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Abstract A great amount of energy is wasted in industry by machines that remain
idle due to underutilization. A way to avoid wasting energy and thus reducing the
carbon print of an industrial plant is to consider minimization of energy consumption
objective while making scheduling decisions. In order to minimize energy consump-
tion, the decision maker has to decide the timing and length of turn off /turn on
operation (a setup) and also provide a sequence of jobs that minimizes the scheduling
objective, assuming that all jobs are not available at the same time.

In this paper, a framework to solve a multiobjective optimization problem
that minimizes total energy consumption and total tardiness is proposed. Since total
tardiness problem with release dates is an NP-hard problem, a new greedy randomized
multiobjective adaptive search metaheuristic (GRASPTETT) is utilized to obtain
an approximate pareto front (i.e., an approximate set of non-dominated solutions).
Analytic Hierarchical Process is utilized to determine the ”"best” alternative among
the solutions on the pareto front. The proposed framework is illustrated on a case
study. It is shown that a wide variety of dispersed solutions can be obtained via
the proposed framework, and as total tardiness decreases, total energy consumption
increases.
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1 Introduction

This paper proposes a framework to obtain a set of efficient solutions that mini-
mizes the total energy consumption and total tardiness of jobs on a single machine.
The framework utilizes a metaheuristic to determine a set of nondominated solutions
and then an analytical hierarchal process to select the most suitable solution to be
implemented on the shop floor.

The increase in price and demand for petroleum and other fossil fuels, together
with the reduction in reserves of energy commodities, and the growing concern over
global warming, have resulted in greater efforts toward the minimization of energy
consumption. In USA, the manufacturing sector consumes about one-third of the
energy usage and contributes about 28% of greenhouse gas emissions. In order to
produce one kilowatt-hour of electricity, two pounds of carbon dioxide is released into
the atmosphere, thus contributing to the global warming (The Cadmus Group 1998).

In many facilities, it is common to see that some of the non-bottleneck ma-
chines are left running idle. For example, in a Wichita, KS aircraft supplier of small
parts, manufacturing equipment energy and time data was collected at a machine
shop of four CNC machines using the framework described in Drake et al. (2006).
Although this machine shop is considered as the bottleneck by the production plan-
ning department, it was observed that in a 8-hour shift, on average a machine stays
idle (i.e., it is not actively processing a part, or a set-up is not performed) 16% of
the time. This corresponds to a 13% energy savings if the machines are turned off
during the idle periods. It is observed that leaving the non-bottleneck machines idle
is considered as a normal operating practice (Twomey et al. 2008).

As a result, research in minimization of energy in a manufacturing environment
using operational methods might provide significant benefits in both reduced costs and
environmental impacts. The proposed framework can be applied to any production
setting and may save a significant amount of energy while keeping a good service
level in terms of scheduling and energy consumption objectives. In addition, using
this algorithm, the industry may leave a smaller signature on the environment, thus,
leading to more environmentally friendly production planning.

In order to ensure energy efficient production planning, Mouzon et al. (2007)
propose dispatching rules to minimize energy consumption as well as maximum com-
pletion time for a single machine dynamic scheduling problem. It is observed that
if the interarrival time until the next job is longer than a breakeven duration, then
turning off the machine until the arrival of the next job provides significant energy
savings. Furthermore, when production is postponed and jobs are processed without
having any idle time, the energy consumption may decrease. Mouzon et al. also inves-
tigate the effects of batching on energy consumption and maximum completion time
of orders: Although batching increases the total completion time, it decreases the
number of setups and idle time. As a result batching reduces the total setup energy
and the idle energy. The dispatching rules proposed by Mouzon et al. have a great



potential for reducing energy consumption especially in non-bottleneck machines.

Energy efficiency has been an area of interest especially in portable devices such
as mobile phones and laptops which utilizes embedded mobile systems (Swaminathan
and Chakrabarty 2003). For example, to reduce energy consumption, hardware and
software methods (Wu et al. 2006) as well as wireless protocols (Tiwari et al. 2007)
are developed.

