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ABSTRACT

ROBOTIC CELL SCHEDULING WITH OPERATIONAL
FLEXIBILITY

Hakan Giiltekin
M.S. in Industrial Engineering
Supervisor: Assoc. Prof. M. Selim Aktiirk
June 2002

In this thesis, we study the problem of two-machine, identical parts robotic
cell scheduling with operational flexibility. We assume that every part to be
processed has a number of tasks to be completed in these two machines and
both machines are capable of performing all of the tasks. The decision to be
made includes finding the optimal robot move cycle and the optimal allocation
of tasks to these two machines corresponding to this robot move cycle that
jointly minimize the cycle time. We proved that 1-unit robot move cycles are
not necessarily optimal with this definition of the problem any more and that
according to given parameters either one of the 1-unit robot move cycles or
a 2-unit robot move cycle is optimal. We proposed a new robot move cycle,
which is a result of the assumption of operational flexibility. This cycle is not
only simple and practical but also dominates all of the common cycles reported
in the literature. Finally, we considered the change of layout and showed that
the cycle time of the proposed cycle can be further reduced by a change in the
layout while the cycle times of all other cycles remain the same.

Keywords: Robotic cell, cyclic scheduling, automated manufacturing.
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OZET

OPERASYONEL ESNEKLIKLI ROBOTIK HUCRE
CIZELGELEME PROBLEMI

Hakan Giiltekin
Endiistri Miihenlisligi Yiiksek Lisans
Tez Yoneticisi: Dog. Dr. M. Selim Aktirk
Haziran 2002

Bu tezde iki makinali, operasyonel esneklikli ve tek tip parca iireten robotik
hiicreler konu ahnmigtir. Uretilecek her parcanin bu iki makinada belirli sayida,
islemden ge¢mesi gerekliligi ve her iki makinanin da biitiin iglemleri yapabilecek
kapasitede olmasi kabul edilmigtir. Verilmek istenen karar, dongii zamanim
en aza indiren robot hareket dongiisiinii ve iglemlerin makinalara atamasim
bulmak. Bu problem tanimi igin 1-parga iireten hareket dongiilerinin artik
mutlaka en iyi olmadigini, verilen parametrelere gére bazen 1-parca bazen de 2-
parca lireten hareket dongiilerinin en iyi olabilecegini ispatladik. Operasyonel
esneklik kabullenmesinin sonucu olarak ortaya cikan yeni bir robot hareket
dongiisii 6nerdik. Onerilen bu yeni déngii sadece basit ve kullanigh olarak
kalmadi, aym zamanda bilinen biitiin hareket dongiilerinden daha kisa bir
dongii zamani verdi. Son olarak, robot ve makinalarin yerlegimini degistirerek
onerilen yeni hareket dongiisiiniin zamanini daha da azaltabilecegimizi ve
bunu yaparken bilinen diger dongiilerin zamanlarinda bir degisme olmayacagim
gosterdik.

Anahtar Soézciikler: Robotik hiicre, dongiisel gizelgeleme, otomasyonlu
iretim.
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Chapter 1

Introduction

In order to be successful in today’s highly competitive world, increasing
productivity is an essential factor for manufacturing systems. Recent
technological improvements opened new perspectives for industries. Since
setup times are reduced to improve flexibility, as stated by Kamoun et al. [20]
material handling time and cost become bottlenecks, and efficient material
handling becomes very important. Depending on the type of manufacturing
facility, estimates ranging from 10% to 80% of total cost have been attributed
to material handling [38]. Hartley [15] suggests that a cellular manufacturing
is ideally suited to material handling by a robot. Today, robots are used
extensively in automotive, electrical, electronic and mechanical engineering
industries to perform tasks ranging from assembly to testing and inspection
[3]. Miller and Walker [32] cite an application where a robot was installed to
load and unload a 500 pound workpiece to a series of machines and finally to
discharge the workpiece at an output station. Browne et al. [3] states that

robots are installed in order to;

1- Reduce labor cost,
2- Increase output,

3- Provide more flexible production system,
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4- Replace people working in dangerous or hazardous conditions,
5- Compensate for local shortage of skilled labor and

6- Achieve more consistent control of quality.

The manufacturing cells in which the loading and unloading of the parts are
done by a robot are called robotic cells [23]. There may be 2, 3 ..., m
machines in a robotic cell with or without buffers. The buffers also maybe finite
capacity or infinite capacity buffers. Three different layouts are considered
for the robotic cells: robot-centered cells (where the robot movement is
rotational), in-line robotic cells (where the robot moves linearly) and mobile-
robot cells (generalization of in-line robotic cell and robot-centered cell) [31].
The objective can be to minimize the makespan or to minimize the cycle time.
Since the robot follows a computer program, there must be a finite activity
sequence for the robot that it repeats to produce the parts. Thus the robot
activities must be cyclic because of its nature and minimizing this cycle time

or in other words maximizing the throughput is a relevant objective.

There may be identical parts to be processed, in which there is no part
sequencing problem, but only the robot activity sequence is to be found. Once
this sequence is found, then the production of these identical parts consists
of repetition of this activity sequence in required numbers. Also the multiple
parts case can be considered in which case the problem is to find the robot
move sequence and the part input sequence jointly. However, again because
of the nature of the industrial robots, the multiple parts case also must follow
a cycle and this cycle can use the concept of minimal part sets (MPS). The
current trend towards just-in-time (JIT) manufacturing with cyclic production
schedules require producing a quantity known as minimal part set (MPS). The
MPS for a production environment can be obtained, if the forecasted demand
L; is given for each part type i over planning horizon. If d is the largest
common divisor of the integers, Ly, Lo, . .., Lk, the integer ratio (r; = L;/d) of
part types can be represented as r = (ry,7,...,7¢). The vector is the minimal

production ratio (MPR) and the part set corresponding to this ratio is known
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as the MPS. Thus the problem in multiple parts case is to find the robot move

sequence and the part input sequence of the MPS.

In this study, we will consider a 2-machine robotic cell with in-line robotic
cell layout. We will consider identical parts to be produced. There are no
buffers at or between the machines. In the current literature, the allocation of
the tasks to each machine is assumed to be constant and for given processing
times the optimum robot move cycle minimizing the cycle time is to be
determined. Since the processing stations in a robotic cell are predominantly
CNC machines, they possess operation flexibility by definition. Operation
flexibility can be defined as the ability to interchange the ordering of several
operations for each part type (Browne et al. [3]). Therefore, assuming that
processing times are fixed on each CNC machine is rather unrealistic and limits
the number of alternatives unnecessarily. In this study we assume that each
part has a number of different tasks to be completed. Then, the problem to
be considered in this thesis is to allocate the tasks to the machines and is to
find the robot move cycle that corresponds to this allocation of tasks in order
to jointly minimize the cycle time or in other words, maximize the long run

average throughput rate.

For this problem definition, we proved that the optimal solution is not
necessarily a 1-unit cycle as in the case of Sethi et al. [34] and showed that
the optimal solution could be a 2-unit cycle for some parameter input, where
an n-unit cycle can be defined as a robot move cycle which produces exactly
n units and ends up with the same state of the cell as the starting state. We
proposed a new robot move cycle, which is a result of assuming operational
flexibility, and proved that this cycle has a smaller cycle time than all of the
common ones reported in the literature. As Han et al. [14] proposed, cell
formation may increase efficiency of the cell, thus, we considered changing the
layout of the cell from in-line robotic cell to robot-centered cell and proved
that this change further improves the cycle time of the proposed robot move

cycle while all of the others remain the same.
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We also considered the tooling constraints. The CNC machines are capable
of performing different operations, but in order to perform these operations
they require different tools. These tools are placed and stored in the tool
magazines of these machines. However, these tool magazines have limited
capacity and sometimes because of this capacity constraint not all of the tools
required to produce a part can be placed to the tool magazines. Thus, these
tools are placed to an other machine and the tasks that must use these tools
can only be processed on this machine. We considered this problem and proved
that the optimal solution is either one of the 1-unit robot move cycles or a 2-
unit robot move cycle and provided the optimality regions for these robot move

cycles.

The remainder of this study is organized as follows: In the next chapter an
extensive review of the literature is provided. In Chapter 3, the task allocation
problem is defined and the solution procedure is given. In Chapter 4 we
consider the problem with tooling constraints and provide the solution for
this problem, whereas the last chapter is devoted to concluding remarks and

future research directions.



Chapter 2

Literature Review

With the rapid increase of using robots in manufacturing, the problems to be
solved in order to increase efficiency in these systems also increase. As a result
of this, there are many different types of problems that are considered in the
literature. Before reviewing these problems let us ﬁrst introduce notations,

some definitions and terminology that will be used throughout this study.

We will use the following parameters and decision variables:

t; = Processing time of task ¢ on either machine 1 or 2,¢=1,2,...,p.

P = Total processing time required to finish the production of a part, that is
the sum of the processing times of all the p tasks, £, + 22+ ...+ %p.

¢ = The load and unload time of workstations by the robot.
0 = Time taken by the robot to travel between two consecutive stations.

C; = Cycle time, i.e., the time that is required to perform each robot activity

exactly once and produce one part.

The following definitions on robot activities and n-unit robot move cycles

are borrowed from [4].
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Deﬁnition 2.1 A, is the robot activity defined as; robot unloads machine ¢,
transfers part from machine ¢ to machine ¢ + 1, loads machine ¢ + 1. The
machines are numbered as 1 and 2, the input buffer is numbered as 0 and the

output buffer is numbered as 3. So we have activities Ag, 4, As.

Definition 2.2 An n-unit robot move cycle is the robot move cycle in which
starting with an initial state of the system, the robot performs each activity
exactly n times and ends up with the initial state of the system again. Note

that, in an n-unit robot move cycle exactly n parts are produced.

Our problem definition allows for the possibility of the parts of a given robot
move cycle to have different allocation of tasks to the machines. Hence, we

shall make use of the following definition.

Definition 2.3 A given robot move cycle uses k-allocation types if in a cyclic
manner, the first £ parts in the queue have differing allocation of tasks to the
machines and after the k** one the cycle returns to the beginning and the next

k parts have the same allocation types as the previous & ones.

Definition 2.4 Consider the robot move cycle S2 using i-allocation types. Let
P;; be the processing time of a part which uses the j** allocation type on machine
1 where j <i. Note that under this setting, the processing time of this part on

machine 2 is simply P — P;;.
Sethi et al. [34] proved that there are two feasible 1-unit robot move cycles:

S1 = This can be represented by the robot activities as AgA;Ay. Initially the
system is empty and the robot is in front of the input buffer. After the

activities are performed, the robot returns to the input buffer.

S2 = This cycle is represented as AgAsA;. Initially, only the second machine
is loaded and the robot is in front of the input buffer. Then the robot

sequences these activities and returns to the input buffer.
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After presenting the definitions and the terminology we can now review the
problems considered in the literature. Mainly we will divide these problems as
no-buffer problems and infinite or finite-buffer problems. Under this main
heading there are subtopics where these problems differ from each other.
Crama et al. [6] lists the distinguishing features of various types of flowshops

as follows:

1. Processing Requirements:

[L{ ,U/] is the processing window which gives the processing requirements of
part j on machine M;. The meaning of the processing window is that the time
spent by part 7 on machine M; must be at least Lf and may not exceed U,-j . This
representation of the processing requirements is very general and contains many
special cases. For example, the case where each part has a precisely defined
processing time on each machine and can wait on the machine indefinitely long
after it has been processed, can be handled by setting all upper bounds U,-j
to +oo. This case is.referred as unbounded processing windows [6]. Another
type of processing requirement referred as with blocking is one, in which the
machine becomes blocked if the part is not removed from the machine after
the processing is finished. Another model is referred to as no-wait problems
and in these problems it is assumed that the parts must be removed from the
machines immediately after the processing is finished. These two problems can
be modelled by setting LJ = U7. This setting of processing windows is referred

to as zero-width processing windows [6].

2. Time models for the robot:

This feature considers the loading-unloading times of the machines by the
robot and the travel times of the robot between the machines. Several authors
considered the loading and unloading times to be machine depended, that is,

it takes ¢; time to load or unload a part to machine M;. The simpler models
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assume that the loading and unloading times are all equal, that is ¢; = € or

sometimes they are assumed to be all zero.

Another characteristic of the robot is the travel speed of the robot. Again
simpler models assume that the travel speed of the robot is constant in all cases,
while some other authors assumed that the travel time between machines M;
and M; denoted by d;;. In many situations these times are assumed to be
symmetric, that is, 6;; = d;; and to satisfy the triangle inequality, that is, for
i < J < k,0i+djr = 0. In some cases, it is assumed that the travel times are
symmetric and the following relation holds: for ¢ < j < k,d;; + d;& = i, this

case is referred as the triangle equality [6].

