@ @ @ Int j simul model 22 (2023) 1, 76-87
Original scientific paper

NOVEL DISPATCHING RULES FOR MULTIPLE-LOAD
AUTOMATED GUIDED VEHICLES

Isik, M.; Sahin, C. & Hamidy, S. M.
University of Cukurova, Faculty of Engineering, Department of Industrial Engineering,
01330, Adana, Turkey
E-Mail: demirtasm@cu.edu.tr, cenksahin@cu.edu.tr, sakhimh@gmail.com

Abstract

Managing the manufacturing systems and establishing scheduling is a dynamic process that must be
handled properly in the event that unexpected events arise. Scheduling manufacturing systems requires
not only considering the availability of machines, but also their material handling systems. In a dynamic
manufacturing environment, dispatch rules are commonly used in scheduling machines and material
handling systems. Multiple-load Automated Guided Vehicles (MAGVSs) handle multiple loads. There is
a discussion of problems associated with MAGVs, including task determination, delivery, pickup, and
load selection. In this study, new rules for determining tasks, determining delivery routes, and selecting
loads are proposed and investigated. The proposed rules are evaluated using simulation models with two
performance criteria: makespan and lateness, in comparison with the rules presented in the literature as
the best. According to the results, the proposed rules result in schedules with the shorter makespan and
shorter lateness.
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1. INTRODUCTION

Manufacturing scheduling problems have been studied extensively in recent years. The
scheduling problem in manufacturing systems has been addressed in a number of ways, such
as through mathematical models [1, 2]. Due to the dynamic nature of manufacturing systems,
the scheduling process must be handled when unexpected events arise, such as new jobs and
changing capacity. When these kinds of events occur, scheduling manufacturing systems
becomes difficult, and dispatching rules are frequently used instead of mathematical models.
Besides these events, other factors such as availability of machines and vehicles, which are
main components of manufacturing systems, are also taken into consideration when making
schedules. Sabuncuoglu and Hommertzheim [3] addressed the simultaneous scheduling of
processing machines and vehicles. It was necessary to schedule machining and handling
systems simultaneously due to their interaction. In manufacturing systems, Automated Guided
Vehicles (AGVs) are used for transporting materials between resource units and destination
units. AGVs with multiple loads (MAGVSs) handle multiple jobs in a different manner from
traditional AGVs that handle one job. The simulation method was used by Ozden [4] to
investigate the effect of several key MAGVs-related factors on the performance of a Flexible
Manufacturing System (FMS). Following this study, the effect of different dispatching rules in
the case of MAGVs and an extended modelling algorithm were studied [5, 6]. A number of
studies have been conducted in the job shop environment on the scheduling problem of MAGVs
[7, 8]. In the study of Murayama and Kawata [9], the processing machines and MAGVs were
scheduled simultaneously.

MAGYV systems are also investigated in two layout configurations: unidirectional and
segmented bi-directional single loop [10, 11]. A tandem layout using unidirectional guide-path
loops and multiple-load vehicles was studied by Ho and Hsieh [12]. In a later study, Ho and
Chien [13] examined directional guide-paths and defined four problems, including task
determination, delivery, pickup, and load selection. In MAGVSs, these problems are listed and
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highlighted. In the task determination problem, it is necessary to decide whether it is a pickup
or delivery task. Delivery dispatching problem determines which delivery point should be
visited next, and pickup dispatching problem determines which pickup point should be visited
next. As a last step, the load selection problem involves selecting loads from a pickup point's
output queue to fill. A task determination rule and a delivery dispatching rule were proposed
by Ho and Chien [13]. Afterward, Ho and Liu investigated pickup dispatching and load
selection rules [14, 15]. As a final note, Ho et al. [16] proposed a new method to deal with the
problem of picking up and loading MAGVs based on the method of pickup and load selection.
Recent simulation studies have been conducted by Li and Kuhl [17] and Chawla et al. [18] for
task determination. A simulation model was developed by Lee et al. [19] for avoiding collisions
in MAGVs. A study by Guan et al. [20] investigated the multistage auction algorithm, and
Angra et al. [21] discussed simulation results for MAGVs in a changing FMS design. Based on
the dial-a-ride problem model, Boden et al. [22] discussed a dispatching approach for MAGVs.
Yan et al. [23] developed a MAGYV system based on an advanced form of Petri Nets to simulate
various scenarios surrounding the operation of an AGV system.

