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Abstract

This paper deals with the comparison of how restrictions on resources
affect the performance of task scheduling in light of a multi-criterion
minimization of summarized flowtime and makespan. In order to in-
vestigate the performance of three different resource restriction strate-
gies a simulation of the task scheduling problem was created and an-
alyzed. The results were compared by examining the mean and vari-
ance of summarized flowtime and makespan. This paper shows that
restrictions on resources affects the performance of summarized flow-
time and makespan. One conclusion that can be drawn from these re-
sults is that to increase performance in task scheduling with restricted
resources it is vital to assign time consuming tasks to efficient resources.



4

Sammanfattning

Denna studie jämför hur restriktioner på resurser påverar effektivite-
ten av schemaläggning med hänsyn till flera mål i form av summe-
rad responstid och total processtid. För att undersöka effektiviten av
tre olika resursrestriktionsstrategier utfördes simulationer. De resulte-
rande distributionerna jämfördes med avseende på medelvärde och
standardavvikelse. Resultaten visar att effektiviteten påverkas av vil-
ken resursrestriktionsstrategi som används. En slutstats som kan dras
från detta resultat är att en ökad effektivitet vid schemaläggning med
restriktioner på resurser fås då tidskrävande arbeten schemaläggs på
effektiva resurser.
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Chapter 1

Introduction

The problem that arises in scheduling is that of assigning tasks to one
or more resources [11]. What makes the problem interesting is the
fact that multiple objectives can be pursued concurrently. Scheduling
problems are found in many different situations and because of the dif-
ficulty to intuitively suggest an optimal solution the problem is subject
to great research. The interest in this research area lies in the gravity to
increase performance with respect to multiple objectives. Finding op-
timal solutions to the scheduling problems can not be done in polyno-
mial time, thus the scheduling problems belong to the time complexity
class NP [6]. As a result of the NP-classification, several heuristics that
aim to find an optimal solution to the problem have been presented in
previous research.

The scheduling problem is divided into several classes, one of these
being the task scheduling problem. The task scheduling problem is the
problem of assigning tasks to available resources when the tasks enter
the system continuously. One task scheduling problem that many peo-
ple are exposed to is the checkout queue. Checkout queues can be or-
ganized as a single line, multiple lines, ticket lines among other. These
structures optimize different metrics [3]. Jones et al. [5] found that a
single line queue minimizes the time spent waiting (flowtime). How-
ever, flowtime is just one of many possible metrics that can be used to
measure performance.

One attribute that the task scheduling problem possesses is vary-
ing resource efficiency. An example of this seen in stores where there
is some personnel that is more efficient than others. Depending on
what registers these efficient workers are placed in, the waiting time

6



CHAPTER 1. INTRODUCTION 7

(flowtime) and the total time to serve all customers (makespan) will
differ. Another attribute that the task scheduling problem possesses
is the aspect of restrictions on resourtes that few attempts have been
made at minimizing multiple objectives when studying the specific
task scheduling problem applied to the checkout queue area. A trend
in previous research concerning multi-objective optimization is to gen-
erate heuristics that aim to provide optimal solutions. This was done
by Subashini and Bhuvaneswari [15] who addressed the task schedul-
ing problem applied to distributed computing systems and Dugardin
et al. [4] who addces. Restrictions on resources is defined as limiting
what tasks are eligible to be assigned to specific resources. This is mod-
eled in checkout queues as preventing customers with many items to
enter certain queues (quick checkout queues).

In this paper the effect of applying different resource restriction
strategies on summarized flowtime and makespan is examined. This
report investigates the performance of the two conflicting metrics when
resources have varying efficiency. The conflict between the two met-
rics lies in the fact that flowtime is minimized by serving the shortest
job on the fastest resource while makespan is minimized by schedul-
ing the longest job on the fastest resources.

A review of related literature indicaressed the flow shop problem.
The flow shop problem is a different class of the scheduling problems.
The problem consists of scheduling n different jobs on m different ma-
chines.

In the study conducted by Dugardin et al. [4] an approach based
on generating many possible solutions and selecting the most efficient
ones was used. The solutions were evaluated with regard to two ob-
jectives; makespan and summarized flowtime. The issue with this ap-
proach lies in the computational difficulty when the problem size in-
creases. The method of generating a large subspace of solutions was
also used by Rajendran [12] and Ravindran et al. [13] who both ad-
dressed the flow shop problem. In their work a procedure was defined
that combined the two metrics makespan and summarized flowtime
into one single objective.