3. Number of machines and parts:

In the literature, 2-machine, 3-machine and m-machine robotic flowshops
are considered. Since, as the number of machines increases, the problems
becomes more complex, most of the analytical results are derived for 2-machine
or 3-machine flowshops. Another factor that determines the complexity and
the size of the problem is the number of parts. Some models consider identical
parts in which the part scheduling vanishes, while some other considers multiple
parts. In the multiple parts case it is assumed that a minimal part set (MPS)

is being processed.

4. Objective functions:

There are two objective functions that are commonly used in most of the
research on this area. The first one is maximizing the throughput or in other
words minimizing the cycle time. The other one is minimizing the makespan
of the schedule.

Another difference among the models is the layout of the robotic cells.
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Han et al. [14] proposed that cell formation may increase efficiency of the
cell. Three different robotic cell layouts are considered in the literature: robot-
centered cells (RCC) (where the robot movement is rotational), in-line robotic
cells (IRC) (where the robot moves linearly on linear tracks) and mobile-robot
cells (MRC) (gencralization of robot-centered cell and in-line robotic cells) [31].
The findings with the no-buffer case will be presented in §2.1 and with the finite
or infinite-buffer case in §2.2. In §2.3 we will present some other interesting
configurations of robotic cell flowshops and in the last section, the motivations
for this study will be explained. First of all, let us give the classification scheme
for robotic flowshops, which will help us through the rest of this section. The
standard classification scheme for scheduling problems (Graham et al. [10])
can be denoted v |1s|t3 where 9, indicates the scheduling environment, 1,
indicates the job characteristics or restrictive requirements, and 5 defines the
objective function to be minimized. Hall et al. [11] extended this scheme to

provide for the scheduling problems arising in robotic cells, as follows:

Under v, we have:

MRCm = a mobile-robot cell with m machines.
RCCm = a robot-centered cell with m machines.
IRCm = an in-line robot cell with m machines.

Under 5, we have:

k = the number of part-types.
r-unit(s) = the problem is being solved over robot move cycles

that produce r units.

S; = robot move cycle S; is alone used.
) = the travel time between any pair of consecutive machines
is equal.

€ =¢€ = the load and unload times at all machines are equal.
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Under 13, we have:

C; = the average steady state cycle time for the repetitive
manufacture of an MPS.

Cmez = the makespan for the manufacture of a given set of jobs.

2.1 The no-buffer case

Most of the research made on robotic cell scheduling assumes that there are
no buffers at or between the machines. Sethi et al. [34] considered RCC2|k =
1,6; = 6,¢; = €|Cy and proved that 1-unit cycles give the optimal results for
this problem. Furthermore, they presented the following theorem which shows

the regions of optimality for these two l-unit robot move cycles.

Theorem 2.1 S1 is optimal if and only if P < 2§, and S2 is optimal if and
only if P > 20. In the limiting case P = 20, both policies perform equally well.

For the 3 machine identical parts problem, Sethi et al. [34] considered only
the 1-unit cycles and prepared a decision tree for these 1-unit cycles. They
conjectured that l-unit cycles yield optimal production rates for m-machine
robotic flowshops, m > 2. Hall et al. [11] proved that, for 3-machine identical
part types case, the repetition of 1-unit cycles dominates more complicated
policies that produce 2 units. Later on Crama et al. [5] established the
validity of the conjecture for 3-machine robotic flowshops. Brauner and Finke

[2] simplified the proof of Crama et al. [5].

Crama et al. [4], extended the results of Sethi et al. [34] and proved
that when there is only one type of parts to be produced, the problem can
be solved in (strongly) polynomial time, even if the number of machines
is viewed as an input parameter of the problem. This is achieved by
proving that the set of pyramidal permutations necessarily contains an optimal

solution of the problem. Pyramidal permutations have been previously
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introduced in the framework of the travelling salesman problem; see e.g.
Gilmore et al. [9]. Crama et al. [4] proved that every permutation of the
robot activities starting with Ay corresponds to a l-unit cycle. Let 7 =
(Ao, Airy .., A, A
and m > Gy > ... > iy > 1. An algorithm is given which computes the

ierr- > Ain ). Then 7 is pyramidal if 1 <4, < ... <f=m
cycle time of a schedule described by a pyramidal permutation. Lastly, a
dynamic programming approach is presented that solves the identical parts
cyclic scheduling problem with the restriction that one unit be produced in

each cycle in O(m3) time where m is the number of machines in the cell.

For the multiple parts case, Sethi et al. [34] also considered RCC2|k >
2,0; = d,¢; = €,5(S,)|C;. For this problem they found a strongly polynomial
procedure that generates the optimal job sequence. This result is achieved
by showing that the problem of finding the optimal job input sequence can
be reduced to a solvable case of the travelling salesman problem. They also

showed that for.a.ny given m-machine cell, there are only m! 1-unit cycles.

Sriskandarajah et al. [36] extended the results of Sethi et al. [34] for the
two-machine multiple parts problem. They indicated that the optimal cycle
time is not necessarily attained by repeating the same 1-unit cycle even when

m = 2.

Hall et al. [11] proved that for 2-machine cells, producing multiple part
types, 1-unit cycles generally do not give the optimal solution. Furthermore,
they provide an cxample to clarify it. An algorithm is provided for this case
which gives the robot move cycle and part input sequence that jointly minimize

the cycle time.

Kise et al. [26] consider 2-machine multiple parts problem with the
objective of minimizing the makespan. They propose an O(n®) procedure,
where n is the number of different parts in the ciueue, that solves the problem
based on the Gilinore and Gomory algorithm (Gilmore and Gomory [8]). For
the same problem, if the transportation time between the machines is job
dependent, then the problem is equivalent to an asymmetric travelling salesman

problem, which is shown to be NP-hard in the strong sense (Stern and Vitner
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[37]).

Again for the 2-machine, multiple parts problem, Logendran and Sriskan-
darajah [31] considered three different layouts and established optimal robot
sequences for these layouts. The problem of determining the optimal sequence
of multiple parts types has been shown to be equivalent to a two machines
no-wait flow shop problem, and has been solved by Gilmore and Gomory’s
algorithm. Besides the analysis of a single MPS, they also analyzed the
production of multiple MPSs.

For 3-machine multiple part types case, Hall et al. [11] showed that
the optimal part sequencing problems associated with 4 of the 6 potentially
optimal robot move cycles for producing l-unit are polynomially solvable.
For the remaining 2 cycles, they showed that the recognition version of the
part sequencing problem is NP-complete. In this paper they also provide the
conditions on the relative lengths of processing times compared to robot move

times under which the last 2 cycles are dominated by the other 4.

Later on Sriskandarajah et al. [36] extended this result. They classified
1-unit robot move cycles in an m-machine cell, for m > 2, according to the

tractability of their associated part sequencing problems. The classification is

as follows:
ClassU = Sequence independent (trivially solvable),
ClassV1 = Capable of formulation as a TSP but polynomially solvable
ClassV2 = Unary NP-hard TSP models,
ClassW = Unary NP-hard, but not having TSP structure.

As a consequence of this classification, it is proved that the part sequencing
problems associated with exactly 2m — 2 of the m! available robot cycles are
polynomially solvable. The remaining cycles have associated part sequencing

problems which are unary NP-hard.

Sriskandarajah et al. [36] proved that 3-machine multiple parts problem

is intractable. Thus, Kamoun et al. [20] designed and tested simple heuristic
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procedures for the part sequencing problem under different robot move cycles.
That is, they fixed the robot move cycle and designed a heuristic that solves
the part sequencing problem for this fixed robot move cycle. This enabled
them to develop a heuristic procedure for a general 3-machine cell without
fixing any robot move cycle. In order to extend this study from 3-machines to

4-machines, they described and tested a methodology.

2.2 The finite and infinite-buffer case

As a general rule, the additional freedom introduced by buffers tends to
complicate scheduling problems [33]. For example, buffers may allow to
consider schedules in which parts are processed in different orders on different
machines. For 2-machines, in the case of minimizing the makespan, Kise
[25] showed that the robot can be looked as a third machine and proved
that this problem is NP-hard. Hurink and Knust {17] also considered the
same objective with n jobs consisting of m operations which have to be
processed in the same order on m machines. They derived complexity results
for these problems. Hitomi and Yashimura [16] considered a problem with
m machines, m — 1 intermediate buffers, one robot and two conveyors (one
incoming, one outgoing). They have developed a branch-and bound based
algorithm for obtaining an optimum robot transport sequence that minimizes
the makespan of completing a given set of jobs. For the same objective, King
et al. [24] considered 2-machine multiple parts problem where each machine
has a finite input buffer but no output buffer (i.e. a machine becomes blocked
if a completed job is not removed). They assumed a fixed input sequence, and
then determined the sequence of robot moves by using a branch-and bound

procedure.

For single capacity buffers, Finke et al. [7] identified optimal robot move
sequences, while for infinite intermediate buffers with 2-machines, where each

machine has its own servicing robot Levner et al. {28] and Kogan and Levner
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[27] showed that the problem can be solved using a polynomial-time Johnson-

type algorithm.

For multiple parallel machines, Jeng et al. [19] assumed that the input
sequence of a given set of jobs is fixed and proposed a branch-and-bound
algorithm to find the optimal schedule of robot moves. The objective was
to minimize the total flow time or ¥ C;. The shortest processing time (SPT)

rule is used to derive an initial sequence and an upper bound for the search.

2.3 Other Robotic Cell Configurations

There are many other interesting robotic cell configurations in the literature.
An important class of problems addresses robotic cells involving more than one
robot. Problems of this type can be found in Karzanov and Livshits [21], and
Lieberman and Turksen [30]. Kats and Levner [22] consider minimization of
cycle time over the 1-unit robot move cycles with the no-wait constraint and
identical parts. They solved the problem for single and several robots. They
assumed that the set of machines served by each robot is known in advance.
They solved the problem in O(m3logm) time. They also showed that the cyclic
multi-robotic problem considered in the paper can be interpreted as a new

polynomially solvable case of the cyclic no-robot job-shop scheduling problem.

A special case of robotic cell scheduling is when all of the machines are
identical and working in parallel. Hall et al. [13] considered these systems
with different objectives (e.8. Crmaz, Lmaz, 2 Tj, €tc.) and derived complexity

results for these problems.

Some research on this area considered different objective functions other
than minimizing the makespan or the cycle time. For instance, Song et al. [35]
and Jeng et al. [19] tried to minimize the sum of completion times. On the
other hand, Levner and Vlach [29] consider an objective which minimizes some

penalty function of the maximum lateness.
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Hurink and Knust [18] consider a single machine scheduling problem which
arises as a subproblem in a job shop environment where the jobs have to
be transported between the machines by a single transport robot. They
presented a tabu search algorithm for this problem, where they considered

it as a generalized TSP.

Lastly, Han and Cook (14], developed a mathematical model and a solution
algorithm for solving a robot acquisition and cell formation problem. They
formulated the problem as a multi-type two-dimensional bin packing problem,
a pure 0-1 integer program, which is known to be NP-hard. They developed
and implemented a heuristic algorithm. The computational results showed that
the problems solved with a gap of less than 1% and over 70% of all solutions
(334 out of 450) were optimal.

2.4 Motivations for this study

In the current literature, the allocation of the tasks to each machine is assumed
to be constant. For this problem definition with 2-machines, Sethi et al. [34]
proved that 1-unit cycles give the optimal solution. They also conjectured that
1-unit cycles give optimal solution for m-machine case. Later Crama et al. [4]
extended the results of Sethi et al. and proved that l-unit cycles also give
the optimal solution for the 3-machine case. Hall et al. {11] proved that for

2-machines multiple parts case 1-unit cycles are not necessarily optimal.

However, the workstations in a robotic cell are predominantly CNC
machines and they possess an operational flexibility by definition. Therefore,
assuming that the allocation of tasks are fixed on each CNC machine limits the
number of solution alternatives. In this paper we considered the problem of
finding the optimal robot move cycle while simultaneously allocating the tasks
to the machines in order to jointly minimize the cycle time. We proved that
the optimal robot move cycle is not necessarily a 1-unit cycle as Sethi et al

[34] proved but a 2-unit cycle may also be optimal for some parameter input.
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We also presented the regions of optimality for the robot move cycles. We
showed that the assumption of fixed allocation of tasks on each CNC machine
limits the number of solution alternatives. We proposed a new robot move
cycle which is a result of the assumption of operational flexibility. We proved
that this cycle gives a smaller cycle time than the common robot move cycles

considered in the literature.



Chapter 3

Robotic Task Allocation

3.1 Preliminaries and Problem Definition

In this section we give a formal definition of our problem and analyze the

restricted case of 1-unit robot move cycles.

We consider an in-line robotic cell of two identical machines which
repeatedly produces one type of product. There is no buffer between machines.

The layout of the cell can be seen in Figure 3.1.