In this paper, our goal is to devise an algorithm that is capable of finding a
well-spread near optimal pareto front in a reasonable amount of time and of providing
the scheduling manager with a set of non-dominated solutions to choose from in order
to minimize total tardiness and total energy consumption objectives simultaneously.
The problem we are solving has not been examined in the literature to the best of
our knowledge. This algorithm will provide alternative solutions that may save a
significant amount of energy cost while maintaining a good scheduling service level.

The scheduling objective that is considered is the total tardiness (lateness of
the tasks) objective which is a widely used measure of performance in the manufac-
turing environment. This objective can be defined as min 2?:1 max(c; —d;,0), where
d; is the due date of job j and ¢; is the completion time of job j. Total tardiness
is the sum of all jobs’ lateness over the scheduling horizon. If the job is on time or
early, then the associated tardiness is zero. It is also assumed that jobs are processed
without preemption. Furthermore, the jobs may have non-zero release dates (i.e.,
r; > 0). Note that the total tardiness problem with non-zero release dates on a single
machine is considered an NP-hard problem (Lenstra et al. 1977, Sen et al. 2003).
In other words, there is no algorithm to solve this problem in polynomial time. As a
result, our problem which has the total tardiness problem as one of its objectives is
also NP-hard.

It is well known that metaheuristics such as tabu search, genetic algorithm,
simulated annealing, etc., can be utilized to obtain “good” solutions in a reasonable
amount of time for very hard problems. In this paper, the method used to solve the
scheduling problem is the Greedy Randomized Adaptive Search Procedure (GRASP).
An extensive review of the GRASP heuristic can be found in Resende (1998) and Re-
sende and Ribeiro (2002). The goal of a heuristic in multiobjective optimization is to
obtain an estimation of the pareto optimal front which represents the non dominated
solutions to the problem.

This paper is organized as follows: First, the problem definition is presented.
Then, the mathematical model of minimizing total energy consumption and total
tardiness on a single machine with unequal release dates is developed. Next, a multi-
objective greedy random adaptive search procedure is proposed. After developing the
Analytical Hierarchy Process to select the best solution from the pareto front, the
framework is illustrated via computational experimentation and a case study.



2 Problem definition

The multiobjective optimization problem of minimization of total tardiness and total
energy consumption on a single machine with unequal release dates is NP-hard, since
minimization of total tardiness on a single machine with unequal release dates is
NP-hard (Lenstra et al. 1977). To fully define the problem, the characteristics of
the machine must be determined: Assume that when the machine stands idle, it
consumes Power;y.. Furthermore, the power consumed while processing a part is
Power,,ocessing:  When the machine is turned off and then turned on (i.e., a setup
occurs), it consumes Energy,.,,,. This setup operation takes at least Tes.,, duration.

The tip power, which is the marginal power utilized to process a part, must
also be determined. That is,

Powery;, = Power,rocessing — Powerigie.

Finally, the breakeven duration (Tp) is defined as the least amount of duration re-
quired for a turn off /turn on operation (i.e., time required for a setup) and the amount
of time for which a turn off/on operation is logical instead of running the machine at
idle. Mathematically,

Te — EnergYsetup
B = MmaXx s L setup
Power; g

To identify solutions to the multiobjective problem that minimizes total en-
ergy consumption and total tardiness, several factors must be considered in making
scheduling decisions: First, the order of jobs and their starting times (or completion
times) must be determined. Second, whether or not there will be a setup between
two consecutive jobs must be decided. Finally, the length of the setup or length of
the idle time must be determined.

The complexity of this problem can be illustrated on a two jobs example.
Assume that job 1 has a processing time of 2 seconds and job 2 has a processing time
of 1 second. Also, assume that job 1 has a zero release date while job 2 has a release
date of 4 seconds. Finally, job 1 and 2 have a due dates of 3 seconds and 6 seconds,
respectively. The processing power and idle power consumptions are 2 hp and 1 hp,
respectively. The setup energy is 1.5 hp.sec and the setup time is 2 seconds. As a
result, Tg is 2 seconds.