AGV dispatching rules are divided into two categories by Egbelu and Tanchoco [24]:
workstation-initiated rules, which select vehicles for pickup, and vehicle-initiated rules, which
select workstations for delivery. This study proposes MAGV dispatch rules based on
workstation-initiated rules that address four main problems. An analysis has been conducted
about the effects of the proposed rules on the performance of the system, including the increase
in the capacities of the MAGVs used. The task determination, delivery and load selection
problem are chosen and new rules are developed to improve performance.

As for the rest of the study, it is arranged as follows: In section 2, dispatching rules are
presented. The results are then presented in section 3. Lastly, conclusion is presented.

2. DISPATCHING RULES

In order to make the best decision in the system, novel rules have been developed for task
determination, delivery, and load selection problems. Using simulation modelling, the rules are
applied and results are analysed. Notation for the parameters and variables in developed rules
is indicated in Table I.

According to previous studies, when both loading and unloading tasks are available, the
Delivery Task First (DTF) rule is found to be the best for MAGVs. MAGV always selects the
load delivery for the next task in accordance with the DTF rule. MAGVs deliver loads by using
the Shortest Distance (SD) rule. It should be noted that if the MAGVs are unable to perform
the DTF rule, they carry out the second condition, Pickup Task First (PTF) rule and they search
for loads to pick up. As a pickup rule, MAGVs utilize the Greatest Output Queue (GOQ) rule.
In this rule, the station with the largest output queue is selected for picking up. Loads at a pickup
station are selected according to a load selection rule when MAGVs arrive. Identical
Destination (ID) rule is used in load selection task. In order to minimize the total travel distance,
the ID rule prioritizes loads that have the same delivery points as the loads on the MAGV.

As part of this study, a new approach called New Delivery Task First (NDTF) rule is
proposed (Algorithm 1) for task determination problem of MAGVSs. In accordance with the
rule, after completing a delivery task, MAGVs control the station’s pickup point and there will
be a change to the new task to be picked up, if there is one. This allows the MAGV’s capacity
to be utilized effectively.
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Table I; Notation of rules.

Indices
Ji Index of stations
i Index of MAGVs
p Index of loads
Parameters
Q The total number of stations
Ci The load capacity of MAGV i
T Simulation end time
eq 1, If the delivery dispaching rule is Shortest Distance — SD
{2, If the delivery dispaching rule is New Shortest Distance — NSD

7 {1, If the load selection rule is Identical Destination — ID

2, If the load selection rule is New Identical Destination — NID
Variables
t Current simulation time
lit The number of loads on the MAGV i at the time t
m; The number of loads waiting in the output queue of station j
LCy, The station to which load p on MAGV i is delivered
qjp The station to which load p in the output queue of station j is delivered
Dis(LC;, LC;,) | Distance between the station to which load p is delivered and current location

MAGV i
aj¢ {1, If station j place a pickup request at time ¢t

0, otherwise
bjt {1, If station j place a delivery request at time ¢t

0, otherwise

Algorithm 1 New Delivery Task First Rule
1: procedure NDTF(llt, Ci,mj, bjtl i,j, eq 1, LCip, qu' T, Q)
2: fort=1toT do

3: if [;; > 1 then

4: if bjy == 1 /lapply delivery rule

5: if eq == 1 then apply SD(l;¢, i, j, LC;p)

6: if e; == 2 then apply NSD(l;¢, ¢;, m;, i, j, LCip, q;j)

7. send MAGYV i to selected station j

8: for p=1tol; do

9: if LC;, == j then

10: load p from MAGYV i to input queue of station j
11: end if

12: end for

13: if m; > 0 then

14: do until (¢; == l;; orm; == 0)

15: if r; == 1 then apply ID(i, li¢, ¢;, mj, qjp, LCip)
16: if n == 2 then apply NlD(l, lit' Ci, My, qjp, LCip)
17: loop

18: end if

19: end if

20: else

21: if sum(j,m;) == 0 then

22: hold until sum(j,m;) > 0

23: end if

24:  apply GOQ(i,m;,Q)
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25: do until (¢; == [;; orm; == 0)

26: if , == 1 then apply ID(i, l;¢, ¢;, m;, qp, LCip)
27: if ; == 2 then apply NID(i, l;¢, ¢;, m;j, 9 jp, LC;p)
28: loop

29: end for

30: end procedure

The second rule recommended for the task determination problem is called the New Pickup
Task First (NPTF) rule. This rule searches for all candidate pickup loads in the output queue of
the station where a delivery task has already been assigned. As soon as a pickup load is found
to be suitable, it is designated as a new task. This is done by MAGV querying the loads on it
and matching a pickup point with a delivery point. NPTF rule differs from PTF rule in this
aspect (Algorithm 2).