Each of the identical parts has a number of tasks to be performed. The
processing times are assumed to be identical for every task in both of the
machines. Consistent with the existing literature (see [34]), the loading and
unloading times and the travel time of the robot from one station to a
consecutive station are all assumed to be constant. Furthermore, the robot
travel times satisfy the triangular equality, that is, for i < j < &, 8;; + dj1 = 0.
So, according to these definitions and assumptions, by using the classification
scheme of Hall et al. [11] we can define our problem as IRC2|k =1,4; = d,¢; =
€|C; with operational flexibility.

In the remainder of this section, we will show how to find the cycle times

17
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Machine 1 Machine 2
Input Buffer Output Buffer

I

R
Linear Tracks obot

AN

Figure 3.1: Inline Robotic Cell Layout

for 1-unit robot move cycles, and how to model the allocation problem as an

integer linear program.

3.1.1 Cycle Time Calculations

Firstly, let us recall the two 1-unit robot move cycles defined by Sethi et al.
[34]:

S1 = This can be represented by the robot activities as AgA;Ay. Initially the
system is empty and the robot is in front of the input buffer. After the

activities are performed, the robot returns to the input buffer.

S2 = This cycle is represented as ApAsA;. Initially, only the second machine
is loaded and the robot is in front of the input buffer. Then the robot

sequences these activities and returns to the input buffer.

Consider the robot move cycle S2 using i-allocation types. As defined formerly,
P;; is the processing time of a part which uses the 5% allocation type on machine
1 where j < i. Note that under this setting, the processing time of this part

on machine 2 is simply P — F;;.
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Then the cycle time for S1 can be found as follows:

Initially the two machines are empty and the robot is in front of the input
buffer. The cycle starts with this state of the system and must end up with
the same state as well. The robot first takes a part from the input buffer (¢),
transfers the part to machine 1 (9), loads this machine (€), waits in front of
the machine to finish the operation (Pi;), unloads the machine, transfers the
part to second machine and loads it (¢ + § + ¢€), waits in front of the machine
to finish the processing, (P — Py;), unloads machine 2, transfers the part to
output station (e + § + €)and turns back to the input buffer (35). Thus the
total cycle time is equal to:

Cfl=6e+65+ P, +P— Py
= C{' =6e+60 + P

The calculation of the cycle time of the robot move cycle S2 is somewhat
different than this one:
For this robot move cycle, initially the robot is in front of the input buffer,
however the first machine is empty but the second machine is loaded. The
robot takes a part from the input buffer, transports it to the first machine and
loads the first machine (e + 6 +€). In this cycle, the robot does not wait for the
machine to finish the operation but immediately after loading the first machine
goes to the second machine (§). Since the machine is initially loaded, the robot
has two alternatives: If the processing of the part is finished, robot unloads
the machine else if the processing is not finished yet, the robot waits for the
machine. So the waiting time for the robot in front of the second machine in
the first cycle is denoted by wj,. After this waiting (or O-waiting) time, the
robot unloads the second machine, transports the part to the output buffer
and places the part to the output buffer (e + & + ¢). Then it returns to the
first machine in order to unload the machine (26). Remember that the cycle is
defined as starting with an initial state of the system, the robot performs each
activity exactly once and ends up with the same state of the system with the
initial state. Thus the cycle is not completed yet. Again the robot either waits
for the machine in order to complete the processing and unloads the machine

afterwards or unloads the machine without waiting (wy;: waiting time for the
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first machine in the first cycle) (¢). Afterwards, the robot transports the part
to the second machine, loads the machine, and returns to the input buffer
(0 + € + 26). So the cycle is completed, and the cycle time is the following:
C5? = 66+ 85 + wyy + wip

Now let us find wy; and wyy. After loading the first machine robot makes
the following activities to return back to unload the first machine. It goes
to the second machine (§), it might wait (w;2), unloads the second machine
(€), transports the part to output buffer, places the part to the output buffer
and returns back to the first machine (§ + € + 24). Thus the robot spends
wyy + 2¢ + 46 time and if Pjy, the processing time of the first machine is less
than this time then the robot does not wait for the machine, else it waits a
time of P;; — wyo — (2¢ + 40). So we can represent this as follows:

wyy = maz{0, P;; — wis — (26 + 46)}

In the same manner we can find w;y as follows:

wig = maz{0, P12 — (2¢ + 49)}

As we can see, in calculation of wy; we require wig, but we do not require w;
in calculation of w;,. When we add up w;, and w,, by using the properties of
the max term we obtain the following relationship:

wyy + Wwig = maz{wi; wis + Py — wie — (2 +46)}

= maz{maz{0, Pz — (2¢ + 46)}, P1; — (2¢ + 40) }

= maz{0, Pia — (2¢ + 40), P11 — (2¢ + 46)}

Thus the cycle time of S2 is the following:

C52 = 6e + 86 + maz{0, Piz — (2¢ + 46), Py — (26 + 46)}

The calculation of all other robot move cycles are made in the same way.

3.1.2 Modeling the Problem

Now consider the problem of allocating the tasks-to the machines for these two
1-unit robot move cycles. For S1 there is no allocation problem since whatever
the allocation of the tasks is, the cycle time is the same. However, for 52
there is an allocation problem to be solved. Since the number of allocation

types to be used in producing the parts in the queue is not known a priori, this
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makes the problem more complicated to solve. There may be one-allocation
type, which means that all of the parts will be processed according to the same
allocation type or there may be as much allocation types as the number of
parts in the queue, which means that each part will be processed according to
a different allocation type. If the problem is to find the allocation of tasks given

that one-allocation type will used, the model can be constructed as follows:

min C; = 6€ + 85 + maz {0, P11 — (2¢ + 49), (P — P11) — (2¢ + 49)}
st Tip +Tiz=1 1=1,2,...,p

z € {0,1}
where

Py =tz +toxor +... + tp.’L’pl,
(P — Pu) =11T12 +taTag + ... + pLpo

mboxand

1, if task 7 is allocated to j** machine i _
Tij = 1=1,2,...p and j=1,2.

0, otherwise
The objective function minimizes the cycle time while the only constraint states
that the same task for one part cannot be allocated to both machines at the
same time.
Although this is not a linear programming model we can linearize it as follows:
Let

z = 6€ + 86 + max{0, Py — (2¢ + 46), (P — P11) — (2¢ +40)}

We should adjust the constraints as follows:
z2—6e6—80>0

z — 66 — 83 > Py — (2¢ + 46)

z —6e—86 > (P — Pyy) — (2¢ + 49)
Resulting is the following ILP model:
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min 2z

st z > 6e + 80
2> P +4e+40
2> (P — Pyy) +4e+40
Thtze=1i=12..,p
z € {0,1}

Now let us show how to model the problem for two-allocation type S2.
The sequence of activities is still 49AsA4,, however, since the allocation type
changes from one cycle to other, the processing time on the first and the second
machines will change. Thus, in order to find the cycle time for this case we
simply multiply 6¢ + 8 by 2, however, the rest depends on the allocation type

and is as follows:

Cy=12¢+ 166 +maz{0, (P — P) — (26 + 40), Po1 — (2¢ + 46)}
+maz{0, (P — Pa1) — (2¢ + 40), P2 — (2 + 40)}
where
Py =tz + tazor + ..+ 6Ty,
(P — Pyy) = t1T12 + toZas + . . . + tpTp2,
Py = tyyn + toYor + ... + tpYp1, and
(P — Pa) = tiyhe +tayon + ... + pYpm

So the mathematical model for this case is the following and a similar

linearization will translate the model into a linear program.

min C;

st zTaptzT=11i=12,...,p
Yin+Ye=11:1=12...,p
z € {0,1} and y € {0,1}

For using three or more allocation types, the cycle times and the
corresponding linear programs can be found in the same manner. One way

of solving this problem is to consider all possible robot move cycles and for
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each robot move cycle consider all possible number of allocation types. For
one robot move cycle the number of allocation types to be considered is as
much as the number of parts in the queue. Thus, we have to develop and solve
a different LP model for all possible number of allocation types, for each robot
move cycle. Then by comparing the cycle times of all robot move cycles for
which the optimal allocations are found, we can find the optimal allocation of
tasks and the corresponding robot move cycle. However, since there may be a
great number of parts in the queue and since there are a great number of robot
move cycles when we include higher unit ones, solving the problem by this way
is burdensome and furthermore, if we assume the number of parts in the queue
to be infinite, solving the problem by this way is not possible. Thus, we need
another way and in the next section we will describe our solution procedure

for this problem.

The remainder of the chapter is organized as follows. In the next section,
the task allocation problem is described. In section 3.3, we will introduce a
new robot move cycle which is a result of assuming operational flexibility. In

section 3.4, we comment on the results.

3.2 Solution procedure for task allocation

problem

In this section we will review two additional robot move sequences from the
literature so that we can represent higher unit robot move cycles. Next, we
will prove Lemmas 3.1, 3.2 and 3.3, which will jointly show that the optimal
solution to the problem of robotic cell scheduling with operational flexibility
is one of the three robot move cycles which will be defined in the following
paragraphs. In Theorems 3.1 and 3.2 we find the optimal number of allocation
types for these three robot move cycles. The main result of the study will be
provided with Theorem 3.3. This theorem will provide intervals where each of

the three robot move cycles are optimal.
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In addition to the 1-umit robot move cycles, S1 and S2, Hall et al. [L1]
define two more robot move sequences. They are not feasible robot move
cycles by themselves, since the starting and the ending states depend on the
preceding and following robot movements. Unless we know the preceding and
the following robot movements, we cannot represent these cycles by the help

of robot activities.

Si2 = The transition movement of the robot from performing cycle S1 to S2.
The robot uses cycle S1 during processing of part 7 on first machine, and

cycle S2 during processing on the second machine.

So1 = The transition movement of the robot from performing cycle 52 to S1,
in which, the robot uses cycle S2 during processing of part ¢ on the first

machine, and cycle S1 during processing on the second machine.

Hall et al. [11] show that for 2-machine case, we can represent any
robot move cycle by the four robot move sequences: S1, 52, Si» and Sy;.
For example, a 3-unit robot move cycle can be represented as S1S515S59;
and in terms of the robot activities this is equivalent to the sequence
AgA1A2AgA1 AgAs AL As. Si2 and Sy are not robot move cycles by themselves
and they can not be represented as a fixed sequence of activities. The activity
sequence for these two depends on the preceding and the following robot move
sequences. Thus, in this activity sequence we do not know which activity
belongs to which cycle. The same cycle can also be represented as S;55;51.
The difference is the starting and the ending points of the cycle but both give
the same cycle time. However, we are not entirely free in representing robot
move cycles by these four sequences. For example, S1 cannot be followed by
S2 since at the end of cycle S1 both machines are empty and the robot is in
front of the input buffer in order to take a part and load machine 1. If S1 is
followed by S2 then, while performing S2 the robot will try to unload machine
2 which is already empty and this violates the basic assumption of Crama et

al. [5]. By the same methodology we can derive the following:

i- S1 can be followed by either S1 or Ss.
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Figure 3.2: Transition Graph

ii- S2 can be followed by either S2 or Sy;.
iii- Si2 can be followed by either Sy; or S2.

iv- Sy; can be followed by either Si5 or S1.

We can represent the set of all allowable moves by the transition graph shown

in Figure 3.2.

Lemma 3.1 (Hall et al. [11]) In any feasible robot move cycle the number of

S12 sequences is equal to the number of S9, sequences.

Proof. In Figure 2 we see that robot move sequence S;3 must be preceded by
S1 or So, and followed by S2 or Ss;,. Since the schedule is cyclic, it follows
that the number of transitions from S1 into S2 (using Si2) must equal the

number of transitions from S2 into S1 (using Sa;) 0

Before proceeding with the next lemma, let us note that though neither
Sio nor Sy; are complete cycles, both sequences S13S521 and S5, are 2-

unit complete robot move cycles resulting from the robot activity sequence



CHAPTER 3. ROBOTIC TASK ALLOCATION 26

A0A1A0A2A1A2.

Lemma 3.2 Cycle time of any n-unit robot move cycle is the summation of
the cycle times of three robot move cycles S1, Sy and 5125, in corresponding

numbers that form the n-unit robot move cycle.

Proof. We previously mentioned that for 2-machine case, any m-unit robot
move cycle is a repetitive sequence of S1, S2, Si3 and Se;. Let us first analyze
S1. The four possible sequences of S1 with the preceding and following robot
move cycles with corresponding activity sequences are:

S151S1: ... Ax(ApA142) A, . ..

S1S518S19: ... A2(AgA1Az) A . ..

S515151: ... A2(AgA1Ar) Ay - ..

S21S1S12: ... Ax(AgA142)Ap . ..

In all the cases the preceding activity of cycle S1 is A; and the following one
is Ag. Then the initial and the final states of the system before and after
performing cycle S1 are the same. Thus, if we remove the activities of S1,
(ApA;Az), the remaining sequence will still correspond to a valid cycle. So we
can remove the activities of all S1 cycles and consider the cycle time of the
remaining activities and the total cycle time of the removed S1 cycles at the

end to find the cycle time of the n-unit robot move cycle.