Figure 1 illustrates a few feasible solutions to the multiobjective problem by
considering the two possible job sequences and whether or not there is a setup between
them. The first observation is that the solution that minimizes the total energy
consumption (solution 4) is not the solution that minimizes total tardiness (solution
2). Therefore, the two objectives are conflicting. In addition, the example illustrates
that when two jobs do not directly follow each other (i.e., there is an idle period
between jobs), a decision relative to whether leaving the machine idle or performing
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a setup is necessary. This decision is based on the time between completion time of a
job and the start time of the following job, and the energy consumption characteristics
of the machine.

In this instance of the problem, there are two non-dominated solutions. The
feasible solutions are represented in Figure 2 and the pareto front is highlighted.

Order of Jobs Total Energy Consumption Total Tardiness
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Figure 1: Feasible and non-dominated solutions to the 2 jobs problem
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Figure 2: Non-dominated solutions to the 2 jobs problem

This paper proposes a framework to select the most appropriate solution from
a set of non-dominated solutions for the problem of minimization of total energy
consumption and total tardiness on a single machine. This framework involves two
phases: Once the set of all efficient (non-dominated) solutions are identified via a
multiobjective greedy randomized adaptive search procedure, a decision maker must
determine the most appropriate solution to implement using a method like the Ana-
lytical Hierarchical Process (Saaty 1980).



3 A mathematical model for minimization of total
energy consumption and total tardiness

The Multiobjective Total Energy Total Tardiness (MOTETT) optimization problem
can be defined as:

min (maxc; — minc;) x Power;g. — ; 1
( ARG ; 7) dl ;k%jyﬂf (1)

min Z max(c; — d;,0) (2)
j=1
cj—pj>r; Vi=1l.n (3)
ch—pp>cjorcy<cj—p;, Vj=l.nVk=1.n#j (4)
If cy —pr—c; >Tp and job j precedes job k (5)
then y;r = ((ck — pr) — ¢;) * Power;ge — Energy ..,
¢;>0Vj=1.n (6)

The energy consumption objective, equation (1) is the sum of the total idle energy
(i.e., energy consumed when the machine is not processing any job) and total setup
energy (i.e., the energy necessary to turn on and off the machine). Note that the
total processing energy (Power, ocessing * Z;’L:I p;) is not included in the optimization
problem, since it is a fixed constant regardless of the sequence. The second objective
involves the total tardiness objective, equation (2). In the mathematical formulation,
equation (3 states that a job cannot be processed before it is released. Equation (4)
ensures that two jobs cannot be processed at the same time. Finally, equation (5)
states that if a job j precedes a job k and if a setup will be performed (since the idle
duration is longer than the breakeven duration), then y;;, is equal to the corresponding
idle energy minus the setup energy.

By solving this mathematical model, the goal is to obtain a pareto front that
will have solutions containing information about when each job should start (or fin-
ish), when to turn off and on the machine and when to leave the machine idle.

MOTETT is not linear but can be transformed into a linear mixed integer
optimization problem. Since the total tardiness problem with release dates is an NP-
hard problem, it is not practical to solve the multiobjective model using optimization
software to determine the optimal pareto front. In the next section, a multiobjec-
tive greedy random adaptive search heuristic to solve MOTETT is proposed. The
advantage of metaheuristic methods is that they may provide a good solution in a
reasonable amount of time. Also, these heuristics are very efficient when rescheduling
is needed because of changes in the manufacturing environment.



4 Solution to MOTETT via a greedy randomized
adaptive search procedure

The Greedy Randomized Adaptive Search Procedure (GRASP) | is a two-phase iter-
ative metaheuristic. First, a solution is created in the construction phase, and then
the neighborhood of this solution is locally searched in order to obtain a better so-
lution. In GRASP, it is very important to define a “suitable” neighborhood in the
local search phase to converge to a near-optimal solution quickly.

The GRASP has been applied to several scheduling problems: for example,
it can solve a job shop scheduling problem to minimize the total completion time
effectively (Aiex et al. 2001, Binato et al. 2000). In another application, it is utilized
to minimize total earliness (Laguna and Velarde 1991). It is also applied to minimize
total tardiness on a single machine with setup times (Armentano and Araujo 2006).
Although there are a significant number of GRASP applications to solve combinatorial
optimization problems, utilizing this procedure in a multiobjective programming is
not very common (Jones et al. 2002). An example of a multiobjective GRASP
involves the multiobjective knapsack problem (Vianna and Arroyo 2004).