Algorithm 2 New Pickup Task First Rule

1: procedure NPTF(li,c;,mj, i, 1,J, T, Q, LCip, qjp, 71, €4)
2: fort=1toT do

3 if ¢; > l;; then

4 if sum(j, m;) >0 then

5: if aj; == 1/lapply pickup rule

6

7

8

apply GOQ(i, m;, Q)
for p=1tol; do
: if LC;;, == j then
9: load p from MAGYV i to input queue of station j

10: end if

11: end for

12: do until (¢; == l;; orm; == 0)

13: if == 1 then apply |D(l, lit) CiyM;, qjp, LCip)
14: if , == 2 then apply NID(i, l;¢, ¢;, mj, qp, LC;p)
15: loop

16: end if

17: else

18: hold until sum(j, m;) >0

19: go to line_ 5

20: end if

21: else

22: if e == 1 then apply SD(l;, i, j, LC;p)

23: if eg == 2 then apply NSD(lit, ¢, mj, i,j, LCipi qu)

24: send MAGV i to selected station j
25: for p=1tol; do

26: if LC;, == jthen

27: load p from MAGYV i to input queue of station j
28: end if

29: end for

30: if m; > 0 then

31: do until (¢; == l;; orm; == 0)

32: if n, == 1then apply ID(i, L, ¢;, mj, qjp, LCyp)
33: if , == 2 then apply NID(i, l;¢, ¢;, mj, qp, LCip)
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34: loop
35: end if
36: endif
37: end for

38: end procedure

When there are loads waiting for pickup on the same route, the proposed New Shortest
Distance (NSD) rule ensures that the MAGV completes its path by selecting from them
(Algorithm 3). The proposed New Identical Destination (NID) rule selects the first load in the
output queue of the station if there are no loads with the same delivery points as the loads on
the MAGV, and then continues to select loads with the same or nearest delivery points
(Algorithm 4). If there is more free capacity on the MAGV, the First in First out (FIFO)
principle is applied to fill the free capacity. The procedure is concluded at this point.

Algorithm 3 New Shortest Distance Rule
1: procedure NSD(ly,c;,mj,i,j,LCip, qjp)
2.  y=inf

3: forp=1ltol; do

4 if Dis(LC;, LC;p,)<y then

5: delivery_final_destination = LC;,
6

7

8

y= Dis(LC;, LCyy)
end if
:  end for
9: setroute_points() according to delivery route to delivery final destination
10: for each jin route_points
11: if route_point(j) != delivery_final_destination then

12: if (¢; > I;x) and (m; > 0) then

13: do until (¢; == [;; or mj==0)

14: if , == 1 then apply ID(i, l;¢, ¢;, mj, qp, LC;p)
15: if , == 2 then apply NID(i, li¢, ¢;, m;j, qp, LCp)
16: loop

17: end if

18: else:

19: for p=1tol;; do

20: if LCi,==]then

21: load p from MAGYV i to input queue of station j
22: end if

23: end for

24: if m; >0 then

25: do until (¢; == l;; or m;==0)

26: if , == 1 then apply ID(i, L, ¢;, mj, qjp, LCip)
27: if , == 2 then apply NID(i, l;¢, ¢;, mj, qp, LC;p)
28: loop

29: end if

30: end if

31: end for

32: end procedure
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Algorithm 4 New Identical Destination Rule
1: procedure NID(i, li, c;, mj, qjp, LCip)

2: if [; == 0 then

3 load 1% load to the MAGV i

4: end if

5: do until (¢; == l;; orm; == 0)

6

7

8:

apply |D(l, litr CiyM;, qp, LCip)
loop
end procedure

3. RESULTS

Simulation modelling and analysis are commonly used in manufacturing to mimic system
behaviour and test proposed rules [25, 26]. Simulation models are developed to implement and
evaluate the proposed rules for MAGVs. To provide feedback on the performance of the
proposed rules, and to determine whether the proposed rules can follow the solution paths
provided in the literature, the manufacturing system proposed by Ho and Chien [13], including
3 of MAGVs with 4 load capacity are used as a base case for benchmarking. The base case
including twelve workstations available on the system as a basis for scheduling. Workstation 1
Is the entry station, workstations 2 to 11 are the processing stations, and workstation 12 is the
exit station.

|25 —ple——— 95— pla20ple—30—ple25 pla25 ple—3s —>|4:]_] >
Ty p—-

le——350—pla20ple—30—pla25 ple 25 ple—— 60— ple—10—p]

E: pickup point . : delivery point * : guide-path direction

Figure 1. Manufacturing facility layout [13].