By following a similar sequence of arguments, the same result can be
achieved for cycle S2 also. Thus, we can remove cycles S1 and S2, consider
the rest, and add up the cycle times of the removed cycles at the end. After
we remove cycles S1 and 52, we are left with an alternating sequence of Siy
and Ss;. Then the cycle time of the n-unit robot move cycle can be found by
the summation of the cycle times of S1, 52 and 513591 cycles that form the

n-unit robot move cycle. a

Lemma 3.3 At least one of the cycles S1, S2 or 512591 has a cycle time that

is less than or equal to the cycle time of any given n-unit robot move cycle.
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Proof. Let us consider any n-unit robot move cycle. This cycle can be
expressed as a vector (by, by, b3), where b, (respectively, by, b3) is the number of -
S1 (respectively, 52, S125,1) cycles used to form the n-unit robot move cycle.
Note that S1 and S2 are 1-unit robot move cycles and 515S55; is a 2-unit robot
move cycle. Suppose that C7' is the total cycle time of the n-unit robot move
cycle to produce n parts. So the cycle time to produce one part with this robot

T

move cycle is (gn‘—) Using Lemma 3.2 we have:

cS12521

or ()& + 02)(55) + (bs) (S5—)

n b1+b2+b3

Let us choose among the robot move cycles forming the n-unit robot move
cycle the one with minimum cycle time to produce one part. Assume without

loss of generality that this cycle is S1. Then,
S128
Cfl < Cf?and G < -C—‘—I;l Thus, we can derive the following inequality:

512521
Cr (01)(CSY) + (6:)(CF?) + (53)(S5—) _ (CEY)(bi+b2+b3) O} _ s
n bl+b2+b3 b1+b2+b3 n

Lemma 3.2 and Lemma 3.3 together state that the solution to IRC2[k =
1,6; = d,¢; = €|C, is one of the three robot move cycles: S1, S2 or S125,;. In
Theorem 3.3 we will extend this result and present regions of optimality for
each of these three cycles. Prior to that, we shall prove Theorems 3.1 and 3.2,
which will help us find the optimal number of allocation types to be used along
with S2 and S12591 cycles, respectively. Now let us consider an example which

will shed light on why we need to find out the optimal number of allocation

types.

Example 3.1 Let us consider using the 1-unit robot move cycle S2. Assume
that we have 5 tasks to be completed and each of them has a processing time
of 10. So P = 50. Take ¢ = 1 and § = 2. If we assumed, as done in the
current literature, that the allocation is fixed and first two tasks are allocated
to the first machine and the next three are allocated to the second machine

(the optimal allocation for this case) then the cycle time would be: C; =
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6 x 1+ 8 x 2+ maz{0, (30 — 10), (20 — 10)} = 42. However, if two-allocation
types are used: in the first cycle we allocate two tasks to the first machine
and the next three to the second machine and in the second cycle we allocate
three tasks to the first machine and the next two to the second machine. So
the processing times in the first cycle will be 20 — 30 and in the second cycle
30 — 20. Then, the cycle time to produce two parts is:

C; = 12x1+16x2+maz{0, (30—10), (30—10) } +maz{0, (20-10), (20—10)} =
74

and thus, to produce one part the cycle time is 37 which is less than 42. This
example clearly shows that fixing the processing times on each CNC machine

unnecessarily limits the number of alternatives.

Theorem 3.1 Under the robot move cycle S2, using two allocation types is
better than using any number of allocation types. Moreover, the odd numbered
allocation type alternatives follow a decreasing cycle time sequence. In the
limit (assume unlimited number of parts in the queue), the cycle time of an

odd numbered allocation type converges to that of using two-allocation type S2.

Proof. Before we prove this theorem, recall that under the robot move cycle

52, the cycle time of using two allocation types is:

Cy =12¢ + 160 +maz{0, (P — Py) — (26 + 49), Py; — (2¢ + 44)}

+maz{0, (P — Py) — (2¢ + 40), Pz — (26 + 40)} @

We need to find the cycle time for k-allocation type S2. Consider the I robot
move cycle of k-allocation type S2, ! < k. Initially the second machine is loaded
with a part which has (I — 1)®* allocation type. The robot activity sequence is
ApAsA,. Thus, the cycle time can be found as: 6e + 85 + wg—-1)2 +wi

where w;; is defined as the waiting time of the robot in front of machine j for

the part which has it* allocation type to be processed. More specifically:
w(-1)2 = maz{0, (P—Pyy-1))—(26+46)} and wy = maz{0, Py—(2e+46+wg_1)2)}
After a few manipulations the cycle time can be simpliﬁed as:

Ct = 6e+ 80 + ma:r:{O, (P - Pk(l—l)) - (26 + 45), Plcl - (26 + 4(5)}
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If | = 1, then (I — 1)** allocation is the k** allocation type since after the &
allocation type, the first allocation type will be used again. Thus, if we add
up the cycle times of all robot move cycles in a k-allocation type S2, the cycle

time becomes:

C; =6(k)e+8(k)d +mazx{0, Py — (2¢ +46), (P — Prx) — (2¢ + 40)}
+maz{0, Py — (2¢ + 43), (P — Pyy) — (2¢ + 44)}
+maz{0, Pes — (2¢ + 46), (P — Py2) — (2e + 46)}
+...
+maz{0, Prx — (2€ +49), (P — Py—1)) — (26 + 49)}
(2)

Let us define Maz; as the i maxz term in the above formulation.

Our aim is to minimize C;. We need to consider the following cases:

1 - In the ideal situation, it is possible to allocate the tasks to these two
machines such that the sum of the task times that are allocated to first
machine is equal to the sum of the task times allocated to second machine,
ie., Py =% Vie[l...k]. In this case the cycle time simplifies to:

y { 6e+85  if £

r P ¢ P

de+40+5 if 5

2 - Assume the tasks cannot be partitioned among the machines equally. We
need to analyze the following sub-cases comparing each partition against

the value of 2¢ + 46.

2.1 - If the tasks can be divided among the two machines such that each
machine has a total task time of at most 2¢ + 46, i.e., Pi; < 2¢ + 46
and P — P; < 2¢ + 46 for all 4, then each Maz; term vanishes in
(2) and we have

C; = 66+ 86

2.2 - If there is a possible partition such that both Pr; > 2e + 46 and

P-—P;; > 2e+46 foralli € [1...n], then analyzing the cross relation

between Maz; and Maz;y; in (2), the best allocation would simply
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be to set Plci =P — Plci—l Vi € [2 /{3] and Plcl =P - Plclc- With

this allocation we have:

P _ :
Mag, = k1 — (2¢ + 49) for i odd l<i<k
(P — Pr1) — (2¢+45) fori even
Hence.
_ 66+8(5+H42£*-§l if k£ is even
b€ + 80 + EL(P — (4e + 86)) + 2=CttD) it k i5 odd
and P 5
lim = 6e+ 85+ L (T8
k—o0, k odd 2

2.3 If the only possibility is one partition having a total task time of at
least 2¢ + 4 and the other one at most 2¢ + 44, a similar analysis
yields the same allocation as in case 2.2 optimum, i.e., Py = P —
Pri—1 Vi € [2...k] and Py = P — Py. Now assume without loss of
generality that Py > 2e +46 and (P — Py1) < (2¢+ 44). Then each

max term in (2) becomes:

Maz; =

{Pkl—(26+4<5) fori odd | . _

for i even
Hence, the cycle time of producing one unit is

_ 6<-:+8<5+P’°—‘_—%5i—4§2 if k is even
"7 Be+ 86+ EL(P — (2¢+ 45)) + Puz@H) i ks 044

and

lim C,=6e+85+ Per — (2 + 49)
k—00, k odd 2

A simple comparison against equation (1) reveals that we achieve the

statements of the theorem in all the cases. O

We shall now consider a numerical example for concreteness.

Example 3.2 Let us consider the same values as in Example 3.1. We have 5

tasks to be completed and each of them has a processing time of 10. So P = 50
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Figure 3.3: Convergence of odd number of different allocations to even number

of different allocations for Example 10

and we cannot divide the tasks equally. 2¢ + 46 = 10 and we can divide the

tasks such that both partitions are greater than 10. So this definition leads us

to case 2.2 in the proof of Theorem 3.1. The trivial solution is allocating 2 tasks

to first machine and 3 tasks to second machine or vice versa. Let us consider

how the results change when the number of allocation types is changed. Since

6e + 86 is the same for all of the terms, let us consider only the maz terms.

Using one-allocation type S2: 30 — 10 = 20

Using two : 252 =15
. . 2(30-10)+50-30-10 __ 50
Using three : 3 =3
Using four : 252 =15
. 0— —30—
Using five : 3(3 10)+25(50 30-10) _ g
- . 110
Using seven : =3
o nine - 140
Using nine : 5

Figure 3.3 depicts the fact that the cycle time of using odd number allocation

type S2 converges to that of using two-allocation type S2.

In what follows we will prove a similar statement for 2-unit robot move
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cycle, S12521, however, we first need to define the decision variable for cvcle
S12S521 that parallels P;; of S2.

Definition 3.1 Consider the robot move cycle S12521 in which i allocation
types are available. Q;; is the processing time of a part which has j** allocation
type on machine 1, where j < i. Note that under this setting, the processing

time of this part on machine 2 is P — ;5.

Theorem 3.2 For 2-unit robot move cycle S1252, using two allocation types

is better than using any number of allocation types.

Proof. The cycle time for one-allocation type S;2571 can be derived as:
Ct = 12¢ + 146 + Qu + (P — Qu) + Wy + Wig

where, w; = maz{0, Q11 — (2¢ + 46 + wy2)} and w2 = maz{0, (P — Q11) —
(2¢ + 49)}. In other words,

Ci = 126 + 146 + P + maz{0,Qy; — (2¢ + 49), (P — Qu) — (2¢ + 46)}
Assume without loss of generality that Q1; > (P —Q11). So we have two cases:
1 - If we can partition the tasks such that @Q;; < 2¢+ 46 then the cycle time

is
Ci=12¢+ 146+ P

2 - If Q11 > 2¢ + 46 then the cycle time is

Ci=12¢+ 146 + P+ Qu — (2¢ +49) > 12¢ + 146 + P

o

>0

Now consider the case when we have two different allocation types and the

parts are processed according to these two types in turn;

Ci =12¢ + 140 + Q9 + (P - Qa1) +wiy +wae
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where wy; = maz{0, Q2 — (2€ + 45 + wya)} and wyy = maz{0, (P — Q22) —
(2¢ + 40)}. In other words,

C,= 126+14(5+Q22+(P—Qzl)-f-ma.’l,‘{o, (2% ‘(26+45), (P—Qgg) —(26+45)}

A trivial solution is found by letting Q2 = (P—Q22) = P, thus (P—Q2) =
(222 = 0. In words, in the first cycle all of the tasks are allocated to the first
machine and in the second cycle all of the tasks are allocated to the second

machine. The cycle time for this solution is:

C:{1ze+145 P <2446
10e +100 + P P > 2e¢+ 40
Comparing the using of one-allocation type with the using of two-allocation
types, one can easily verify that for one-allocation type, in all of the cases C; is
always greater than or equal to 12e 4146 + P and for two-allocation type, in all
of the cases C} is always less than or equal to 12¢ + 146 + P. Thus, we say that

using two-allocation type always gives better results than usihg one-allocation

type.

Now let us consider using more than two allocation types. For using an
even number of allocation types, say 2k, since S12.55; is a 2-unit robot move
cycle, we will consider repeating the robot move cycle £ times to produce all
2k parts. Let us consider the it repetition (i < k) of the robot move cycle. In
this repetition allocation types (27 — 1) and 2i will be considered. So the cycle

time of the i** cycle is:

Ci = 12¢+ 140 + Qaky(2i) + (P — Qezy2i-1))
+maz{0, Quary2i-1) — (2¢ +49), (P — Qak)2s)) — (2¢ +49)}

The optimal allocation for this cycle is letting Q(ax)2i)=0 and P —Qaky(2i-1) =0
and this yields:

10e +106 + P P > 2e+ 44

This allocation is the same as two-allocation type S1259;. Thus we conclude

_{126+145 P<2+45

that using 2k-allocation type S1952; is the same as using two-allocation type

S1259; and repeating it & times.
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Now let us consider using an odd number of allocation types, say 2k — 1.