Related research indicates that there are two general approaches to
comparing multi-objective solutions. One common approach is to de-
termine all possible solutions to the problem and then decide what
solutions are superior to others from a multi-objective perspective.
This approach was used by Subashini and Bhuvaneswari [15], Dugarin
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et al. [4], Rajendran [12] and Ravindran et al. [13]. The alterna-
tive approach is to define a fitness function that transforms the multi-
objective problem into a single-objective problem. This was done by
Mokhatari et al. [8] who constructed a fitness function by multiplying
the different objectives with appropriate weights and aggregating the
result into one single objective that was subject to minimization.

1.1 Problem statement

The objective of this report is to investigate how different resource re-
striction strategies, with the added criteria that resources have varying
efficiency, affect the performance of checkout queues with respect to
two objectives. The two objectives that are subject to evaluation are
makespan and flowtime. Resource restrictions are modeled as the re-
quirement to enter a queue.

1.2 Scope

Multiple strategies are implemented in different checkout queue sys-
tems [2]. This report focuses on one selected strategy, the single line
queue. There are multiple parameters that are relevant to the prob-
lem at hand, key parameters include the restriction threshold, the effi-
ciency of resources, the amount of tasks, the processing time of tasks,
the amount of resources and the ratio of restricted resources. System-
atic parameter selection is outside the scope of this report. Therefore,
two parameters that are considered as intuitively important have been
selected for more detailed sensitivity analysis. These are the number
of tasks and the processing time of tasks. All other parameters of the
problem were held constant and based on a coarse grain field study.

1.3 Outline

The rest of this report is organized as follows; Chapter 2 introduces the
key concepts concerning task scheduling, resource restriction strate-
gies and previous work in relevant fields. The method used in this
study is described in Chapter 3. Chapter 4 presents the results. Fi-
nally, Chapter 5 concludes and summarize the results and relevance of
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this study.



Chapter 2

Background

Scheduling is the decision making process of assigning i tasks to j re-
sources over a period of time with the goal to optimize a single or
multiple objectives [11]. Each task has a workload, wi, that is either
known or unknown when the task enters the system. Scheduling plays
an important role in many production, transportation and distribution
settings [11].

Few attempts have been made at minimizing multiple-objectives
while scheduling tasks on resources with varying efficiency [15]. In
the task scheduling problem examined in this report the tasks are cus-
tomers and the resources are checkout queue desks. The resources
have varying efficiency. The workload of each task is defined as the
amount of items that the customer wishes to purchase. The problem
models the real world situation that appears when checking out from
a store. The specific setting that is examined in this study is a task
scheduling problem with restrictions on resources. This implies that
only customers that fulfill certain criteria are allowed to enter specific
queues. This represents quick checkout desks were only customers
with less than x items are allowed to enter. The decision a customer
makes when deciding what queue to enter is based on the amount of
customers currently waiting in line in each queue and the amount of
items that the customer wishes to purchase.

When analyzing scheduling policies metrics are a key component,
they enable measurement of performance. Makespan is one commonly
used performance metric that is defined as the time from when the first
customer enters the queue to the time when the last customer leaves
the queue. Flowtime is a commonly used fair metric that is defined as
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the time from arrival to service [1].
There are generally two broad approaches adapted when study-

ing the multi-objective comparison. The first approach determines
the whole set of pareto optimal solutions (pareto approach). The sec-
ond approach uses a fitness function that aggregates different objec-
tives into a single scalar value which in turn is subject to optimization
(aggregated approach). However, the former is computationally diffi-
cult and becomes infeasible when the amount of resources grow large,
therefore a number of heuristics have been designed to solve schedul-
ing tasks [15].

Talarico [16] introduced a heuristic for optimizing workforce man-
agement for a chain of supermarkets in Italy. The heuristic examined
by Talarico found optimal and near optimal solutions when compared
to the naive solution adopted by the supermarkets. The specific prob-
lem examined in this work was the time tabling problem where the
objectives subject to optimization were the type of shifts and the num-
ber of shifts assigned to each worker. The objectives were subject to a
set of restrictions.

The aggregated approach was also used by Mokhatari et al. [8] who
performed a multi-objective comparison on the flow shop scheduling
problem. The objective was to find the optimal processing permuta-
tion as well as an optimal resource allocation so that both objectives
were minimized. Instead of producing one unified algorithm the prob-
lem was decomposed into two smaller subproblems that both lead to
a solution to the original problem. The fitness function combined the
solutions and is presented in equation (1).

Fitness = (w1 ∗Makespan) + (w2 ∗ TotalCost) (1)

The first term in equation (1) concerns the first subproblem, resource
allocation, whilst the second term was obtained from the second sub-
problem, the sequencing problem. The multi-objective problem was
thus transformed into a single objective optimization problem.