Fig. 1 illustrates the manufacturing facility layout used in simulation models. Loading or
unloading is processed by an MAGV in 30 seconds. As shown in Table 11, there are six different
types of parts in manufacturing, each with its own operation sequence in stations and production
volume.
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Table I1: Operation sequence [13].

Part type | Production volume (%) | Operation sequence in stations
1 16 1-3-5-7-9-11-12
2 17 1-2-4-6-8-10-12
3 18 1-4-5-7-9-10-12
4 15 1-3-4-5-9-11-12
5 14 1-2-3-6-8-9-12
6 20 1-5-6-7-10-11-12

As shown in Table I1, production volume is summarized by part type, and Table 111 shows
the processing time distribution at each workstation.

Table I11: Processing times [13].

Workstation | Processing times (min) [ Workstation | Processing times (min)
2 Normal(1,0.1) 7 Normal(2,0.2)
3 Normal(1.5, 0.15) 8 Normal(1.5, 0.15)
4 Normal(2,0.2) 9 Normal(1.5, 0.15)
5 Normal(1,0.1) 10 Normal(2,0.2)
6 Normal(2,0.2) 11 Normal(1,0.1)

The simulation models are based on the following assumptions:

The system has a limited number of vehicles, and all vehicles (MAGV) can carry more than
one load at a time.

There is a defined layout, and the roads are one-way.

There are delivery, standby, and pickup points for each machine.

Based on the Nearest Vehicle rule, the system selects MAGVs closest to jobs. The arrival
time of the machine jobs corresponds to the exponential distribution with a mean of 3.

A total of ten simulation models are developed and analysed, including novel rules. In
addition, the models are tested in terms of different values of the number of vehicles, and the
capacity of each vehicle. Ho and Chien [13] assume that three MAGVs are used, and each
vehicle can carry four units. In this study, it is called base case. A sensitivity analysis was
conducted to assess the impact of changing some structural parameters on the proposed rules
and discuss managerial insights for the implementation of rules. The sensitivity analysis
considered the number of MAGVs in the system (2, 3 and 4) and the loading capacity of
MAGVs (3, 4 and 5 units).

Manufacturing systems can be designed to meet a variety of performance criteria. As
performance metrics, makespan and lateness time are taken into consideration. From the entry
of the first job to the exit of the last job, the makespan time is calculated. The lateness time is
calculated by assigning the due date with Eq. (1).

Dy = sy +3% (Z;nzl Pxy T Max txy) (1)

where D, denotes the due time of job x; s, represents the arrival time for job X; p,, and t,,,
represent the processing time and transporting time operation y of job x respectively.

One of the key issues in the operation of the simulation model is determining the warm-up
period. Warm-up periods can be measured in a variety of ways. An example would be the
evaluation of a certain portion of the simulation time as a warm-up. As part of this study, the
warm-up period is defined as the first 2000 jobs (30 % of the total number of jobs), and the
analyses are evaluated by subtracting the values obtained from these jobs. Simulation is defined
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as completing 6000 jobs as a stop condition. The number of replications is calculated with
Eq. (2) where e represents the number of experiments, n}, (y) represents the required number of
replications; n represents the fixed number of replications, te—11-/, is for t table value with

n-1 degrees of freedom at a significance level, X(n) is mean, S?(n) is variance and
vy =y/(1 + y) represents adjusted relative error of the mean [27].
_"Le—1,1—0‘/2 Sz(n)/e

Xl

ne(y) = qezn <7y @)

To determine the number of replications, a total of 20 replications are performed, and it is
found to be sufficient. A total of 12 simulation models, S1 to S12 (Table 1V), were developed
to compare the proposed algorithms with those suggested in the literature. The first simulation
model (S1) includes DTF for task determination, SD for delivery, GOQ for pickup, and ID for
load selection rules. As for the second simulation model, it consists of the PTF for task
determination, SD for delivery, GOQ for pickup, and ID for load selection rules, proposed by
Ho and Chien [13]. Models from S3 to S12 are simulation models that run new rules and their
different combinations. Table IV illustrates these simulation models and rules for four different
problems in each model.

Table 1V: Simulation models.