The following allocation types will be used in each repetition of S;2S59:

1 2 k (k+1) (26—1)
e — - - - —— - -~ a—"
land 2,3 and 4, ..., (2k—1) and 1, 2 and 3, ..., (2k — 2) and (2k — 1)

The cycle times of cycles if we consider allocation types (i — 1) and 4, and
i and (i + 1) are as follows respectively:

Ct = 126 + 146 + Qar—1)i + (P — Qak—1)ii-1)) + Wii—1y1 + Wa

Cr = 12e + 140 + Qp-1)i+1) + (P — Qak—1)i) + Wit + W(ir1)2

If we add up these two cycle times the resulting one is:

Cy = 24e+280+ P+ Qar—1)(i+1) + (P — Q(zk-1)(i-1)) + W(im1)1 + Wi + Wiz +W(i1)2
As we can see, in this summation, the processing times of the part with the %"
allocation type on the first and second machines add up to P. Thus, if we take
the summation of the cycle times of all cycles, all of the processing times of
all allocation types on the first and second machine will add up to (2k — 1) P.
So if we calculate the cycle time to produce one part with (2k — 1)-allocation
type Si252::

Wi + Wiz + War + Wae + ... + Wizk-1)1 + W(ak—1)2
2k -1

Cy = 12e+146+P+ > 12e+146+P

In conclusion, we say that, two-allocation type S;252; gives the optimal result

for 2-unit robot move cycles. o

Now we can present the main results of this chapter, but first note that,
in Theorem 3.1 we prove that the optimal number of allocation types for S2
is two and the optimal allocation is reached by letting Po; = P — P,y and
P — Py = Pp,.

Theorem 3.3 For IRC2lk = 1,; = 6,¢; = €|Cy with the assumption of
operational flexibility, one of the robot move cycles S1, S2 or S12S3, gives
the minimum cycle time among the robot move cycles that are reported in the

literature and the following holds:

1- If 0 < P < ¢ then S1 gives the minimum cycle time,

2- If 6 < P < 2¢+ 66 then 51959, gives the minimum cycle time,
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3- If P > 2¢ + 60 then

3.1- If (P21 Z 26+4(5) A ((P— PZI) < 2€+46) then
3.1.1- If P < Py + 28 then S13Ss5; gives the minimum cycle time,
3.1.2- Else S52 gives the minimum cycle time,

3.2- Else S2 give the minimum cycle time.

Proof. Lemma 3.2 and Lemma 3.3 jointly prove that for IRC2|k = 1,6; =
d,¢; = €|Cy with the assumption of operational flexibility, either S1 or S2 or

S12S591 gives the minimum cycle time. Now let us consider each region given in

the theorem separately. For 52 and S13S521, it is proved in Theorems 3.1 and

3.2 respectively that using two allocation types is optimal.

1-

If 0 < P < 4, the cycle times of S1, S2 and 5125 (to produce one part)
are as follows:

Cl =6e+66 + P

C5?% = 6¢ + 89

CozSn — Ge 4 76.

Since in this region P < § then C’fl < 6¢ + 74. Thus we conclude that

in this region S1 gives the minimum cycle time.

If § < P < 2¢+ 64 then the cycle times are:

CPl =6e+65+ P
gs_ [ e85 if (Py1 < 2+ 46) A (P — Py1) < 2¢ + 46)
66+8(5+P21—(26+45), if Pyy > 2¢ 4+ 46

C't512521 — e + 767 if P < 2e+ 44
5e+56+ £, if P>2e+46
A simple comparison reveals that C;'252! is the minimum for this range.

If P > 2¢ + 66 then the cycle times are:

CP' = 6e+66 + P
66+8(5, if (P21 S 26-{-4(5)/\ ((P—le) S 26+45)

CP? =14 de+46+ £,  if (Po > 2+ 46) A ((P — Pa1) > 2e + 46)
e+ 66+ £, if (Py > 2e 4+ 40) A (P — Pa1) < 2¢ + 40)
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CFas = 5e 455+ £

Thus, in this region, if (Py; > 2¢ + 46) A (P — Py) < 2¢ + 49), S1252
is better than S2 if and only if P < Py, + 2. For all other cases, S2 is
better than S;955;.

This completes the proof. a

The following numerical example is intended to depict the results obtained

thus far.

Example 3.3 Let us take ¢ = 10 and 6 = 10. Since there is no allocation
problem for S1 and S)255;, their cycle times can be represented graphically as
shown in Figure 3.4. On the other hand, the best allocation for 52 was to let
Py = (P—Py). If P < 2¢+44, then (Py; < 2e+40)A((P—Po1) < 2e+46), thus
the cycle time is 6¢ + 85. If P > 2¢ + 46, the cycle time of $2 depends on the
allocation, but we can still find upper and lower bounds for it. The upper bound
is obtained by letting P = (P~ Py3) = P and thus P = (P—Py;) =0, so the
cycle time is 5e+ 55 + g. The lower bound is obtained by letting Py, < 2¢+ 44,
and (P — Py) < 2¢ + 46, so the cycle time is 6¢ + 85. However, this condition
can only hold for P < 4e+ 8§. After this point the lower bound is obtained by
letting Py; > 2e+446, and (P — Pyg) > 26+ 44, and the cycle time is 4e +45 + g.

In summary, Figure 3.4 shows how the cycle times of the three robot move
cycles change with respect to total processing time. The boldly dashed lower
envelope shows the optimal solution to the problem. As we can see, for P >
2¢ + 46 the cycle time of 52 may take any value between the upper and lower
bounds shown as the dashed region depending on the allocation of tasks. Thus,
the solution changes according to the allocation of tasks after the point where
the cycle times of S1255; and S2 intersect, that is, for P > 2¢ + 60 and the
solution can be anywhere between the two boldly dashed lines in the graph
depending on the allocation of the tasks. For P < 2¢ + 64, we know the exact

solution and there is no allocation problem in this region.

In the following section we will propose a new robot move cycle which is a
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Figure 3.4: Change of cycle times according to P

direct result of assuming operational flexibility and we will prove that this new

cycle is better than all of the robot move cycles reported in the literature.

3.3 A new robot move cycle

Our assumption in the problem definition was that, all of the tasks can be
allocated to only one machine and each machine has the capacity of performing
all of the tasks. This problem can also be viewed as a parallel machine
scheduling problem with a common server as described in Hall et al.[13]. The
operational flexibility of CNC machines allows the possibility of a new cycle.
With our new cycle the robot does not have to transfer parts between two
consecutive machines but may transfer from any machine labelled ¢ to any

other labelled j such that ¢ < j. We require this forward behavior since the
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parts cannot turn back from a machine to input buffer or from output buffer
to a machine or input buffer etc. This new behavior necessitates definition of

new robot activities. Let,

A;; = The robot activity in which the robot unloads machine i, transfers

the part from machine ¢ to machine j, and loads machine j.

By using these activities, we have a new cycle.

Definition 3.2 Ag1AgaAi3As3: The robot first loads machine 1 and later loads
machine 2, all of the tasks will be processed by only one machine so, next
activity for the robot is to turn back to machine 1, if necessary wait in front
of this machine and unload the machine, transfer the part to output buffer,
then turn back to machine 2, if necessary wait for the machine to finish the

processing of the part, unload machine 2 and transfer the part to output buffer.

Note that no additional assumptions are made in the definition of this new
cycle. The cycle time is given by: C;, = 8¢ + 12§ + w;y + w,y where w, is the
waiting time of the robot in front of the first machine and ws is the waiting time
of the robot in front of the second machine. In other words, w; = maz{0, P —
(2¢ + 40)} and wy = maz{0, P — (2¢ + 4 + w1)} and the cycle time becomes:
C; = 8¢ + 126 + max {0, P — (2¢ + 49) }. Since two parts are produced at the

end of this cycle, our new cycle is a 2-unit cycle.

The next theorem will establish another important contribution of this

thesis.

Theorem 3.4 For IRC2|k = 1,0; = §,¢; = €|Cy, the new robot move cycle,

Agi1 Aga A13Aas, gives the minimum cycle time.

Proof. In order to prove this, let us compare the new robot move cycle with
the three robot move cycles of Theorem 3.3, which are proved to give the
minimum cycle time among the robot move cycles that are reported in the

literature. First let us compare S1 with the new cycle. Since S1 is a one unit
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cycle and our new cycle is a two unit cycle, in order to compare these two, let
us multiply the cycle time of S1 with 2. Thus, we will compare 12¢ + 140 + 2P
with 8¢ + 125 + maxz{0, P — (2¢ + 40)}. We easily conclude that the new cycle
is always better than S1.

While analyzing 52 we showed that the optimal partition, if possible, is
the equal one and we also proved that two-allocation type S2 is better than
any other number of allocation types. Thus, let us use two-allocation type 52,
and let us assume we divided the tasks equally (even if this is not attainable
according to the given task times, we get a lower bound for the cycle time of

S2). The cycle time for two-allocation S2 was:

Ct = 12¢ + 166 +ma:1;{0, P21 - (26 + 45), (P ad P22) - (26 + 4(5)}
+maz{0, (P — Pyy) — (2€ + 48), Py2 — (2¢ + 49)}

and to get the lower bound we use P/2 for Py, (P — Py;), Pag, and (P — Pyy).

In particular,

1- If P < 2e¢+ 46, for S2 the cycle time is 12¢ + 160 and for the new cycle
the cycle time is 8¢ + 124. Thus, for this case new cycle is better than
S2.

2 - If P > 2e+46 but P/2 < 2e+ 46 then for S2, C; = 12¢ + 166 and for the
new cycle, C; = 6¢ + 85 + P. Thus, the new cycle is better than S2 for

this case as well.

3 - If P/2 > 2¢+ 44, then the cycle time for S2 is C; = 8¢ + 83 + P and the
cycle time for the new cycle is C; = 6¢ + 89 + P. Once more, the new
cycle is better than S2.

Lastly, let us 'compare the new cycle with S1252;. For two-allocation type
512591 the cycle time was: C; = 12¢ + 140 + P2 + Po; + maz{0, Py — (2¢ +
49), Piy — (2e + 49)}.

We also proved that the ideal is achieved by letting Py = Py; = 0 and Pj; =
Py, = P. Thus, the cycl(; time is C; = 12¢ + 146 + maz{0, P — (2¢ + 44)}.
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Figure 3.5: Robot Centered Cell Layout

A simple analysis shows that the new cycle is also better than 51255,. This

completes the proof. o

In the beginning of this chapter, we assumed an in-line robotic cell. For
this layout we proved that if we assume operational flexibility a new cycle,
Ap ApaAy3Ass, gives better results than all of the common cycles reported in
the literature. Now we will prove that if the layout of the cell is changed to
a robot-centered cell, we reduce the cycle time even further. The new layout

can be seen in Figure 3.5.

Theorem 3.5 Changing the layout from in-line robotic cell to robot-centered
cell reduces the cycle time of the new cycle even further while the cycle times

of the other robot move cycles remain the same.

Proof. We first show that changing the layout reduces the cycle time for the

new robot move cycle. If we use the in-line robotic cell, the cycle time for
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the new cycle is: Cy = 8¢ + 12§ + maz{0, P — (2¢ 4+ 40)}. If we use a robot
centered cell, the new cycle time becomes C; = 8¢ + 126 + w,; + wyo where
wy = maz{0, P — (2¢ + 40)} and w;z = {0,P — (2¢ + 40 + wy1)}. More
compactly, C; = 8¢ + 108 +maxz{0, P — (2¢ +40)}. We conclude that changing

the layout proves to be favorable.

We now proceed to show that the new layout does not change the cycle

times of the original three cycles.

i-

it -

iii -

For 51, the cycle time for in-line robotic cell layout was C; = 6¢ +66 + P
and with the robot centered cell layout the cycle time becomes C, =
6e + 60 + a + b where a and b are the processing times of the parts on
the first and the second machines respectively. Hence, C; = 6e + 66 + P

so the cycle time does not change with change of the layout.

For S2 we proved that the optimal is using two different types of
allocation. Clearly, this result does not change with layout. The cycle

time with in-line robotic cell was:

Cy =12¢+ 166 +maz{0, Py — (2¢ + 49), (P — Pa2) — (2¢ + 44)}
+maz{0, (P — Py ) — (2¢ + 40), Py — (2¢ + 49)}

The cycle time with the robot centered cell layout is: C; = 12¢ + 166 +
W1y + Wi +Wae +wse where wyy +wae = mazx{0, Py — (26+46), (P — Py) —
(2¢+46)} and wi2 +we; = maz{0, (P — Py ) — (2 +40), Py — (2 +46) }.
Thus the cycle time for S2 does not change with the change of layout.

For S1355 using two different allocation types (optimal) with the in-line
robotic cell layout the cycle time is:

Cy =126+ 146 + Qoo + (P — Qo1) + maz {0, Qo; — (26 + 46), (P — Qq2) —
(2¢ + 46)}.

The cycle time with the robot centered ceH layout is: C; = 12¢ + 144 +
Q22+ (P — Q2) + wyy + wye where, wy; = maz{0,Qa — (26 + 4 + way)}
and wey = maz{0, (P— Qo) — (2¢+44)}. Since wy; +way = maz{0, Qo ~
(2¢ + 40), (P — Q22) — (2¢ + 40)} we conclude that the change of layout

does not change the cycle time of S1555;. o
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3.4 Conclusion

In this chapter, we considered the two machine identical parts robotic cell
scheduling problem with operational flexibility. Since the machines in a robotic
cell are predominantly CNC machines, the assumption of operational flexibility
is a realistic one. With this definition of the problem, each part has a number of
tasks to be processed and the problem is to allocate these tasks to the machines
and is to find the corresponding robot move cycle that jointly minimize the

cycle time.