In order to solve MOTETT, the single objective GRASP algorithm is adapted
to the multiobjective case. The multiobjective GRASP to minimize total energy total
tardiness (GRASPTETT) considers a pareto front to evaluate the objectives instead
of a single objective function value. The proposed GRASPTETT algorithm can be
seen in Figure 3. The pseudo code below represents the GRASP algorithm:

GRASPTETT Algorithm
While stopping criteria not satisfied
CONSTRUCT a candidate solution s
Do a LOCAL SEARCH around the candidate solution s.

The GRASPTETT algorithm runs for a predetermined number of iterations
or for a maximum CPU time and it converges to a near optimal pareto front. The
details of the GRASPTETT algorithm are discussed below.

4.1 Evaluation of a solution

Before describing the details of the GRASPTETT algorithm, first, how to evaluate
solutions generated either at the construction phase or at the local search phase will
be presented. Input to evaluating the solution procedure is a partial solution that
provides the order of jobs and the setup vector, which indicates if there is a setup
between consecutive jobs.

Before providing details on how to evaluate a partial solution, the total tardi-
ness objective min ) 7, max(Cj — Dj, 0) which is not linear has to be linearized. In
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order to linearize this objective the following transformation is used:
n
min {Z aj; oy >C;— Dy, 05 > 0,V) = ln}
j=1

When a partial solution is given, the order of jobs and the setup sequence is
known. As a result, MOTETT can be written as a multiobjective linear problem
(MOTETTLP) as:

min Z((Cj“ — Pjy1) — C)) x Powerge + Q x Energy ., (7)
X

min Zaj (8)
j=1

C,— P, >Ry, Vj=1l.n 10)

Cj—i—l - Pj+1 Z Oj, Vj =1l.n—-1 11)

Cit1 — Pij1 — C5 2 Tepup, VJj € X
Cj, Oéj Z 0

12)

(
(
(
(13)

where  is the number of setups and X (X) is a set that contains j if there is no (a)
setup between the job at position 5 and the job at position 7+ 1. In this formulation,
R;, D;, P; and C; denote the release date, due date, processing time and completion
time, respectively, of the job scheduled at the j** position. The MOTETTLP can be
solved by combining the two objectives into a single objective by adding the weighted
sum of both objectives, i.e., the objective function for the weighted problem is

flwr, wa) = wifi + wafs (14)
=w (Z((Cj+1 — Pjy1) — C;) = Power;ge + §2 x Energysetup> + wo Z a;
X j=1

This mathematical program is a linear problem. For any pair of weight combinations,

a set of non-dominated solutions for that particular job sequence and setup vector
can be obtained (Steur 1986).

4.2 Construction phase

The construction phase has the objective of building a solution by adding one element
at a time from a candidate list. At each iteration of the first phase, a candidate job is
added to the current solution by selecting randomly a job from a restricted candidates
list (RCL). The elements of the RCL are obtained from a list of non-dominated jobs.
In addition, some of the dominated jobs are also added to RCL to provide some
randomness in the construction phase. The construction phase can be summarized
as follows:



CONSTRUCTION Procedure
® = Current solution = )
T = Candidate List ={1, ..., n}
Non-dominated candidate list = ()
Dominated candidate list = ()
While T # ()
Evaluate all ¢ € T with /without setup
If © with /without setup non-dominated
then ¢ with /without setup € CONSTRUCT Non-dominated candidate list
else ¢ with /without setup € CONSTRUCT dominated candidate list
Find distance between members of CONSTRUCT Dominated&Non-dominated sets
Normalize the distance
RCL = CONSTRUCT Non-dominated List U{Dominated solutions with distance < a}
Select randomly a from RC'L
T —T\{a}
O =dU{a}

The distance of a solution from the non-dominated set of solutions is defined
by the smallest distance from a non-dominated solution. In Figure 4, the distance
between a candidate solution and a non-dominated pareto front is the distance be-
tween s and b. The relative distance of each dominated candidate solution is divided
by the maximum distance.

