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Abstract A fundamental problem in the management of an
automated guided vehicle system (AGVS) is the determina-
tion of the load to be transported and the vehicle to transport
it. The time for the loading and unloading of pallets must
be specified as soon as possible. Typical objectives are min-
imization of travel times and costs by the reduction of the
number of vehicles required to fulfill a given transportation
order. This article presents a methodology for the estima-
tion the minimum number of AGVs (considering all the
available ones at the shop floor level) required to execute
a given transportation order within a specific time-window.
A comparison is made between the algorithms Shortest Job
First and meta-heuristic Tabu Search (applied to an initial
solution) for a task assignment. An enhanced Dijkstra algo-
rithm is used for the conflict-free routing task. The number
of vehicles is estimated so as to provide an efficient dis-
tribution of tasks and reduce the operational costs of the
materials handling system. Simulation results of two typi-
cal industrial warehouse shop floor scenarios are provided.
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Although the study focuses on pre-planning of order fulfill-
ment of materials handling, the proposed methodology can
also be utilized as an important tool for investment analysis
of the warehouse layout design and for estimating the ideal
number of AGVs.
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1 Introduction

The automation of logistic systems is essential for the
improvements in productivity in warehouses. It is an impor-
tant factor for competitiveness and increased operational
efficiency. Automated logistic systems of distribution areas,
such as industries, warehouses, cross docking centers, and
container terminals frequently use automated guided vehi-
cles (AGVs) to optimize the production systems in materials
handling tasks ([1]).

AGVs are material handling devices used for the trans-
ports of pallets (goods and materials) throughout automated
areas (i.e., loading and shipping areas, receiving, storage,
production stations, and workstations) [2, 3]. The applica-
tion of AGVs significantly impacts on the execution of tasks
because of their advantages and benefits, which include
increase of flexibility in processes, low labor costs, 24-h
availability (depending on the battery’s charging time), and
computer integration and control of the materials handling
function. Therefore, the number of industries interested in
using AGVs as part of a materials handling system has
increased [4, 5].

Two very important aspects must be examined for the
implementation of an AGV system: quantity of AGVs
required for the execution of the tasks and the existence
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of an efficient task scheduling and routing system that not
only minimize the time spent but also avoid collisions and
deadlocks [6, 7, 38].

Although the analysis of routing problem started in the
early 80s [8–10], approaches related to the minimization of
AGV routes in industrial applications gained more atten-
tion at the beginning of this century [11–19]. The biggest
problem regarding the obtaining of an AGV control of
satisfactory performance is the determination of the opti-
mal number of vehicles. Several methodologies have been
proposed to achieve this goal ([4, 20–26]) and their main
objective is to attend all tasks on time with a sufficient
number of vehicles.

A procedure to determine the minimum number of
vehicles required can be initiated by the identification of
a complete vehicle journey for materials handling tasks.
According to [27], the number of vehicles required is the
sum of the total travel time (loading/unloading) and wait-
ing times (i.e., amount of congestion) of AGVs in a busy
period of time divided by the time during which the AGV is
available.

The minimum number of AGVs can be determined by
analytic, stochastic, and deterministic models. Deterministic
models, such as the network flowmodel and linear program-
ming models, can be used at the start of a real operation to
estimate the number of vehicles required. Stochastic mod-
els, as queuing network, aim at incorporating external influ-
ences and can be used to determine vehicles requirements.
The analytic model determines the number of vehicles con-
sidering the total travel time. In a simulated model, real
system models are designed and experiments are performed
for the understanding of the behavior of AGV systems. Most
analytic models reported in the literature have underesti-
mated the number of vehicles required in comparison to the
simulation approach [3, 26, 28].

According to [29], the equipment in an automated system
can achieve 50 % of the initial investment. For economic
reasons, the number of AGVs should not be overestimated
[3]. Furthermore, a large number of vehicles may cause
more congestion.

Many factors affect the number of vehicles required for
handling the throughput in a system. Important vehicle
characteristics, such as the guidance type, speed, capacity,
and battery life, must be taken into consideration in the
dimensioning of the optimal fleet [30].

In general, the routing and determination of number of
AGVs are discussed separately. In the AGVs routing prob-
lem, no greater focus has been given on how the system
defines the number of AGVs necessary to perform tasks.
The determination of number of vehicles is commonly
tackled only when the AGV System has been designed. Dif-
ferent priority fulfillment, as well as a smaller or larger
variety of orders to be attended may also occur. According

to such priorities, the orders can be attended for an adjusted
number of AGVs. Therefore, such issues can potentially be
the focus of future research.

This paper addresses the development of a Task Assign-
ment Module for AGV systems for the determination of
the number vehicles required for the execution of a given
transportation order. The methodology takes into consid-
eration all available AGVs and dispatches the necessary
ones, so that transportation order is performed given a max-
imum order fulfillment time. These features enable the
transportation system to run at reduced operational costs.