This problem could also be solved by modeling and solving ILP models,
however, since there may be infinite number of models to be developed
and solved this procedure may not be tractable and it is very burdensome.
Therefore, we presented a new solution procedure. First of all in lemmas 3.1,
3.2 and 3.3, we proved that the number of robot move cycles to be considered is
three. In theorem 3.1 and 3.2 we proved that the optimal number of allocation
types to be used with S2 and S;25s, is two. The main results of this chapter
are given in Theorems 3.3, 3.4 and 3.5. In Theorem 3.3, we proved that
the optimal robot move cycle is not necessarily a 1-unit cycle as Sethi et al.
[34] prescribes, but a 2-unit robot move cycle may also be optimal for some
parameter inputs and we provided the regions of optimality for each robot
move cycle. In Theorem 3.4, we proposed a new robot move cycle and proved
that this cycle is not only simple and practical, but also gives the best cycle
time among all of the robot move cycles reported in the literature. In Theorem
3.5, we proved that changing the layout from an in-line robotic cell to a robot-
centered cell reduces the cycle time of the new cycle even further while the rest

remains the same.

In the next chapter we will consider a variation of the problem considered
in this chapter. CNC machines possess an operational flexibility, that is, these
machines are capable of performing different tasks. However, these tasks are
performed by different tools and these tools are placed in the tool magazines of
the machines. The tool magazines have a limited capacity. Thus assuming that

the machines are capable of performing all of the tasks may not be a realistic
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assumption in certain cases. Thus, in the next chapter we will assume that
a given set of tasks can onfy be processed in the first machine while certain
tasks can only be processed in the second machine, and the remaining tasks
can be processed on both machines. The problem to be considered is to find
the allocation of the tasks that can be assigned to either one of the machines
and to find the corresponding robot move cycle that jointly minimize the cycle

time.



Chapter 4

Scheduling with Tooling

Constraints

4.1 Introduction and Problem Definition

In this chapter, we will consider a variation of the problem of Chapter 3. It
is well known that a robotic cell contains a robot system and programmable
computer numerically controlled (CNC) machines (Noh and Herring 1988).
These CNC machines have the capability of performing different tasks.
However, they use different tools to perform these different tasks. The tools
are placed and stored in the tool magazines of these machines. In the previous
chapter we assumed that these machines have the capability to perform all of
the tasks to produce a given part. In this chapter we assume that the CNC
machines are equipped with a limited tool magazine capacity, and thus they are
not capable of performing all of the required tasks but rather we assume that
we have three sets of tasks. The first set, 77, is the set of tasks that can only
be processed on machine 1, 75 is the set of tasks that can only be processed on
the second machine, and T is the set of tasks that can be processed on both
machines. So the new definition of the problem is to find the optimal robot

move sequence with the corresponding allocation of tasks that are in set T' that

44
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jointly minimize the cycle time.

For this variation of the problem we proved that Lemmas 3.1, 3.2 and 3.3
of the previous chapter are still valid, which reduced the number of robot move
cycles to be considered to three. We proved in Theorem 4.1 that for the robot
move cycle S2, using two-allocation types is not optimal in some regions and
we proved that in these regions using one-allocation type S2 is optimal. In
Theorem 4.2, we proved that for robot move cycle S12S52; using two-allocation
types is still optimal. The final solution of the considered problem is presented
in Theorem 4.3 where we presented regions of optimality for each robot move

cycle.

4.2 Solution Procedure

For this definition of the problem, we can also find the optimum solution by
solving similar ILP models presented in Section 3.1. However, because of the
reasons mentioned then, this is not an easy and efficient way to solve the
problem. Thus, we will proceed in the same way and try to solve the problem
algebraically. First of all we have to prove or disprove that the theorems and
lemmas of the first part are still valid for this variation of the problem too.
In this part we only changed the cycle times of the three robot move cycles
but not the basic assumptions and the feasibility constraints. Since Lemmas
3.1, 3.2 and 3.3 do not depend on the cycle times, any change on the cycle
times will not effect the validity of these lemmas. However, Theorems 3.1 and
3.2 depend on cycle times of the robot move cycles and any change in cycle
times will affect these theorems. Thus, more detailed analysis is required for

the validity of these theorems.

Lemma 3.1 states that in any feasible robot move cycle, the number of S}
cycles is equivalent to So; cycles. This is still valid because the constraints
about which cycles can be followed by which ones did not change in this

variation of the problem and the proof of this lemma depends on the definition
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of robot move cycle and these constraints.

Lemma 3.2 is still valid, again for the same reasoning. This lemma states
that the cycle time of any n-unit robot move cycle is the summation of the
cycle times of three robot move cycles in corresponding numbers that form the

n-unit robot move cycle.

Lastly, Lemma 3.3 states that at least one of the cycles S1, S2 or S1259;
have a cycle time that is less than or equal to the cycle time of any n-unit
robot move cycle. The proof of this lemma also remains the same with this

definition of the problem.

Thus, Lemmas 3.1, 3.2 and 3.3 together reduced the number of robot move
cycles to be considered to three. So, after proving the validity of these three
lemmas, we conclude that the optimal solution to the considered problem is
one of the robot move cycles, S1, S2 or §1,5,,. Before checking the validity of

Theorems 3.1 and 3.2, we first define the following parameters:

P! : Total processing time of the tasks that are in set 77,
P?: Total processing time of the tasks that are in set T5,

P : Total processing time of the tasks that are in set T, that is, total
processing time of the tasks that can be allocated to either one of the

machines.

Theorem 3.1 states that under the robot move cycle S2, using two allocation
types, is better than using any number of allocation types. First, let us show

why this theorem is not valid any longer with an example:

Example 4.1 Let us assume P! = 60, P? = 10 and we have three tasks to be
allocated to the machines with ¢; = 10, ¢ = 1,2,3. In the first part, the cycle
time for a k-allocation type S2 was found and we can adjust this cycle time

according to our new problem definition as follows:
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Co= 6(k)e+8(k)6
+maz{0, P' + Py — (2¢ +46), P2 + (P — Pi) — (2¢ +49)}
+maz{0, Pt + Pyy — (26 + 46), P2 + (P — Pi1) — (26 +46)}
+maz{0, P! + Py — (2¢ +48), P2 + (P — Py3) — (2¢ + 40)}
+...
+maz{0, P! + Py — (2¢ + 40), P2+ (P — Pys—1)) — (2€ 4 40)}

Putting the values of P! and P?, we get:

Cy = 6(k)e+8(k)o
+maz{0,60 + Py — (26 + 40),10 + (P — Py) — (26 + 46)}
+maz{0,60 + Py — (26 +46),10 + (P — Pr1) — (2¢ + 46)}
+maz{0,60 + Pi3 — (26 + 44),10 + (P — Pi3) — (26 + 40)}
+...
+maz{0,60 + Py — (2€ + 46),10 + (P — Pige—1)) — (2¢ +40)}

The optimal allocation for this problem is letting Py; = 0 and P — Py; = 30.

So the result is the following:

C; = 6(k)e + 8(k)d +maz{0,60 — (2¢ + 46),40 — (2¢ + 49)}
+maz{0,60 — (2¢ + 46),40 — (2 + 46) }
+...
+maz{0,60 — (2¢ + 45), 40 — (2¢ + 46) }

Thus we conclude that for the given example one-allocation type is optimal.
Following theorem shows us the optimal number of allocation types to be used
with 52:

Theorem 4.1 1. If either P! or P? > _EiP_21-LP£ then for S2 using one-

allocation is optimal.

2. If both P! and P? < —Pl—*';ﬂ, then using two-allocation type S2 is better

than using any other number of allocation types.
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Proof.

1. Assume w.l.o.g. P! > P—*‘E?l*‘—’ﬂ or in other words P! > P+ P? then when

we allocate P such that P; = 0 and P — P; = P, we have:

C; = 6(k)e +8(k)d +maz{0, P! — (2¢ + 46), P + P? — (2¢ + 44)}
+maz{0, P' — (2¢ + 49), P + P? — (2¢ + 44) }
+...
+maz{0, P* — (2¢ + 46), P + P? — (2¢ + 44)}

and since P! > P + P? we have:

Cy = 6(k)e + 8(k)6 +maz{0, P* — (2¢ + 46)}
+maz{0, P! — (2¢ + 46)}
+...
+maz{0, P! — (2¢ + 46)}

So any other allocation does not improve the cycle time.

2. Assume that in the optimal allocation for a k-allocation type S2, Py, =
X1, Pio = Xy, Pis = X3, ..., Py = Xi. So the cycle time for this cycle

is as follows:

C, = 6(k)e + 8(k)d +maz{0, P + X; — (2¢ + 49), P2 + (P — Xi) — (2¢ + 44)}
+maz{0, P! + X, — (2 +46), P? + (P — X;) — (2¢ + 44)}
+maz{0, P* + X3 — (26 + 46), P2 + (P — X;) — (2¢ + 44)}
+...
+maz{0, P! + Xi — (2¢ + 49), P> + (P — Xj_1) — (2¢ + 46)}

From the first part we know that since X;, X, ..., X; are optimal
allocations, they must satisfy the following equalities. If the equalities
can not be satisfied with the given parameters than the difference between
both sides must be minimum.

Pl + Xy = P2+ P — X; and also

Pl+X3=P*+P—-X; = P '+ X,=P?+P—X;
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If w.lo.g. the difference between both sides of the equality is smaller
when we use X| than the difference when we use X3, then using another
allocation type increases the cycle time. Thus we conclude that X3 = X
and this is actually not a k-allocation type S2 but a two-allocation type
S2. a

Now let us prove that the optimal number of allocation types to be used

with S125; is two:

Theorem 4.2 For 2-unit robot move cycle, S12591, using two allocation types

is better than using any number of allocation types.

Proof. Let us consider the cycle time of i**, (since there are at most g

repetitions for a k-allocation type S12S59; ¢ < g) repetition of a k-allocation

type S1252;1, where k is even:

Ci= 12¢+ 146 + P' + P2 + Qy2i) + (P — Quoy2i-1))
+maz{0, IDl < Q(k)(2i—1) - (26 + 45), P2 + (P - Q(k)(21,)) - (26 + 46)}

and the optimal solution can be found by letting, Q2 = P — Q)2i-1) =0
which implies that

= C; = 12+ 146+ P!+ P2+ maz{0, (P' + P) — (2¢+46), (P*+ P) — (2¢ +46) }

Since we assumed that P! > P? we have the following:

C; = 12¢ + 146 + P! + P? + maz{0, (P* + P) — (2¢ + 46)}

Thus we conclude that if £ is even using two-allocations is optimal.

Now let us consider using an odd number of allocation types, say k where k

is odd. The following allocation types will be used in each repetition of S12S55;:
1 2 (k+1)/2  (k+3)/2 k

N

- "~

—N— —— e N
land 2,3 and 4, ..., kand 1,2and 3, ..., (k—1) and (k)
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The cycle time for this allocation type is as follows:

Ci= 12¢+ 140+ P' + P? + Quoyy + (P — Quey2))
+maz{0. P' + Q) — (26 + 49), P* + (P — Queyy) — (2¢ + 49)}
126 + 146 + P! + P? + Quyi) + (P — Qury4))
+maz{0. P' + Q) — (26 + 49), P> + (P — Quiy3)) — (2¢ + 46)}

12¢ + 145 + P! + P2 + Q(k)(k) + (P — Q(Ig)(]_))
+maz{0, P! + Q(k)(l) — (2¢ + 49), P? 4 (P — Q(lc)(k;)) — (2 +46)}

12¢ + 146 + P! + P% + Q(k)(k;—l) + (P - Q(k)(k))
+max{0, P! + Q(k)(k) — (2e + 49), P? 4+ (P — Q(k)(k—l)) — (2 +46)}

When we arrange the cycle time we get the following:

Cy= 12(k)e + 14(k)6 + (k)P + (k)P + (k) P?
+maz{0, P! + Q) — (26 + 44), P? + (P — Qyv)) — (2¢ + 49)}
+maz{0, P* + Q) — (26 +49), P2 + (P — Quy(s)) — (2¢ + 46)}

+maz{0, P' + Q(k)(l) — (2¢ + 49), P? 4+ (P— Q(k)(k)) — (2e +49)}
+maz{0, P! + Q) — (2¢ + 48), P? + (P — Quyk—1)) — (2¢ + 46)}

This is the cycle time to repeat S;2S; k times and in order to compare this

time with the cycle time of two-allocation S12S2;, we have to divide this by .