Simulation Dispatching rules
scenarios | 1 - Task determination | 2 - Delivery | 3—Pickup | 4 — Load selection
S1 DTF SD GOQ ID
S2 PTF SD GOQ ID
S3 NDTF SD GOQ ID
S4 DTF SD GOQ NID
S5 NDTF SD GOQ NID
S6 DTF NSD GOQ ID
S7 NPTF SD GOQ ID
S8 NDTF NSD GOQ NID
S9 DTF NSD GOQ NID
S10 NDTF NSD GOQ ID
S11 PTF SD GOQ NID
S12 NPTF SD GOQ NID

In Fig. 2, the simulation models are shown together with their respective makespan and
lateness for the base case analysis. The simulation models including proposed rules generated
lower makespan and lateness, as shown in Fig. 2. Among models, simulation model 4 called S4
has outperformed the others in terms of both performance metrics, followed by S11 while S7 is
the worst. Adding the NID rule to the S4 model improved performance metrics due to a
reduction in the queue length in the output or input stations as a consequence of improved load
selection. This shows that proposed NID has important impact and leads to decrease in both
performance metrics significantly. In the S8 model, combining the proposed rules of NDTF,
NSD, and NID also improved performance metrics. In this way, MAGV mainly leaves the load
on itself, increasing the usage rate and making processes start faster.
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Figure 2: Comparison of the simulation models for the base case.

In addition to evaluating the results of the base case by changing some parameters, such as
the number of MAGVs and carrying capacity, the simulation models were also subjected to a
sensitivity analysis. Figs. 3 and 4 show the effects of increasing and decreasing parameters in
different scenarios.

According to the results, in Fig. 3a, the S4 and S11 models have the best performance at
the loading capacity of 3 units in terms of makespan and lateness. When decreasing the loading
capacity of MAGVs, both models are still robust to performs better. It is also evident in the S11
model that the NID rule impacts makespan. If the loading capacity is increased and set to 5
units, the S1 models provide a better performance in terms of makespan but has slightly
difference against to other models. However, when it comes to lateness, S1, S4 and S6 models
stands out among others as seen in Fig. 3 b. For both performance metrics, it is also found that
the S7 model produces the worst results in the variability of loading capacity of MAGVs.
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Figure 3: Assessment of the variability in the loading capacity of MAGVs based on simulation models.
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Figure 4. Assessment of the variability in the number of MAGVs based on simulation models.

Furthermore, it has been found that the decrease in the number MAGVs in the system results
in an increase in the makespan and lateness as expected. As seen in Fig. 4 a, the S8 model
outperformed the others in terms of both performance metrics while the S2 model has the worst
performance metrics. The S8 is still robust against the decrease in the number of MAGVs. The
increase in the number of MAGVs in all models showed a decrease in makespan and lateness.
The S4 has the best performance metrics in terms of makespan and lateness while the S7 has
the biggest makespan and lateness (see Fig. 4 b). As a result of the S7 model giving priority to
the pickup task first, the results worsened. This rule generally causes the most lateness and
makespan.

The results indicate that the new rules combined with those for the first, second, and fourth
problem increase efficiency. In general, the simulation models that combine the proposed load
selection rule with the task determination rule yield better results. In terms of lateness, similar
results were obtained. Lateness decreases with increased capacity. Conclusion: among the
models, the S4 model gives the best result, while the S2 and S7 models deliver the worst.

4. CONCLUSION

In this study, we are primarily concerned with tasks determination, delivery, and load selection
problems associated with MAGV scheduling. In the simulation environment, the proposed
novel rules are compared with the most effective rules found in the literature. Further, the
proposed rules are subjected to sensitivity analyses to determine how two performance criteria,
namely makespan and lateness, are affected by the number of MAGVs at three levels (2, 3, and
4) and the loading capacity of MAGVs at three levels (3, 4, and 5). In order to improve system
performance, the proposed NID rule focuses on reducing output queues at stations. As a result
of the proposed NID rule, model S4 has a 7 % shorter makespan than model S1, which includes
rules provided in the literature. In terms of latency, it performed 72 % better. Using the
parameters with the variation in the number of MAGVs, it was concluded that the simulation
models including proposed rules gives the best results. All these results suggest that the capacity
and number of MAGVs are effective for scheduling. As a result of the proposed three rules out
of four problems for MAGVs, better results are obtained. This study does not address the pickup
problem since it has been overworked in previous studies and has not been discussed in this
study. In future studies, resource breakdowns and vehicle collision for real manufacturing can
be taken into consideration. There is no discussion of the machine scheduling and due date
assignment algorithm in this study. MAGVs can be used in the future to research the effect of
different machine scheduling and due date assignment algorithms on the makespan.
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