The paper is organized as follows: Section 2 presents the
methodology developed, Section 3 addresses all the most
important issues, Section 4 reports the simulation results,
and Section 5 provides the conclusions.

2 Task assignment module

The Task Assignment Module (Fig. 1) estimates the number
of AGVs (according to their availability) for the undertak-
ing of tasks, and the time estimated for their fulfillment.
After the number of AGVs required has been established,
these are assigned to tasks. The routing system calculates
the conflict-free routes to minimize the cost and number
of maneuvers. After the simulation of routes, the estimated
distribution is compared with the simulated results. If the
estimation complies with the simulated order fulfillment,
the routes are dispatched for the AGVs.

Fig. 1 Task assignment module architecture
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The developed architecture can be divided into the fol-
lowing sub-modules:

1. Receiving of the list of transportation orders: trans-
portation orders, which are constituted by a given
number of tasks, are provided by the warehouse man-
agement system (WMS), and represent the fulfillment
of the loading or unloading of a truck. Each task has an
origin and a destination point of the pallet.

2. Computation of the time required for the fulfillment of
each task by the routing system. A function was imple-
mented for the estimate of the time spent by each AGV
in each task, and the time is calculated based on the
optimal route. Therefore, the total time of the order
fulfillment and the total spent on each task are obtained.

3. Estimate of the number of AGVs required: Taking into
consideration the estimated time spent by the routing
system on each task, this sub-module determines the
estimated optimal number of AGVs. The ratio between
the constraint of execution time (release maximum time
of the dock defined for example, by the WMS) and the
total time spent provides an initial estimate of the num-
ber of AGVs. Note that the AGV battery load is not
considered (it will be addressed in future work).

4. Assignment of the tasks for AGVs: two heuristics,
namely shortest-job-first (SJF) and tabu search were

compared. The scheduling algorithm SJF was used
with an aging index for the analysis of the estimate
obtained in sub-module 3 of our architecture. This anal-
ysis indicates the tasks to be attributed to each AGV.
SJF [35] minimizes the average execution time of the
tasks using the aging index. Two types of aging index
were employed: prioritization of the release of dock
and imposition of a uniform use of the AGVs avail-
able in the warehouse. The tabu search meta-heuristic
was considered as an alternative for the SJF and to
minimize the order (set of tasks) execution time. After
the generation of an initial solution, the tabu search
algorithm is applied to explore its neighborhood so as
to improve its quality (avoiding local optimal). The
result is the set of tasks assigned to each considered
AGV.

5. Model simulation: the routing system simulates routes
for the AGVs, it calculates conflict-free route at a
minimized cost, and provides the total time spent and
the total time estimated for the execution of all tasks
assigned to each AGV.

6. Does the estimated model reflect the simulated model?:
In this sub-module, the result is validated by the com-
parison between the time spent on the simulation routes
(sub-module 5) and the estimated time obtained in the

Fig. 2 The two 2D layouts of
the warehouse adopted in
simulations
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sub-modules 3 and 4. If the result is within the time
constraints imposed, the sub-module 7 is performed.
Otherwise, the algorithm returns to sub-module 3 to
reestimate the number of AGVs. The initial estimated
time may increase since collisions cannot be predicted
in sub-modules 2 and 3, but only in the sub-module
5.

7. The tasks and routes are sent to the AGVs.

The warehouse models adopted in the methodology and
developed methods are described as follows.

2.1 Layouts

Figure 2a shows the first warehouse layout considered. It
has five shelves, three docks, and six depots. Figure 2b
shows the second layout, which has ten shelves, three docks,

and six depots. These places, except the depots, are stations
where AGVs can load and unload pallets.

In both layouts, the AGVs move in a bi-directional path.
Layout 1 (Fig. 3a) is composed of 249 nodes intercon-
nected by 351 edge, and layout 2 (Fig. 3b) is composed of
241 nodes interconnected by 337 edge. The routing system
calculates the route, represented by nodes of a topological
map.

The map is modeled by graph G(N, E), where N is the
set of nodes and E is the set of edges (Fig. 4). Matrix NxN
represents the set of nodes and each edge represents the con-
nections between them, where the length of each edge is a
constant value in meters. The time can be divided into dis-
crete units and each AGV always arrives in the intersection
node at some discrete time.

Loading and unloading points (shelves and docks)
are called stations. All stations are considered as nodes

Fig. 3 The two 2D layouts of
the warehouse adopted in the
simulations
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Fig. 4 Graph model example. Stations and nodes have Cartesian coor-
dinates (x, y) as their address, and each line indicates a bidirectional
path between adjacent nodes. Applicable to both layouts previously
presented in Fig. 3

(Fig. 4) and in the beginning and end of each task the AGV
center of mass is considered to be on a node. Based on
these definitions and assumptions, each node of the graph
used has its address represented by Cartesian coordinates
(x, y).

Based on the two warehouse models, we have for-
mally established that each orderw has a set of tasks
qt[w] = [t1, t2, .., tk, tk+1]∀w, k ∈ N, where each task tk
is identified by an ordered pair of initial and final nodes
((Ixtk , Iytk ), (Fxtk , Fytk )).