For two-allocation 52551, we have the following cycle time:

= C; = 12¢ + 146 + P! + P? 4+ maz{0, (P' + P) — (2¢ + 44)}

So we have to analyse the following cases:

1- If P+ P! < 2¢ + 46, then for two-allocation S;559, we have:

C, = 12¢ + 146 + P! + P?
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and for k-allocation S15S%;, where & is odd, we have:
C,=12¢+146+P+P' + PP+ X

where X represents the max terms and we know that X > 0. So for
this case using two-allocations is always better than using k-allocations

where £ is an odd number.
2- If P+ P! < 2¢ + 46, then for two-allocation S;2S55; we have:
Cy = 12¢ + 146 + P' + P + P + P' — (2¢ + 49)
and for k-allocation S1253; we have:
Ci=12¢+ 146+ P+ P' + P* + X

where X is identical with the previous case. Then using two-allocations
is better than using k-allocations for £ is an odd number if the following

condition holds:

12¢+146+ P!+ P2+ P+ P' — (2¢+46) < 12¢ +146+ P+ P'+ P*+ X

After some elimination we get the following:

Pl — (2¢+40) < X

In this condition we know that X > 0. Then we have the following two
cases:
i- If P! < (2¢ + 46), then the condition is satisfied.

ii- If P! > (2¢+446), then when we observe the maz terms we see that,
X > P! — (2¢ + 46) and the condition is satisfied for this case also.

The analysis of these cases proved that the cycle time of using two-allocation

S198991 is always better than using k-allocation Si2S2; where & is odd. o

Assuming w.lo.g. that P' > P? we can give the cycle times of S1, 52 and
S12591 respectively:
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i- C’l = 6e+60 + P+ P! + P?

ii- If P! > E# then C52 = 6¢ + 85 + maz{0, P! — (2¢ + 46) }
otherwise if P! < Eﬂ%—ﬂ then
C5% =12e+ 166 +maz{0, (P! + Py1) — (26 + 49), (P2 + P — Py) — (2¢ + 46)}
+maz{0, (P! + Py) — (2¢ + 46), (P?+ P — Py) — (2¢ + 49)}
fii- CP1251 = 12¢ + 146 + P! + P? + maz {0, (P! + P) — (2¢ + 46), (P?+ P) —
(2 +46)}

Now we can give the main result of this chapter in the following theorem:
Theorem 4.3 Assuming w.l.o.g. that P' > P2, the following statements hold:

1- If 2P + P! + P? < 24, then S1 gives the minimum cycle time,

2- Otherwise if P! + P% < 28 and 2P + P2+ P < 2¢+64, then S;5Sy gives

the minimum cycle time,

3- Otherwise if P14+ P? < 26 and 2P'+ P?+ P > 2¢+66, then depending on
the allocation of the tasks for S2 either S2 or 51252, gives the minimum

cycle time,

4- Otherwise S2 gives the minimum cycle time.

Proof. In Theorem 4.1 we proved that if both P! and P? < %—E then for
S2 using 2 allocation types was optimal and if either P! or P2 > E—*@ then
using 1 allocation types was optimal. Thus, in order to prove this theorem let

us consider these two regions:
1. If either P! or P? > —Ei*%zigz assume w.l.o.g. that P! > ’—’l—ﬂg—ﬁ =
P! > P + P? then in this region the cycle times are as follows:
g
i- CJ' =6e+65+ P+ P!+ P?

ii- If P! > 2¢ + 46 then C{% = 4e + 46 + P!
otherwise if P! < 2¢ + 46 then C5? = 6¢ + 8§
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iii- If P!+ P > 2¢ + 40 then CP2% = 5¢ + 50 + P' + Z£F
otherwise if P! + P < 2¢ + 44 then Cy25 = 6e + 76 + P1;-P2

Now let us consider the following cases:

1. If P! > 2¢ + 46 then this implies P' + P > 2¢ + 46
The cycle times are:
C?! = 6e + 66 + P + P! + P?
C5% = 4¢ + 46 + P! and
CP51 = 5¢+ 56 + P 4 24P
Looking at the cycle times we conclude that for this case S2 gives the

minimum cycle time.

2. If P! < 2¢+ 46 and P! 4+ P? > 2¢ + 40
The cycle times are:
CP' = 6e+ 60 + P+ P' + P?
C?5? = 6e + 86 and
CPeS = 5e + 50 + P! 4 2L
Since in this region P' + P? > 2¢ + 46, C;' > 8¢ + 106 + P, then S2 is
always better than S1.
When we compare S2 with S1252;1, we see that if 2P+ P2+ P < 2¢+ 66
then S19S53; is better than S2, otherwise S2 is better than 57955;.
However, we know that in this region P! + P > 2¢+ 46, then 2P + P2+
P > P! + P? 4+ 2¢ + 46. From here, we conclude that if S;252; is better
than S2 then 2¢ + 66 > P!+ P?2 +2¢ + 40 = P! + P? < 20 = P! < 24.
We also know that in this region, P! > P2+ P = P! > P= P < 2§
then, P!+ P < 44, which contradicts P!+ P > 2e+46. Thus we conclude
that in this region 52 is always better than both S1 and S;5.5;.

3. If P! + P < 2¢ + 46. This implies that P! < 2¢ + 46
The cycle times are:
Cf' =6e+65+ P+ P+ P?
CP? = 6¢ + 85 and
CleS?l = 6e+ T8 + ﬂ‘-lz—_P2
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When we compare S1 with S2, we observe that if P+ P! + P? < 2§
then S1.is better than S2, otherwise S2 is better than S1. One more
observation is that, if P+ P!+ P? < 24, then this implies that P! + P <
2¢+46 and P! < 2e+44. So these observations help us to generalize the
following statement:

If P+ P! + P? < 2§ then, not only for this case but in general, S1 is
better than S2, otherwise S2 is better than S1.

Now let us compare S1 with S1555;. For this case we observe that, if
2P + P! 4+ P2 < 25, S1 is better than S;2S,;, otherwise S1555; is better
than S1. In the same manner if we can generalize this statement, if
9P + P! + P? < 2§ then P! + P < 2¢ + 44. Thus we conclude that not
only for this case but in general if 2P 4+ P! + P? < 2§ than S1 is better
than S19521, otherwise S12.55; is better than S1.

Lastly, we will compare S2 with 51255;. We can easily observe that if
P!+ P? < 26 than S;259; is better than S2 otherwise S2 is better than
S12S2;. We can also generalize this statement. If P!+ P? < 2§ then
P! < 2. Since we consider the region for which P! > P2 + P, then
P! > P and thus P < 2J. So we conclude that P + P! < 46 < 2¢ + 44.

So the above analysis of the cases leads us to the conclusion that if P* >

P+P74P then the following holds:

i- If 2P + P! + P? < 24, then S1 gives the minimum cycle time,
ii- Otherwise if P! + P? < 24, then 5,255 gives the minimum cycle time,
iii- Otherwise S2 gives the minimum cycle time.
2. If both P! and P? < P—IJ’};—Z‘F—I—D, in another representation P! < P + P? and
P? < P+ P! and assume w.l.o.g. that P' > P2 similar to the above analysis:

For this case let us first compare the cycle times of S1 and 51259:
S1 is better than S]QSgl if

P! + P? + maz{0, P! + P — (2¢ + 44)}
2

6c+65+ P+ P+ P%<6e+ 75+
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We have two subcases for this case:

35

i- If P+ P! < 2¢ + 44, then we conclude that if 2P + P! + P% < 26, then
S1 is better than 51255, otherwise Si255, is better than S1. We also

observe that if 2P + P! + P? < 26 then P + P! < 2¢ + 4.

ii- Otherwise if P+ P! > 2¢ + 45, we conclude that if P+ P? < —(2¢ + 20)
then S1 is better than S;55,;. However, since P+/P? > 0 and 2¢+2§ > 0,

this case is infeasible. So for this case S155,; is always better than S1.

In summary: If 2P + P! + P? < 26, then S1 is better than 5,55 otherwise

812521 is better than S1.

In order to compare S2 with S1 and Si352;, let us find a lower and

an upper bound for S2. Thus for this purpose, partitioning P such that

P+ Py = &;H’Z J € [1,2] gives a lower bound. In order to find an upper

bound we will consider the case that P cannot be partitioned and must be

allocated to a single machine. The cycle times of the lower and upper bounds

of S2 are as follows respectively:

Lower bound:

P+ P+ p?

- —~ (2¢ + 46)}

6e + 80 + maz{0,

Upper bound:

maz{0, P + P! — (2¢ + 45), P + P? — (2¢ + 46)}
2

+maa;{0, P! — (2e + 46), P? — (2¢ + 49)}

2

6e + 86 +

Since we assumed that P' > P2 the upper bound becomes:

maz{0, P 4+ P! — (2¢ + 48)} + maz{0, P* — (2¢ + 40)}

89
6e + 80 + 9
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Thus we have a total of four comparisons: Comparisons of both the lower and

upper bounds of S2 with S1 and 5,52, separately:

1. Comparison of S1 with the lower bound of S2:

S1 is better than the lower bound of S2 if:

P+ P!+ P?
6)

P

6€ + 66 + P + P! + P? < 6¢ + 86 + maz{0, — (2 + 46)}

Thus we have two cases:
i If P+ P! + P? < 4e + 89, then maz{0, EXEAE° _ (2¢ + 46)} = 0, and
S1 is better than the lower bound of S2 if P+ P! + P2 < 2§
ii- Otherwise if P + P! + P? > 4e + 86, then
P+ P! + P? _P+P'+P?

5 — (2¢+46)} = ————— — (2¢ + 49)

0
maz{0, 5

So S1 is better than the lower bound of 52 if:

P + P! 4 p?

6 + 65 + P+ P! + P? < 6e + 86 + 5 — (2€ + 46)
which is same as:
P+ P' + P?
S <2+ 19)
Since Z+E AP and 2¢ + 26 are greater than 0, this case is not feasible.

-Since P + P! + P? < 2§ also implies that P + P! + P? < 4¢ + 85 we do not
require this condition any more and conclude that if P + P! + P? < 2§ then
S1 is better than the lower bound of S2, otherwise the lower bound of S2 is
better than S1.
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2. Comparison of S1 with the upper bound of S2:

S1 is better than S2 whenever,

maz{0, P + P! — (2¢ + 46)} + maz{0, P' — (2¢ + 46)}
2

6e-+60+P+P'+P? < 6¢+85+

maz{0, P + P! — (2¢ + 46)} + maz{0, P' — (2¢ + 40)}
9

&

= P+P'+P? <26+

Thus we have the following cases:

i- If P! < 2e+46 then this implies P+ P! < 2¢+446, then S1 is better than
the upper bound of S2, if P+ P! + P%? < 2§. Since P+ P! + P? < 26

implies that P! < 2¢ + 44, we do not require this condition any more.

ii- If P! < 2¢+ 46 but P + P! > 2¢ + 44, then S1 is better than the upper
bound of 82 if P + P! + P2 < 26 4 2222
= P + P! 4+ 2P?% < —2¢. Since all variables are greater than or equal to
0, then this condition is not attainable, which means S2 is always better

than S1 for this case.

iii- If P' > 2¢ + 49, this also implies P + P! > 2¢ + 44, then S1 is better
than S2 for P + P! +2P% < 26 + P! + £ — (2¢ + 49)
= £+ P? < —(2¢ + 26), which is again not attainable. Thus for this

case also S2 is always better than S1.

We conclude after comparing S1 with the upper bound of S2 that S1 is better
than S2 if P+ P!+ P? < 26, otherwise S2 is better than S1. As we remember
from the comparison of S1 with the lower bound of S2 that, this result is the
same with the result of that comparison. So the final conclusion is that S1 is
better than 52 if P + P! + P? < 26, otherwise S2 is better than S1.

3. Comparison of S35, with the lower bound of S2:
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S12591 is better than the lower bound of 52 if:

P! + P? + maz{0, P + P' — (2¢ + 49)} -
2

4

6e + 76 +

P+ Pl 4+ P?

> — (2 + 46)}

6e + 80 + maz {0,

Thus we should consider the following three cases:

1-

ii-

iii-

If P+ P! < 2¢+ 46, this implies that f—# < 2¢+44. This is because
of the following reasoning:

Since we are considering the case that P2 < P + P!, then E—ﬂa—;r—’ﬂ <
APEPT) — P4 P! < 2¢ + 4.

For this case, S12.9,; is better than the lower bound of 52 if

P!+ P?

4

6e + 76 + < 6e + 86

from here we get, if P!+ P2 < 26 then S35, is better than S2, otherwise
S2 is better than 512521.

If f# > 2¢ + 46, this implies that P + P! > 2¢ + 44, which can be
stated as follows:

In the previous case we proved that &# < P+P!andif w >
2¢ + 46 that means P + P! > 2¢ + 44.

For this case, S1255; is better than the lower bound of S2 if

P+ 2P! + P? — (2¢ + 46) P+ P+ P?

5 < B+ 86 + ————— — (2 +40)

6e+ 70+

then S12S59; is better than the lower bound of S2 if P! < —(2¢ + 26),
and since all of the parameters must be greater than or equal to 0, this

is infeasible. So for this case, S2 is always better than S125;.