unit of 4
obj 2
2®

unit of
oby 1

Figure 4: TIllustration of the distance between a solution and the non-dominated
solutions

In the construction phase, first, each candidate job must be evaluated by
adding this job to the sequence with or without setup. In this evaluation, the
MOTETTLP may lead to more than one solution with different lengths of idle peri-
ods or setup durations. The solutions for each candidate job are compared and the
non-dominated ones are separated from the dominated ones. In a greedy algorithm a
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candidate job leading to a non-dominated solution must be chosen to be added to the
current solution. But to include some randomness into the algorithm it is important
to have the opportunity to add a candidate job from the dominated solution which is
"« percent” distant from the non-dominated solutions. The parameter « is used to
control the randomness of the algorithm: If « is equal to one then the construction
phase is totally random and if « is equal to zero, then the construction phase is totally
greedy.

The restricted candidates list is composed of the candidates leading to the non-
dominated solution as well as the ones leading to solutions that are at a maximum
"relative distance” of o from the non-dominated solutions. Then, a candidate job is
randomly selected from the restricted candidates list to enter the current solution.
These steps are repeated until the current solution forms a complete solution with
the order of the jobs as well as the setup vector.

4.3 Local search phase

In the second phase of the GRASPTETT algorithm, a local search is performed. Here,
all of the solutions in the defined neighborhood (N(s)), of the constructed solution
s are evaluated. If the new solution is a non-dominated solution, then it is added to
the pareto set. As a result, after each iteration of the local search an approximate
pareto front is obtained. This procedure can be summarized as follows:

LOCAL SEARCH Procedure
s =Current Solution
While N(s),# 0
Choose y € N(s)
If y is a non-dominated solution
Add y to MOTETT pareto front

N(s) = N(s)\{y}

This local search for the multiobjective problem is considered similar to the
single objective problem. The only difference is that instead of keeping the best solu-
tion, a set of the non-dominated solutions is obtained. For the single objective total
tardiness problem, Armentano and Araujo (2006) used two different neighborhoods,
the exchange of two jobs and the insertion of a job between two consecutive jobs. As
a result, the size of each neighborhood is n * (n — 1)/2 and (n — 1)%. However, in
this problem, each neighbor is evaluated using a series of linear programs which is
very time-consuming. In order to solve the problem in a reasonable amount of time,
a neighborhood with a smaller size has to be defined: New solutions are obtained by
swapping the positions of two consecutive jobs (size of (n— 1)) either with or without
a setup, thus yielding a neighborhood with a size of 2 x (n — 1) possibilities (Figure
5).
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Figure 5: Illustration of the neighborhood of a job (2): a) initial solution, b) first
neighbor of job 2, ¢) second neighbor of job 2.

In Figure 5, two of the neighbors of solution a are represented in b and c. Job 2
and 3 are swapped and a solution with and without setup is considered as a neighbor
to obtain solutions b and ¢. Note that solution a has six neighbors which consist of
swapping jobs 1 and 2, jobs 2 and 3, and jobs 3 and 4 with and without setup.

5 Analytic Hierarchic Process to select best alter-
native from the approximate pareto front

The GRASPTETT algorithm provides an approximate pareto front. To identify
the “best” alternative among the non-dominated solutions on the pareto front, the
decision maker can utilize his/her own preferences, which may be used as input to the
analytic hierarchy process (Saaty 1980). The AHP can choose the best alternative
among a set of non-dominated solutions. The objective is to maximize the overall
purpose (top level). The decision maker must structure the problem in a hierarchy
of criteria and sub-criteria to maximize the overall purpose (top level). S/he also has
to provide a pairwise comparison of the criteria to determine the value of the weight
that will permit the evaluation of each alternative.