(Ixtk , Iytk ) represents the origin address, (Fxtk , Fytk )

represents the destination address, and (Ixtk , Iytk ) �=
(Fxtk , Fytk ). Each task has an origin and a distinct (and dif-
ferent) destination and can be attributed to only one AGV.
Therefore, the routing system uses the environment topo-
logical map (Fig. 3) to determine the shortest path between
these two points through the methodology developed by [1].

Vivaldini et al. [1] developed a routing system that
reduces both time and quantity of unnecessary maneuvers.
The algorithm based on Dijkstra’s shortest-path method [33]
calculates the routes of a robotic forklift adding an heuris-
tic functions to optimize the quantity of maneuvers, using
at the same time the method of routing with time-windows
[34] to ensure conflict-free routes.

3 Methodology

Please refer to Fig. 1 to follow the methodology description
presented in this section.

3.1 Routing system estimates the time necessary
to the fulfillment of each task

In the routing system proposed by Vilvadini et al. [1], a
function was implemented to estimate the time spent by
each task and the total time of order fulfillment. The optimal
route executed by the robot in each task (without consid-
ering collisions and dead-lock between vehicles) must be
calculated for the obtaining of these times.

Firstly, the order type is identified (loading or unloading
of trucks). In the loading operation, the pallet is removed
from the shelves and dispatched in the correct dock, whereas
in the unloading, the pallet is removed from the dock and
dispatched to the shelves.

In both procedures, a central point (CPb) was consid-
ered in each dock (Db), where b ∈ N represents the dock
number, as shown in Fig. 5. These points were adopted
so that a mathematical model could be designed and used
in both cases. Each dock has p positions, identified as
D(b,p)∀p ∈ {1, ..9}.

This set-up enabled the definition of the distance trav-
eled cost cu and the travel time edgeTu of an edge in the
graph, where u represents a edge between two nodes in the
route.

The variable used in the mathematical formulation is
given by

s(tk,u) =
⎧
⎨

⎩

1, if edge u is used for the AGV in task (tk),

where u ∈ E

0, otherwise

(1)

Equation 2 shows the objective function constructed
according to the travel cost sum of the AGV from the ori-
gin node to the destination node for each task and the AGV

Fig. 5 Shelves, docks, and depots model adopted for the estimation
of the time spent on each task
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route optimization in relation to the number of maneu-
vers in the path (qm). Variable β functions as a weight
parameter.

min
∑

u∈E

(cu · s(tk,u)) + βqm (2)

In Eq. 3, the time given by taskTtk is the task fulfillment
time.

taskTtk =
∑

u∈E

(edgeTu · s(tk,u)) (3)

Finally, Eq. 4 represents the total time for order fulfill-
ment (Torderw ).

Torderw =
∑

k∈qt[w]
taskTtk (4)

After completion of the simulation, the estimated number
of vehicles required is calculated.

3.2 Estimation of the number of vehicles required

The number of AGVs required is estimated so that a cer-
tain number of tasks can be executed in a previously
defined maximum order fulfillment time (T0). From the time
required to perform each task provided by the routing sys-
tem, it is performed an estimate to determine the initial
number of AGVs. For this initial estimation, only one AGV

is considered.

AGVnum = ceil

(
Torderw

T0

)

(5)

Where and just to remember:

Torderw− total time spent by an AGV to perform all
tasks (order fulfillment);

AGVnum− initial number of AGVs;
T0− time Limit;

3.3 Assignment of tasks for the AGVs

Two scheduling algorithms shortest-job-first (SJF ) apply-
ing an index of aging and tabu search were considered for
the assignment of the transportation orders.

3.3.1 Shortest job first

The shortest job first has been widely used in computing
area (CPU-process) to distribute tasks to the processor. It
performs, among processes equally important, the shortest
first and minimizes the average execution time of the pro-
cess ensuring that the final time will be minimal. One can
prove mathematically that the SJF always provides the
shortest average waiting times [36].

The objective of the SJF for the determination of the
number of AGVs is the same: to reduce waiting times and
to distribute the tasks for each available AGV.
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The preemptive scheduler approach was used in the SJF

algorithm, where the scheduler compares the expected dura-
tion of each new task in the system with the remaining
processing time for other tasks. A problem associated with
the SJF scheduling algorithm is the possibility of starva-
tion of the longest tasks. If the flow of short tasks to the
system is high, the long tasks will never be chosen and will
be waiting to be attended. This problem can be solved by
techniques of aging, since the use of the aging index makes
the process more priority in each iteration [37].

In our algorithm, two aging indexes were determined.
The first is ratio between the number of pallets on the dock
and the maximum number of pallets that the dock may have
(AgingDock). This index reflects the dock’s priority with
lower number of pallets, i.e., which is to be released first,
compared to the others.