If PP < 92¢ + 46 but P+ P' > 2¢ + 46 then for this case S12Sy is
better than the lower bound of S2 if '
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< Be + 86

P + 2P + P? — (2¢ + 40)

Be + 70 + 5

then S;259; is better than the lower bound of 52 if P+2P!+ P? < 2¢+66,

and this condition implies that 22 < 9¢ 4 44,

We can further reduce the number of above cases and find a conclusion as

follows:

If P4+ P! > 2+ 46 and P + 2P! + P? < 2¢ + 64, these two imply that
P!+ P? < 26. In case (i) we considered the region P+ P! < 2¢+ 46 and found
out that if P! + P2 < 26 then S;2Ss; is better than the lower bound of S2 and
in case (iii) we considered the region P + P! > 2¢ + 4§ and found out that
512551 is better than the lower bound of S2 if P + 2P! + P? < 2¢ +6J. So we

can combine these two conditions as follows:

If P+ P?2 < 2§ and P+ 2P! + P2 < 2¢ + 66 then S;2S,; is better than the

lower bound of S2, otherwise the lower bound of S2 is better than S15S5s,.

4. Comparison S3S52; with the upper bound of S2:

S12591 is better than the upper bound of S2 if

P! + P? + maz{0, P + P! — (2¢ + 46)} <

2
maz{0, P + P! — (2¢ + 46)} + maz{0, P! — (2¢ + 44)}
2

6e + 70 +

6e + 89 +

From here we get S1252; is better than the upper bound of S2 if

P! + P? < 26 + maz{0, P' — (2¢ + 48)}

Thus we have the following cases:
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i- If P! < 2¢+ 46, then if P! + P? < 2§ then 5,55, is better than S2,
otherwise S2 is better than S;25;. If P! + P? < 26 this implies that

P! < 2e +46. So we do not require this condition any more.

ii- If P' > 2¢+46, then if P!+ P? < 2§+ P' — (2e + 40) = P? < —(2¢e+ 19)
then S1259 is better than S2. Since all of the parameters are greater
than or equal to 0, then this is impossible. So for this case the upper
bound of 52 is always better than 51555;.

Now we can combine the cases of the comparisons of S1252; with the lower and

the upper bounds of S2 as follows:

1- If P!+ P2 < 26 and P + 2P! + P? < 2¢ + 6J then S1259; is better than
S2

2- Otherwise if P!+ P? < 20 and P +2P! + P% > 2¢+ 64 then according to

the allocation of S2 either S2 or 5,55, gives the minimum cycle time,

3- Otherwise if P! + P? > 26 then S2 gives the minimum cycle time.

So the above analysis of the cases leads us to the conclusion that if P! <

ﬁ;ﬁﬂi, then the following holds:

1- If 2P + P* + P? < 26, then S1 gives the minimum cycle time,

2- Otherwise if P! + P2 < 26 and P+ 2P' 4+ P? < 2¢ + 60 then S;25,, gives

the minimum cycle time,

3- Otherwise if P!+ P? < 26 and P+ 2P' + P? > 2¢+ 66 then according to

the allocation of S2 either S2 or S12S55; gives the minimum cycle time,

4- Otherwise if P! + P% > 26 then S2 gives the minimum cycle time.
When we consider the two cases where P! < P+ P% and P' > P + P2, we

observe that these two cases have very similar results, the only difference is for

P! < P+ P? we have extra conditions for P! + P? = 2§ and P+ 2P! + P? =
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2¢ + 60 and we can easily verify that the intersection of P! + P?2 = 2§ and
P +2P! + P? = 2¢ + 64 is for P! < P which implies that P! < P + P?. Thus
we can combine the cases of P! < P+ P? and P! > P + P2, which completes

the proof, as follows:

1- If 2P + P! + P? < 26, then S1 gives the minimum cycle time,

2- Otherwise if P!+ P? < 2§ and P+ 2P + P? < 2¢+ 64, then 5125, gives

the minimum cycle time,

3- Otherwise if P!+ P? < 2§ and P+2P'+ P? > 2¢+64, then depending on
the allocation of the tasks for S2 either S2 or S1255; gives the minimum

cycle time,

4- Otherwise S2 gives the minimum cycle time.

Remember that for this theorem and the proof we assumed that P! > P2.
For the reverse case of this assumption, the results can be found easily in

analogy with the above analysis.

In sake of well understanding an example will be helpful:

Example 4.2 Assume that we have P! > P? and ¢ = § = 10. If we represent
P? in the conditions above as aP!, where 0 < a < 1, we have the following
conditions:

If 2P + P! + oP! < 26, then S1 gives the minimum cycle time,

Otherwise if P! + aP! < 2§ and 2P + aP' + P < 2¢ + 66, then S;25,; gives
the minimum cycle time, ‘

Otherwise if P! + o.P! < 2§ and 2P' +aP! + P > 2¢+ 64, then depending on
the allocation of the tasks for S2 either S2 or Si3S3; gives the minimum cycle
time,

Otherwise S2 gives the minimum cycle time.

Thus by changing the values of o from 0 to 1 we can represent P? in terms of P*
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80

5 2e+63

Figure 4.1: Optimal Regions for S1, 52 and 51259;

and this makes it easy to analyse the cases. Furthermore, by this representation
we can analyse the results graphically. Let us assume that o = 0, which means
that P2 = 0. So the above cases become:

If 2P + P! < 24, then S1 gives the minimum cycle time,

Otherwise if P! < 26 and 2P + P < 2¢ + 66, then S12S,; gives the minimum
cycle time,

Otherwise if P! < 2§ and 2P + P > 2¢+ 66, then depending on the allocation
of the tasks for S2 either S2 or S1252; gives the minimum cycle time,
Otherwise S2 gives the minimum cycle time.

We can show the regions for these cases as a graph of P vs. P! as in Figure
4.1.

Now let us analyse what happens to the above results when we perform a

sensitivity analysis with respect to the values of @, € and 4.

o: As we increase the value of o from 0 to 1, the slope of line 4 in the
Figure 4.1 increases. This line is the result of the following inequality:
P! < P+ aP? and when o = 1, then P = 0 and the slope of the line goes to
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infinity. With this change of «, the intersection points of the lines with the P
axes do not change. On the other side, when we increase « the constant term
of P! in the inequalities increases. This increase results in a decrease in the
intersection points of the lines with the P! axes. For example, line 1 intersects
with P! axes at point P! = 2§ for o = 0, whereas this point reduces to P! =§

for o = 1, and for line 2, the intersection point reduces from P! = ¢+ 3J to

e+3d
5

Now let us consider the changes in the regions with the increase of a. The
region for which S1 gives the minimum cycle time shrinks as well as the region
for which S13.59; gives the minimum cycle time. Furthermore, the region in
which the minimum depends on the allocation of tasks for S2 also shrinks.
However, the region for which P! > 24, that is, the region for which S2 gives
the minimum cycle time enlarges. Thus, we can conclude that, increasing «
from 0 to 1 is in favor of robot move cycle S2. In other words, increasing P?

increases the number of cases for which 52 gives the minimum cycle time.

0: If we reduce the value of § to zero, that is, if we assume that the
transportation time of the parts between the machines by the robot is 0, then
line 3 comes down on to the P axes which brings the conclusion that for this
problem definition S2 always gives the minimum cycle time. This remark leads
us to the conclusion that, S2 is better than the other two cycles in terms of
processing times but it is worse than them in terms of transportation times.
That is, in cycle S2 the robot travels more distance than the other two cycles
and if the transportation times are zero, this cycle always gives the minimum

cycle time.

If we consider the opposite direction, that is, if we increase the
transportation times, the region for which S2 gives the minimum cycle time

shrinks and all other regions enlarge.

e: When we observe the above inequalities, we see that the only equation

in which € is present is the following:
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2P! + P < 2¢ + 66, which determines line 2 in the graph. When we reduce
the value of € to 0 that is, when we assume that the loading and unloading
times are zero, we see that the intersection points of this line with the P and
P! axes decrease. This results in a shrinkage in the region for which S1259;
gives the minimum cycle time and an enlargement in the region for which the
minimum cycle time is given by S1252, or 52 depending on the allocation of
tasks of S2. This means that when we have higher loading and unloading
times, the number of cases for which 51355, gives the minimum cycle time is
also higher. Another conclusion is that, in cycle S2 we have more loading and

unloading operations compared to the robot move cycle 512S52;.

4.3 Conclusion

In this chapter, we assumed that some set of tasks can only be processed in
the first machine and some set of tasks can only be processed in the second
machine. The remaining tasks can be processed on both of the machines and
the allocation of these tasks to the machines and the optimal robot move cycle
corresponding to this allocation of tasks that jointly minimize the cycle time

is the problem that is considered in this chapter.

For this variation of the problem we proved that the Lemmas 3.1, 3.2 and
3.3 of the previous chapter are still valid, which reduced the number of robot
move cycles to be considered to three. We proved in Theorem 4.1 that for
the robot move cycle S2, using two-allocation types is not optimal in some
regions and we proved that in these regions using one-allocation type 52 is
6ptima1. In theorem 4.2, we proved that for robot move cycle S;2S5;; using
two-allocation types is still optimal. The solution of the considered problem is
finally presented in Theorem 4.3 where we presented regions of optimality for

each robot move cycle.
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Conclusion

In this study we considered the two-machines, identical parts robotic cell
scheduling problem with operational ﬂexibility. The workstations in a robotic
cell are predominantly CNC machines, and these machines pose an operational
flexibility by definition. Operational flexibility can be defined as the ability to
interchange the ordering of several operations for each part type (Browne et
al. [3]). The CNC machines are equipped with tool magazines in which the
required tools are stored. Whenever an operation requires one of these tools,
the tool change can be done within very small setup times and the operational

flexibility is a result of this.

In chapter 3 we considered the problem assuming that the tool magazines
of each machine are loaded with the required tools in order to complete the
processing of a part. That is, we assumed that each machine is capable of
performing all of the tasks required to finish the processing of a part. Assuming
that the allocation of the tasks is fixed, Sethi et al. [34] proved that l-unit
cycles give the minimum cycle time. However, Lemmas 3.1, 3.2 and 3.3 jointly
state that the optimal is one of the 1-unit robot inove cycles or a 2-unit cycle.
In Theorems 3.1 and 3.2 we proved that the optimal number of allocation types
to be used with S2 and S99, is two. In Theorem 3.3 we gave the optimality

regions for these robot move cycles.
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In this chapter we also proposed a new robot move cycle which is a direct
result of the assumption of operational flexibility. This robot move cycle is
not only simple and practical but as proven in Theorem 3.4, it also gives the
optimal solution for the problem considered in this chapter. Last analysis of
the chapter considers the change of the layout from in-line robotic cell to robot-
centered cell and we proved in Theorem 3.5 that this change further improves
the cycle time of the new cycle while the cycle times of all of the other cycles

remain the same.

In some cases, assuming that each machine is capable of performing all of
the tasks may not be a realistic assumption. The tool magazines of the CNC
machines have a limited capacity and thus it may not be possible to place all of
the required tools to the tool magazines of these machines. As a result of this
not all of the tasks can be processed on one machine but some tasks can only be
processed on the first or the second machine and the remaining tasks are to be
allocated to these two machines. In Chapter 4, we considered this problem and
solved the problem for this new definition. We proved that Lemmas 3.1, 3.2
and 3.3 are still valid for this definition of the problem which means that the
optimal solution to this problem also is one of the 1-unit robot move cycles or
a 2-unit robot move cycle. The main result of the chapter is given in Theorem

4.3 which presents the optimality regions for these three robot move cycles.

Possible topics for future research include the extension of this study to
three machine robotic cells. Proving the validity of the conjecture about 1-
unit cycles being optimal in three machine case with operational flexibility is
important. Of course that problem is much more complicated than this one
since there are three 1-unit robot move cycles to be considered in a 3-machine
robotic cell while for 2-machine cells we had two and the number of higher unit
robot move cycles also increases drastically when we increase the number of

machines from two to three.

Another topic is to consider the technological differences between the
machines. For example one of the machines may be newer than the other

one. Thus, this machine may have higher cutting speeds and feed rates than



CHAPTER 5. CONCLUSION 67

the other one. The time to complete a specified task if it is allocated to the
newer one may be ¢ while if it is allocated to the older machine this time may
be Bt where 8 > 1. This time may also assumed to be t + 3. It can also be
considered that not one of the machines is better than the other but the tools
loaded to these machines can be different in quality allowing the use of higher
feed rates and cutting speeds. Thus one task may have a smaller processing
time on the first machine while another task may have a smaller processing
time on the second machine. For a further discussion on the determination of
processing times with respect to the machining conditions, i.e. cutting speed
and feed rate, we refer to Akturk [1]. As a result of that we have to deal with
non-identical parallel machine scheduling problem, which is more complicated
than the identical one. The difficulty with these problems is in finding the
optimal number of allocation types for S2 and S52S5s;. Also, the validity of

Lemmas 3.1, 3.2 and 3.3 is an open question.
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