In addition to total tardiness and total energy consumption criteria, other
criteria, such as maximum tardiness, total number of setups, or maximum completion
time can be added. The hierarchy classification of criteria defined for this case study
as an example is presented in Figure 6. The overall objective is to select the best
alternative from the non-dominated pareto front Ay, As,..., A,. In the first level,
there is energy-related criteria (S;), total number of jobs not started as soon as they
are released (S3), completion time-related criteria (S3), and tardiness-related criteria
(S4). The first criterion (S;) has total energy consumption (S11) and total number of
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Figure 6: AHP hierarchy

setups (Si2) as sub-criteria. The third criterion (S3) has total completion time (S3;)
and maximum completion time (S32) as sub-criteria. Finally, the last criterion (Sy)
has total tardiness (S41), maximum tardiness (S42), and number of tardy jobs (S,3)
as sub-criteria

Table 1: Saaty scale used for pairwise comparisons of criteria
’ Scale value ‘ Explanation ‘

1 Equally preferred
3 Slightly more preferred
5 Strongly more preferred
7 Very strongly more preferred
9 Extremely more preferred
2,4,6,8 Used to reflect compromise between scale values

The decision maker needs to provide pairwise comparisons between the crite-
ria and sub-criteria using a scale such as the one defined by Saaty (1980) in Table 1.
Assume the decision maker has defined the judgment matrix in tables 2 using Saaty’s
scale. According to the pairwise comparison in table 2.a, the energy-related crite-
rion (S7) is strongly more preferred than the number of jobs not started as soon as
they are released (53), slightly more preferred to the completion-time criterion (S3),
and equally preferred to the tardiness criterion (S;). The completion-time criterion
is slightly more preferred to the number of jobs not started as soon as they are re-
leased. Finally, the tardiness criterion is strongly preferred to the number of jobs not
started as soon as they are released and slightly more preferred to the completion-time
criterion.

Tables 2.b and 2.c show that the total energy consumption is slightly more
preferred than the number of setups, and the maximum completion time is slightly
more preferred to the total completion time. According to table (2.d), the total
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Table 2: AHP Scaling Parameters
Sy | Sy | Sz | Sy

Sl 1 51 3 1 S| Sz
S 021110502 S| 1
Ss 1033121 11033 S5 033 ] 1

Sy 1 5 | 3 1
a. Judgment Criteria Matrix (JCM) b. Energy related JCM

S, Sg2 | S
Sa1 | S5 41 42 | O42
S| 1 2 3
Ss | 1 2
S T8 1 S| 05 | 1 2
21 Si3]033]05] 1
c. Completion Time JCM d. Tardiness JCM

tardiness is slightly more preferred to the maximum tardiness and to the number of
tardy jobs. Also, maximum tardiness is slightly preferred to the number of tardy
jobs.

According to the preferences described above, the value judgment or priority
(A;) value for each alternative A; is calculated as:

Ay =0.39 % (0.755%, 4 0.2551,) 4 0.085}
+0.14 % (0.675%, + 0.335%,) + 0.39 % (0.545%, +0.305%, + 0.165%,)  (15)

where

N max(SE) — S°
< SH = . — <
0<50 max(Sh) — min(Sh) ~ !

is a scaled criterion value and O is a criteria/subcriteria.

6 GRASPTETT parameter tuning

In this section, extensive numerical experimentation is performed to fine tune the
GRASPTETT algorithm and make observations on the effect of different parameters
on the performance measure that will be utilized to compare the alternative pareto
fronts. Each test is run with the same parameters ten times and the average is
the measure of performance. Based on these values, the goal is to optimize the «
parameter of GRASPTETT. The parameters of the problem are generated as follows:
Processing times are randomly generated from an exponential distribution with a
mean of 3 seconds. Release dates for each job are randomly generated from an
exponential distribution with a mean between arrivals of 10 seconds. Slack times (s;)
are randomly generated from a uniform distribution with parameters 0 and ﬂ*Z?Zl Dj
where (3 is a parameter between 0 and 1 (Chu 1992). Finally, due dates are calculated
based on the generated slack times: d; = s; +r; + p;.
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The parameter § determines how far the due dates are from the release dates.
The higher the 3 is, the larger the available time (d; —r;) to process jobs without any
tardiness. Also, as (3 increases, the due dates are more spread over time. Parameter o
allows for the inclusion of randomness into the algorithm. As noted before, when « is
equal to zero, the algorithm is totally greedy and when « is equal to one, the algorithm
is totally random. Values between 0 and 1 are a compromise between a totally greedy
or a totally random algorithm. The algorithm is tested with « values of 0.05, 0.25
and 0.5 and problem sizes of 10, 30 and 50 jobs. The Power;g., Energy,;,,, and Tesup
of the machine are 1 hp.sec, 3 hp and 5 seconds, respectively. All experiments run
on a Pentium core 2 Duo T7300 with 2 gigabits of RAM. The amount of time each
experiment is run depends on the number of iterations that GRASPTETT runs.