Moreover, the homogeneous fulfillment use of AGVs
available in the warehouse must be ensured. For this pur-
pose, we considered a second aging index that is based on
the ratio between the total time spent of each AGV and
the highest total time of the AGVs (T imeIndexAGV ).
This ratio is multiplied by the time of the tasks and it will
influence the AGV chosen (see algorithm 1).

The homogenization of the use of AGVs becomes impor-
tant so there is no extra work in some equipment, causing
them to request maintenance sooner than others, and other
consequences, such the efficiency in the order and preser-
vation of the battery. Thus, tasks are distributed so that the
average time that each AGV load and unload the pallets is
the same.

In contrast, the aging index used to prioritize the release
of the dock, works for that each dock to be released more
quickly it. In other words, the aging index prioritizes the
loading of pallets of the dock with a smaller number of
pallets.

3.3.2 Tabu search

The tabu search heuristic is an adaptive local search in
continuous operation within a search space. It moves
from one solution to another and diversifies the solu-
tions aiming finding a better one [32]. In each tabu
search iteration, the best admissible movement is the one
of highest evaluation (considering a maximization prob-
lem) in the neighborhood of the current solution, in
terms of value of the objective function and tabu restric-
tions. The meta-heuristic tabu search algorithm is an iter-
ative search characterized by the use of dynamic mem-
ory and consists of two parts, namely initialization and
exploration.

From an initial solution generated randomly or that uses
a heuristic, the tabu search will assess a number of different
mutations (the vicinity operation) of the current solution at
each iteration. The best mutation will be accepted and the
changes made are stored in a tabu list which are classified as
prohibited in later number of iterations. This strategy avoids
a return to already explored solutions. Therefore, at each
iteration, the evaluation function validates a certain number
of new solutions of which the best based on the objective
function is accepted, even if the cost is lower than the cost of
the current one. Thus, the algorithm chooses the new solu-
tion that produces an improvement or a less decline in the
actual value of the cost function (attempt to escape from
local minimal).

In the AGVs scheduling problem, the final objective is
the allocation of the orderw, which have a set of tasks
qt[w], by a number of available AGV’s to minimize the
service time of the order fulfillment. The initial solution
(sequence of tasks assigned to each AGV) is generated by
the nearest neighbor heuristic (see algorithm 2). In other
words, for each AGV (and considering its last performed
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task, which influences its position on the map), the fol-
lowing task is assigned at a lower cost (shortest travel
time/distance). This process is executed cyclically until all
the tasks belonging to the orderw have been assigned to one
and only one AGV.

Starting from this initial solution, the tabu Search is
applied to 500 iterations (this value was experimentally
set to the problem at hand) so as to improve the solution
obtained. In each tabu search iteration 3, distinct mutations
are analyzed. Each mutation corresponds to the replacement
of two tasks randomly chosen. Just to highlight that this
exchange of tasks can be performed:

– Among tasks belonging to the same AGV (i.e., the
order/sequence of execution of tasks is changed)

– Among tasks associated with different AGVs.

The mutation that has improved the current solution or
resulted in a lower penalization of the cost function (attempt

Table 1 Time needed in milliseconds by each AGV to go from each
dock position D(b,p) to the respective central point CPb

D(b,p) CPb

0 3833

1 1000

2 3833

10 4500

11 1667

12 4500

20 5167

21 2334

22 5167

to escape from local minimal) and for which none of the
tasks to be exchanged is in the tabu list is selected. It is
then added to the tabu list and cannot be used to gen-
erate new mutations during the following 3 Tabu Search
iterations.

At the end of the iterations, the best sequence of tasks
is delivered for each AGV to minimize the overall time
required for the orderw fulfillment. From now on, this
algorithm will be addressed as NN +T S (see Algorithm 3).

Just to highlight, and contrarily to the SJF , in the tabu
search procedure, any kind of prioritization was taken, both
in terms of the release of the dock and the homogeneous
use of the AGVs. The idea was to test and compare com-
pletely different solutions, and show the modularity of the
presented methodology.

After, presented the methods adopted in the assignment
of tasks for the available AGVs, the next sub-module would
be to use the routing system with collision avoidance (pre-
sented in [1]) to simulate the AGVs routes and check if
the dock releasing times were met. Results regarding this
sub-module will be presented in the following section.

