a final marking. Therefore, let P7 and dy, a,,a,,, (1 + 1 <
Jj < M) be defined as

Pl ={o|oc=(M",k); 0<k< DN} (35)

i N Uj
dujar,arsr = 5uj,k + Z W;(),ulauj,p,k(rk]) (36)
PEPR,,LJ.

If the cost function is a monotonic function with respect to
the number of states, the subproblem can be formulated as
a shortest path problem that can be solved by Dijkstra’s al-
gorithm where P7 is the set of nodes and d,,, is the
length of nodes.

kB k41
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Table 1 Comparison of objective function for 10 Tasks
and 10 AGVs problems

J1 Ja
CASE Conv. Proposed Conv. Proposed
1 0 0 319 485
2 32 0 341 494
3 4.8 0 371 513
4 1.8 0 334 524
5 9.6 0 376 554
Avg. 388 0 348.2 514

5. Computational experiments
5.1 Comparison with the conventional method

In this section, the computational experiments are con-
ducted to compare the performance 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 different loading
and unloading point. This is because it is easy to verify how
the proposed method can effectively minimize the deviation
of delivery time compared to the conventional method. The
number of tasks and AGVs are 10, and the distance between
loading point and unloading point is 20. 5 cases are exe-
cuted where the initial position of AGVs, the loading point
and the unloading point of tasks are different with each case.
The parameters are set Aw = 0.3,C = 1, N; = 100 for
all problems. The transportation system is Fig. 3. Intel(R)
Core(TM) i7 CPU 860 @2.80GHz with 3.71GB memory is
used for computation.

Table 1 presents the value of the objective function
JiandJy between the proposed method (Proposed) and con-
ventional method (Conv.). Table 2 presents computation
time (CPU) and the maximum delivery time (Max DT).

{1 {1

Fig. 3 Transportation system with 115 nodes and 128
edges

Table 1 shows that the value of Jy for the conventional
method is smaller than that for the proposed method. How-
ever, J; 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 conventional method. In other
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Table 2 Comparison of CPU time and maximum deliv-
ery time for 10 Tasks and 10 AGVs problems

CPU [s] Max. DT
CASE Conv. Proposed | Conv. Proposed
1 53038  220.03 21 21
2 30467 130.39 22 21
3 451.26 177.5 23 22
4 289.38 16845 22 22
5 555.11 153.95 25 21
Avg. | 426.16  170.06 226 214

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 of the delivery
time. And the proposed method has the effect to minimize
the maximum delivery time. It is not difficult to estimate
the delivery time when the proposed method is executed.
Therefore, it can decrease wasteful time and cost.

5.2 Comparison with nearest neighborhood method

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
traveling time to complete the task. The estimated traveling
time to complete the task E,; can be computed by

E,; = max{T}}iee, Trow} = Trow + Trin 37

where T;; cc 18 the estimated completion time for AGV v;
to complete all the tasks without considering collision with
other AGVSs. Ty is the current time, and 7,7, is the min-
imum traveling time from the ending node for the last task
executed by AGV v; to the starting node of newly generated
task without considering collision with other AGVs. In our
problem definition, 7,4, = 0 because all tasks are generated
at time 0. The proposed method and the NN method are con-
structed to minimize the deviation of delivery time. All tasks
have the same distance (10 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. Table 3 presents the value of
the objective functions J; and J; for the proposed method
(Proposed) and the NN method (NN). Table 4 presents the
computation time (CPU) and the maximum delivery time
(Max DT). Table 3 shows that the value of Jy for the NN
method is smaller than that for the proposed method. How-
ever, J; 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 for the NN
method from Table 4. This implies that the proposed method

Table 3 Comparison of objective function for 10 Tasks
and 10 AGVs problems
J1 Ja
NN  Proposed NN Proposed

1 5.60 0.00 433 552

2 373 2.00 394 568

3 0.00 0.00 456 506
4
5

CASE

13.87 0.00 308 596
5.60 0.00 599 545
Avg. 56 0.40 438

5534

Table 4 Comparison of CPU time and maximum deliv-
ery time for 10 Tasks and 10 AGVs problems

CPU [s] Max. DT
CASE NN Proposed | NN  Proposed
1 11431  3235.14 14 11
2 24741 104144 14 13
3 173098 103948 11 12
4 183.06 960.97 18 12
5 350.77 225122 14 11
Avg. | 52531 1705.65 | 142 11.8

can minimize the deviation of the delivery time although the
computation time is longer than that of the NN method.

6. Conclusions and Future Works

In this paper, we have presented the Petri Net decompo-
sition method for the routing of AGV systems to achieve
the minimization of the deviation of the delivery time and
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 proposed method 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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