Total Energy i
Consumption

Total
Tardiness

Figure 7: Measure of performance of a set of non-dominated solutions

In order to assess and compare the GRASPTETT with different values of the
parameter o, we use a “measure of performance” which is the area covered by the
non-dominated set of solutions (Zitzler 1999). This area is determined by the convex
union of all rectangles defined by the origin and the non-dominated solutions. Since
minimization objectives are considered, the performance of an algorithm is better
when the measure has smaller values. For example, the pareto front defined by three
solutions in Figure 7, yields the union of three rectangles (a, b and c) as the measure
of performance.

As shown in Table 3, it seems that « is optimal at 0.5 when 8 = 0.05. However,
as the value of 3 increases to 0.25 and 0.5 the optimal value for o decreases respectively
to 0.25 and 0 (Table 4 and 5). It can be concluded that as the available time to
process the jobs (i.e., the slack time) increases, the optimal value for the parameter «
decreases from 0.5 to 0. In other words, a totally greedy grasp algorithm will perform
better when the due dates are well spread and available time between the release
time and due date is large. When the slack time is small, a compromise between a
random algorithm and a greedy algorithm (i.e., a § value around 0.05) will perform
better. When using the algorithm on real data sets, it is helpful to first determine
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the average available time or slack time of the data to choose the right « level to run
the GRASP algorithm.

Table 3: Performance depending on parameter o and number of jobs n with 3=0.05

a [[n=10(x10%) [ n=230 (x10%) [ n =50 (x10°)

0 2.0344 6.8216 1.6047
0.25 1.8930 6.1498 1.4384

0.5 1.6595 5.2714 1.3776
0.75 1.7346 5.7297 1.4197

1 2.0473 5.7261 1.3824

Table 4: Performance depending on parameter o and number of jobs n with 3=0.25

a [[n=10(x10%) | n =30 (x10%) | n =50 (x10°)

0 2.3726 5.5736 1.8024
0.25 2.0328 4.0509 1.5366

0.5 2.1148 3.9589 1.1883
0.75 2.5790 4.6978 1.3428

1 2.5782 4.7974 1.5283

Table 5: Performance depending on parameter o and number of jobs n with 5=0.5

a | n=10(x10%) | n =30 (x10%) | n =50 (x10°)

0 0.7941 1.8725 0.4754
0.25 0.9609 3.1914 1.3963

0.5 1.1083 3.3974 1.4135
0.75 0.8635 2.8428 1.4888

1 1.0637 2.6075 1.3641

7 Case study

This section presents a case study of 50 job problem with an exponential arrival time
of 10 seconds and exponential processing times with a mean of 3 seconds. We observe
that the most difficult problem have a low ( value where the due dates are close
to the release dates and tight. As a result, we set the parameter § to 0.05. The
Power; e, Energysewp and Tyepy of the machine are 1 hp.sec, 3 hp and 5 seconds,
respectively. The GRASPTETT method is able to find the approximate pareto front
in a considerable amount of time (less than 1 CPU minute) whereas an exact method
would have spent a tremendous amount of time to reach the optimal solution for a 50
job problem even for the single objective one machine total tardiness problem with
unequal release dates.

The pareto front for this case study is shown in Figure 8. Note that the
processing energy is not included in the total energy consumption. FEach of the
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solutions represents the schedule of setups as well as the start time of each of the
50 jobs. As shown, if the total tardiness cost decreases, the total energy consumption
increases, which shows the trade-off between total energy consumption and total
tardiness. The set of solutions consists of an approximation of the optimal pareto
front. The decision maker or the controller can then make a decision on which schedule
to choose depending on his/her preference.