Table 2 Time needed in milliseconds by each AGV to go from the
depot to docks central point CPb

Depot CP1 CP2 CP3

1 16,164 12,832 9500

2 15,497 12,165 8833

3 14,830 11,495 8166

4 14,163 10,831 7499

5 13,496 10,164 6832

6 12,663 9331 5999
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Table 3 Total time (s),
distance traveled (m), and
number of tasks for each AGV
for the order fulfillment Order
1. Values returned by the
routing system (Sub-module
5). Tasks were distributed to
each AGV by algorithms SJF

and NN + T S

Total time for AGV(s) Distance traveled (m) No of tasks

- SJF NN+TS SJF NN+TS SJF NN+TS

out[1]

AGV 1 1319 1328 1057 1074 27 27

out[2]

AGV 1 643 664 469 532 13 14

AGV 2 673 657 577 526 14 13

out[3]

AGV 1 393 433 310 335 8 9

AGV 2 527 445 413 350 10 9

AGV 3 401 456 333 360 9 9

out[4]

AGV 1 400 349 289 271 8 7

AGV 2 316 321 255 254 7 7

AGV 3 280 363 263 292 6 7

AGV 4 297 304 243 245 6 6

out[5]

AGV 1 208 303 172 232 4 6

AGV 2 365 279 268 222 7 6

AGV 3 196 233 170 188 4 5

AGV 4 271 282 240 202 6 5

AGV 5 264 260 217 210 6 5

out[6]

AGV 1 263 226 209 192 5 5

AGV 2 184 253 143 195 4 5

AGV 3 273 254 215 194 5 5

AGV 4 165 188 135 166 4 4

AGV 5 204 188 174 154 4 4

AGV 6 259 185 202 147 5 4

4 Proposed methodologies simulation results

The shop floor warehouses presented in Fig. 2 were used
for the validation of the task assignment module. These
shop floors have an area of 600 m2 and three docks
(Fig. 3). Four different orders were considered for our trials
(two for each layout). Each order correspond to the unload-
ing of three trucks, through the release of 9 euro pallets in
each dock (27 unloading tasks). Each AVG has dimensions
of 1.2 m x 1 m x 1.5 m, weighs approximately 1.800 kg and
travels at an average speed of 1.5 m/s.

Firstly, the time standards were verified for unloading
operation (Tables 1 and 2). These values were defined to
be equal for both layouts. Furthermore, the time spent by
each AGV to load and unload a pallet was established to
10 s.

From the origin and destination point of each pallet, the
routing system calculates the estimated time of each task.
Please refer to Tables 7 and 8 for Layout 1, and Tables 9
and 10 for Layout 2 available in Appendix 1.

Based on the information of the optimal route provided
by the Routing system (Section 3.1), SJF and NN + T S

algorithms distribute the tasks to the available AGVs. To
validate if the distribution made optimizes the material
handling operations, we forced in the estimation the use
of the minimal and maximum number of AGVs available
(NumAGV equals 1 to NumAGV equals 6).1

1Note that, in the methodology normal running the initial estimation of
the number of AGV would be retrieved by the sub-module presented
in Section 3.2. In the end of the simulation, if the simulated model
reflect the estimated one the trajectories are sent to the AGV. If not,
the number of AGV’s is increased.
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Table 4 Total time (s),
distance travel (m), and number
of tasks for each AGV for the
order fulfillment of Order 2.
Values returned by the routing
system (sub-module 5). Tasks
were distributed for each AGV
using algorithms SJF and
NN + T S

Total time for AGV (s) Distance traveled (m) No of tasks

- SJF NN+TS SJF NN+TS SJF NN+TS

out[1]

AGV 1 1217 1280 976 1024 27 27

out[2]

AGV 1 584 632 452 506 12 14

AGV 2 718 598 560 491 15 13

out[3]

AGV 1 360 375 301 309 7 9

AGV 2 488 431 358 350 11 9

AGV 3 431 411 348 331 9 9

out[4]

AGV 1 352 333 272 277 8 7

AGV 2 334 306 260 248 7 7

AGV 3 340 324 266 278 6 7

AGV 4 271 260 240 232 6 6

out[5]

AGV 1 307 298 237 233 7 6

AGV 2 257 253 219 176 5 6

AGV 3 204 245 157 219 4 5

AGV 4 189 263 166 203 4 5

AGV 5 314 221 247 191 7 5

out[6]

AGV 1 180 249 146 188 3 5

AGV 2 212 189 162 143 5 5

AGV 3 224 250 187 196 5 5

AGV 4 188 179 158 154 4 4

AGV 5 248 196 187 152 5 4

AGV 6 254 215 216 181 5 4

In the end of the simulation, 6 files were obtained
(out[NumAGV ]) satisfying the distribution of 27 tasks
for NumAGV . For each out[NumAGV ], the a simulated
routes were generated by the routing system (sub-module
5 of our architecture) and the travel time, distance traveled
(meters), and number of tasks for each AGV were obtained.
In this results were already consider conflict-free routes.

4.1 Simulation results—layout 1

4.1.1 Order 1

The analysis of the results for the first order fulfillment
(Table 3) show that the best result for the docks released was
achieved for six AGVs using the method NN +T S at 254 s.
The best solution for the SFJ algorithm was achieved also
for six AGVs but at 273 s.

In the normal running of our methodology, and admit-
ting a time-window execution of 310 seconds, the number of
AGVs selected would be five AGV considering the NN +
T S task assignment meta-heuristic or six AGVs in the case
of the SJF .

4.1.2 Order 2

Regarding the order fulfillment of order 2 (Table 4), it is
possible to see that the best result to docks released was
obtained for the six AGVs at 250 s for the NN + T S

algorithm.
Note that it is not straightforward to say that the increase

in the number of AGVs will decreased the execution time of
the order. The shop floor may become congested, and delay
in the transportation time spent by an AGV to execute each
task may occur.



Int J Adv Manuf Technol (2016) 82:719–736 729

Table 5 Total time (s),
distance traveled(m), and
number of tasks for each AGV
for the order fulfillment of
Order 1. Values returned by the
routing system (sub-module 5).
Tasks where distributed for
each AGV by algorithms SJF

and meta-heuristic NN + T S

Total time for AGV (s) Distance traveled (m) No of tasks

- SJF NN+TS SJF NN+TS SJF NN+TS

out[1]

AGV 1 1264 1287 1042 1072 27 27

out[2]

AGV 1 691 713 527 562 14 14

AGV 2 584 578 519 496 13 13

out[3]

AGV 1 410 449 335 362 9 9

AGV 2 521 425 391 336 10 9

AGV 3 368 417 322 345 8 9

out[4]

AGV 1 275 331 198 261 6 7

AGV 2 271 320 271 261 6 7

AGV 3 384 337 351 278 8 7

AGV 4 323 297 279 250 7 6

out[5]

AGV 1 199 253 172 253 4 6

AGV 2 274 256 204 256 6 6

AGV 3 230 182 192 182 5 5

AGV 4 248 194 239 194 5 5

AGV 5 315 182 255 182 7 5

out[6]

AGV 1 220 258 186 201 4 5

AGV 2 193 238 167 178 5 5

AGV 3 216 230 170 212 4 5

AGV 4 162 174 141 158 4 4

AGV 5 226 173 201 154 5 4

AGV 6 261 171 188 140 5 4

4.2 Simulation results—layout 2

4.2.1 Order 1

Concerning the execution time, the analysis of the results
for the second layout, and the first order (Table 5), the best
result was obtained for the NN + T S algorithm (with five
AGVs). With this number of vehicles, the docks are released
after 256 s.

Note that, in this case, the results obtained (docks releas-
ing time) for six AGV with the SJF algorithm are worse
than those obtained by five vehicles for the NN + T S

meta-heuristic (261 vs 256). This shows the great impor-
tance of not only have an efficient routing system with
conflict-free and deadlock avoidance features, but also a
scheduling system that optimizes the dispatched task to each
AGV.

4.2.2 Order 2

Looking now for the order fulfillment of the order 2, it is
possible to see that the best result was obtained for the num-
ber of AGVs equal to six with the docks complete release
being made after 241 s.

Until now, we have presented our methodology as a
pre-planning algorithm that allows to select the minimum
number of AGV required to execute a certain transportation
order with time restrictions. However, this methodology can
also be utilized in the designing phase of the AGV system.
In here, and considering the order information in the WMS
and warehouse layout, it would be possible to make an
investment analyses and define the number of vehicles to be
acquired so the transportation time restriction were met. In
this context, the results presented earlier also allow to ana-
lyze what is the added value of introducing for example six
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Table 6 Total time (s),
distance traveled (m), and
number of tasks for each AGV
for the completion of the
dispatched tasks of Order 2.
Values returned by the Routing
Simulation system
(Sub-module 5). Tasks were
distributed to each AGV by
algorithms SJF and NN + T S

Total time for AGV (s) Distance traveled (m) No of tasks

- SJF NN+TS SJF NN+TS SJF NN+TS

out[1]

AGV 1 1192 1269 979 1012 27 27

out[2]

AGV 1 684 595 562 469 14 14

AGV 2 567 596 453 506 13 13

out[3]

AGV 1 347 418 291 328 8 9

AGV 2 532 380 423 322 11 9

AGV 3 360 395 286 330 8 9

out[4]

AGV 1 297 293 252 206 6 7

AGV 2 285 304 226 256 7 7

AGV 3 307 301 245 250 7 7

AGV 4 332 286 275 264 7 6

out[5]

AGV 1 253 252 213 193 5 6

AGV 2 253 246 221 206 6 6

AGV 3 298 238 215 177 6 5

AGV 4 193 218 174 194 4 5

AGV 5 245 247 200 206 6 5

out[6]

AGV 1 181 232 147 189 5 5

AGV 2 189 188 138 142 5 5

AGV 3 223 241 184 203 5 5

AGV 4 273 203 222 175 4 4

AGV 5 258 199 216 147 4 4

AGV 6 177 178 149 138 4 4

AGVs instead of five. In other words, considering the high
cost of these vehicles, the results allow to have a cost/benefit

trade-off overview between the number of AGVs and the
production rate at the shop floor level. Analyzing for exam-

Fig. 6 Total distance traveled by each set of AGVs considering the variation in the number of AGVs and the heuristics used for the task assignment
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Fig. 7 Total execution time of orders considering the variation in the number of AGVs and the heuristics used for the task assignment

ple Table 6, it is possible to see an improvement of �9.5 %
in the docks releasing time when comparing the solution
based on six AGVs and five AGVs for the meta-heuristic
Tabu Search.