The AHP is applied on ten best alternatives on the pareto front according to
the priority presented in table 6. As shown, all best solutions have the same maximum
completion time (i.e., the last job in the sequence is completed at the same time in all
solutions). However, the total completion time objective varies from one solution to
another (approximately a range of 8 % variation). The best solution (alternative 10
which is the solution highlighted in Figure 8) has a total of four setups with a total
energy consumption of 50.4 hp.sec. Also, in this solution, 38 jobs are not started as
soon as they are released, and 24 jobs are tardy. However, the total tardiness is small
and on average, each tardy job is 14 seconds late with a maximum lateness of 56.7
seconds.
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Figure 8: Pareto front for 50 random jobs with 3=0.05

8 Conclusion

Minimizing total tardiness and total energy consumption at the same time is a difficult
problem that can take a large amount of time if solved to optimality. The purpose
of this paper is to develop a framework to obtain an optimal set of non-dominated
solutions with different levels of energy consumption and total tardiness. The GRASP
metaheuristic is used to obtain an approximate pareto front and its parameter is
optimized to obtain the best results. The decision maker can then make a choice
among the set of solutions or input preferences into an AHP procedure. To illustrate
how the framework can be utilized, a case study is analyzed.
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Table 6: Case Study

Alternatives | S11 | Si2 | S92 S31 S39 S41 S4o Su3 | evaluation
1] 564 6 37 | 11295.5 | 395.6 | 324.2 | 56.7 | 25.0 0.75644
21 15.0 b 44 | 11735.4 | 395.6 | 740.2 | 78.7 | 36.0 0.75645
31 9.0 3 46 | 11903.8 | 395.6 | 898.0 | 80.3 | 38.0 0.75940
41 82.9 8 31 | 11063.2 | 395.6 | 126.7 | 29.0 | 15.0 0.75978
5| 24.0 8 42 | 11504.4 | 395.6 | 520.2 | 42.2 | 34.0 0.76381
6 | 12.0 4 45 | 11743.0 | 395.6 | 740.2 | 78.7 | 36.0 0.76437
7196.7| 4 |30 | 11048.2 | 395.6 | 118.3 | 30.5 | 13.0 0.76812
81728 8 |31 |11099.2 | 395.6 | 157.1 | 29.0 | 18.0 0.76973
91403 | 8 |38 | 11314.2 | 395.6 | 343.0 | 30.7 | 27.0 0.77591

10 | 504 | 4 38 | 11308.8 | 395.6 | 332.2 | 56.7 | 24.0 0.77634

The multiobjective optimization problem defined in this paper has been solved
using a multiobjective GRASP (GRASPTETT). To the author’s best knowledge,
GRASP has not been extensively utilized in multi-objective optimization. As a result,
the GRASPTETT algorithm presented in this paper is an algorithmic contribution.
In addition, minimization of total energy consumption and total tardiness at the same
time is a new class of problem that needs to be modeled and solved efficiently.

The proposed methodology can be applied to settings other than manufac-
turing equipment. For example, many drivers should make the difficult decision of
leaving the car idle while waiting for somebody. Another example are the compressors
in the industrial setting: compressors use about 50% of the maximum power when
they are idle. It may be desirable to turn off the compressors instead of keeping them
at the idle mode for a long amount of time. For other big energy consuming machines
such as boilers, and chillers the same observation can be made.

The problem of minimization of energy consumption and a scheduling objec-
tive at the same time is quite challenging: Complexity results from the scheduling
objective and also from having setups between jobs, and deciding the length of the
setups and idle duration. Future work on this problem might be to extend to a multi-
machine environment. In this environment, scheduling jobs at the same time on two
machines may increase the total energy bill significantly since the energy charges not
only include the consumption charge but also peak demand charge. Another exten-
sion is considering equipment with multiple sleep modes (e.g., computer have stand
by, hibernate and sleep modes). In this environment, one needs to decide the sleep
mode of the machine and the duration of stay.
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