4.3 Overall comparison between SJF and NN + T S

In both layouts, considering the results presented previously,
the total time spent in each order fulfillment and the total
traveled distance by AGVs were analyzed separately for the
SJF and NN + T S (Figs. 6 and 7).

We can observe that considering the total distance trav-
eled, and in the majority of cases, the SJF for one AGV
obtained a better solution compared with NN +T S. For the
rest of the cases, normally NN + T S present better results.

It is important to minimize the total traveled distance of
AGV to reduce consumption of energy (battery). Reduc-
ing the energy consumption, the vehicles will stop fewer
times for refueling which maximizes the time available for
receiving transportation tasks.

One important note, and from all the performed tests,
it stays the strong interoperability between the task
assignment module (where in our module was used the
NN + T S and/or the SJF algorithm) and the con-
flict free routing algorithm (in our case the enhanced
Diksjtra algorithm). In other words, the decision made
at higher level has impacted on the decisions made by
the routing system, and vice-versa. Therefore, in the
design of an AGVs system, these problems should not be
taken into consideration separately. Otherwise, the risk of
sub(over)-scaling the equipment of transportation system is
increased.

5 Conclusions

This paper presented a new module for checking the num-
ber of AGVs necessary for the execution of a set of tasks

on a warehouse shop floor. The module is employed as
a pre-planning, since in real warehouses environment, the
transportation data, such as applications, delay of a given
load or the need to advance a particular task and relocate
activities, are normally known in advance. Furthermore, it
enables the estimate of a satisfactory number of AGVs,
obtain modifications and rearrangements according to the
real needs of the company.

Our module aim at providing much more efficient order
fulfillment to the AGVs system, as, in future work, to
analyze the estimate of the optimal number of AGVs to dif-
ferent companies layouts and areas of activity. Therefore,
the layout of the warehouse and the order information in
the WMS will be used in simulations to determine the num-
ber of AGVs that the company must acquire to meet its
demand, and achieve a more accurate/“real” estimate of the
needs to install an automated transportation system in their
facilities.

For the continuation of this work, it will also be
addressed the idle position of the AGV. Idleness of the
AGV is inevitable in the transportation. Instead of causing
the vehicle to return to the depot, it is best to park them
in maintenance locations or points which are close to the
release load. According to Carida [31], the sites for park-
ing of vehicles shall be selected to minimize the response
time to requests. MacHaney (1995) presents batteries
management policies, which leverage the “idle” time for
refueling.
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Appendix 1

Table 7 Total time estimated (milliseconds) by the routing system (optimal routes) for the Order 1 Layout 1

Order 1 / Layout 1

Origin DB Origin Db,p Destination TimeSpent Return CP1 Return CP2 Return CP3

1 0 A 16 29,500 26,333 23,000 20,500

1 1 B 15 23,500 23,500 20,166 17,666

1 2 D 18 13,000 17,666 16,000 18,500

1 10 B 07 18,166 18,166 14,833 12,333

1 11 A 11 25,500 22,333 19,000 16,500

1 12 B 06 17,500 17,500 14,166 11,666

1 20 C 17 21,500 21,500 18,166 12,666

1 21 D 34 15,333 15,333 11,000 85,00

1 22 D 20 5000 9666 8000 10,500

2 0 D 32 4666 3666 6666 9166

2 1 C 22 11,333 15,666 12,333 10,500

2 2 B 12 16,166 21,500 18,166 15,666

2 10 A 21 22,333 23,000 19,666 17,166

2 11 A 30 16,333 17,000 13,666 11,166

2 12 B 20 16,000 20,333 17,000 14,500

2 20 D 19 13,333 17,000 15,333 17,833

2 21 D 14 12,500 15,166 13,500 16,000

2 22 C 05 8166 13,500 10,166 4666

3 0 C 09 7333 16,166 12,833 7333

3 1 C 13 10,000 18,833 15,500 10,000

3 2 B 23 11,500 18,333 15,000 12,500

3 10 B 04 8333 16,166 12,833 10,333

3 11 A 29 14,500 17,666 14,333 11,833

3 12 C 16 12,000 20,833 17,500 12,000

3 20 C 28 6500 11,666 8333 6500

3 21 B 24 10,833 17,666 14,333 11,833

3 22 B 30 6833 13,666 10,333 7833



Int J Adv Manuf Technol (2016) 82:719–736 733

Table 8 Total time estimated (milliseconds) by the routing system (optimal routes) for the Order 2 Layout 1

Order 2 / Layout 1

Origin DB Origin Db,p Destination TimeSpent Return CP1 Return CP2 Return CP3

1 0 B 12 21,500 21,500 18,166 15,666

1 1 D 18 13,666 18,333 16,666 19,166

1 2 D 14 14,166 15,166 13,500 16,000

1 10 C 18 19,333 18,333 15,000 13,166

1 11 A 11 26,166 23,000 19,666 17,166

1 12 B 20 21,333 20,333 17,000 14,500

1 20 A 20 28,333 23,666 20,333 17,833

1 21 D 30 5000 9666 8000 10,500

1 22 C 22 16,666 15,666 12,333 10,500

2 0 B 33 7333 11,666 8333 5833

2 1 A 04 16,166 18,333 15,000 12,500

2 2 C 13 13,500 18,833 15,500 10,000

2 10 B 08 13,500 18,833 15,500 13,000

2 11 C 07 9500 14,833 11,500 6000

2 12 A 14 22,833 25,000 21,666 19,166

2 20 B 03 10,166 15,500 12,166 9666

2 21 D 11 10,500 13,166 11,500 14,000

2 22 B 30 9333 13,666 10,333 7833

3 0 A 29 14,500 17,666 14,333 11,833

3 1 C 27 7166 12,333 9000 7166

3 2 D 13 14,333 14,500 12,833 15,333

3 10 B 31 6166 13,000 9666 7166

3 11 A 24 17,833 21,000 17,666 15,166

3 12 A 20 20,500 23,666 20,333 17,833

3 20 D 29 9166 10333 8666 11,166

3 21 C 30 5166 10,333 7000 5166

3 22 C 11 8666 17,500 14,166 8666
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Table 9 Total time estimated (milliseconds) by the routing system (optimal routes) for the Order 1 Layout 2

Order 1 / Layout 2

Origin DB Origin Db,p Destination TimeSpent Return CP1 Return CP2 Return CP3

1 0 A 14 29,500 26,333 23,000 20,500

1 1 B 13 23,500 23,500 22,166 17,666

1 2 D 18 13,000 13,000 16,000 18,500

1 10 B 07 18,166 18,166 14,833 12,333

1 11 A 09 25,500 22,333 19,000 16,500

1 12 B 06 17,500 17,500 14,166 11,666

1 20 C 15 21,500 21,500 18,166 12,666

1 21 D 32 15,333 15,333 11,000 8500

1 22 D 28 5000 5000 8000 10,500

2 0 D 30 4666 3666 6666 9166

2 1 C 22 11,333 15,666 12,333 10,500

2 2 B 10 16,166 21,500 20,166 15,666

2 10 A 21 19,666 22,000 20,666 16,166

2 11 A 28 16,333 17,000 13,666 11,166

2 12 B 20 16,000 20,333 19,000 14,500

2 20 D 19 13,333 12,333 15,333 17,833

2 21 D 12 12,500 14,166 13,500 16,000

2 22 C 05 8166 13,500 10,166 4666

3 0 C 08 7333 14,166 12,833 7333

3 1 C 11 10,000 18,833 15,500 10,000

3 2 B 23 11,500 18,333 17,000 12,500

3 10 B 04 8333 16,166 12,833 10,333

3 11 A 27 14,500 17,666 14,333 11,833

3 12 C 13 12,000 20,833 17,500 12,000

3 20 C 26 6500 11,666 8333 6500

3 21 B 24 10,833 16,666 15,333 10,833

3 22 B 28 6833 13,666 10,333 7833
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Table 10 Total time estimated (milliseconds) by the routing system (optimal routes) for the order 2 layout 2

Order 2 / Layout 2

Origin DB Origin Db,p Destination TimeSpent Return CP1 Return CP2 Return CP3

1 0 B 10 215,00 21,500 20,166 15,666

1 1 D 17 13,666 13,666 16,666 19,166

1 2 D 12 14,166 14,166 13,500 16,000

1 10 C 18 19,333 18,333 15,000 13,166

1 11 A 09 26,166 23,000 19,666 17,166

1 12 B 20 21,333 20,333 19,000 14,500

1 20 A 20 25,666 22,666 21,333 16,833

1 21 D 28 5000 5000 8000 10,500

1 22 C 22 16,666 15,666 12,333 10,500

2 0 B 31 7333 11,666 8333 5833

2 1 A 04 16,166 18,333 15,000 12,500

2 2 C 11 13,500 18,833 15,500 10,000

2 10 B 08 13,500 16,833 15,500 11,000

2 11 C 07 9500 14,833 11,500 6000

2 12 A 12 22,833 25,000 21,666 19,166

2 20 B 03 10,166 15,500 12,166 9666

2 21 D 09 10,500 12,166 11,500 14,000

2 22 B 28 9333 13,666 10,333 7833

3 0 A 27 14,500 17,666 14,333 11,833

3 1 C 25 7166 12,333 9000 7166

3 2 D 11 14,333 13,500 12,833 15,333

3 10 A 29 6166 13,000 9666 7166

3 11 A 24 15,166 20,000 18,666 14,166

3 12 A 20 17,833 22,666 21,333 16,833

3 20 D 27 9166 5666 8666 11,166

3 21 C 28 5166 10,333 7000 5166

3 22 C 09 8666 17,500 14,166 8666
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