The aggregated approach is often used for solving computationaly
intensive problems but has a slight disadvantage because it exploits
problem specific information. Therefore in recent years metaheuristic
scheduling theory has grown in popularity. This due to the fact that it
is not problem specific and thus more generic.

Genetic algorithms are one of the popular metaheurstics used to-
day [10] and are often used in the pareto approach described above.
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This was the type of algorithm that Subashini and Bhuvaneswari [15]
found to be the best fitted for multi-objective optimization.

Subashini and Bhuvaneswari presented an application of a multi-
objective evolutionary approach for task scheduling. The purpose of
the study was to find a schedule that minimized makespan and flow-
time. To find the optimal schedule two different methods were evalu-
ated: a non-dominated sorting genetic algorithm and a non-dominated
particle swarm algorithm. The importance to effectively utilize a sys-
tems assignment mechanism of tasks to resources was the motiva-
tion behind Subashini and Bhuvaneswari’s [15] study. Their results
showed that the genetic algorithm outperformed the particle swarm
algorithm when it came to multi-objective optimization. The non-
dominated sorting genetic algorithm also provided more flexibility to
the users in terms of preferences of a desired schedule.

Since Subashini and Bhuvaneswari’s [15] study was based on a
nontrivial multi-objective optimization problem a single solution did
not exists that simultaneously optimized both objectives. The objec-
tives chosen were conflicting and multiple solutions existed that were
considered optimal. One way of defining optimal vector solutions to
multi-objective problems is by using the Pareto frontier. Solutions lo-
cated on the Pareto frontier are solutions that can not be increased in
any direction without decreasing more in another [14].

To be able to compare the two algorithms, Subashini and Bhu-
vaneswari [15] generated a set of Pareto optimal solutions for each
algorithm. The total set of solutions from the algorithm were exam-
ined by looking at the spread of each objective.

Another study that used the pareto approach was that of Dugardin
et al. [4]. Three heuristics were presented to solve a special case of
the flow shop problem with a multi-objective approach. The main
difference from the other scheduling problems is that a task can be
processed several time on the same resource. The objectives subject
to minimization and maximization were throughput rate and cost re-
spectively, each heuristic produces a set of solutions. The Pareto fron-
tier was then selected to use for measurement.

To measure the solutions a metric called the mu-distance was com-
puted. The mu-distance was defined as the distance between two non-
dominated Pareto frontiers and was used to sort the frontiers. To create
a value for each Pareto front the mu-distance was divided by the pro-
portional improvement of both fronts. Dugardin et al. [4] indicated
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that more computational time was needed to sort the non-dominated
solutions in larger systems when using this approach. The chosen ap-
proach was motivated by the fact that it provided a stronger selection
of non-dominated solution sets combined with the fact that the one
of the heuristics generated less numerous solutions. Dugardin et al.
concluded that one of the heuristics provided solutions near optimal.

Rajendran [12] presented a heuristic that minimized total flowtime,
makespan and idle time. The study first examined the minimization
of just flowtime, then makespan and flowtime and lastly flowtime,
makespan and idle time. The results indicated that the proposed heuris-
tic was more effective in minimizing the objectives compared to previ-
ously existing heuristics. When examining the minimization of flow-
time and makespan two alternate solutions S and S’ were scored with
their mean relative percentage error values RS according to equation
(2) and RS′ according to equation (3)

RS =
M −min(M ′,M)

min(M ′,M)
+
F −min(F ′, F )

min(F ′, F )
(2)

RS′ =
M ′ −min(M ′,M)

min(M ′,M)
+
F ′ −min(F ′, F )

min(F ′, F )
(3)

where F, F’ and M, M’ are total flowtime and makespan for each solu-
tion respectively. If RS′ < RS the solution S’ was defined as superior.

Ravindran et al. [13] compared three heuristics to the heuristic pre-
sented by Rajendran [12]. The objectives that were subject to mini-
mization in both studies were flowtime and makespan and the specific
scheduling problem analyzed was the flow shop scheduling problem.
Ravindran et al. [13] showed that the three heuristics performed bet-
ter than Rajendran’s heuristic. Their work suggested further exploring
the minimization of other objectives, such as idle time and tardiness.

In the literature there is a shortage of papers on the multi-objective
comparison of task scheduling problems with varying resource effi-
ciency. The contexts that this problem can be applied to are many,
examples aside from the checkout queue are internet resource man-
agement [7] and project management [9]. The importance of multi ob-
jective comparisons lies in the industries continuous struggle to com-
promise and decrease cost [4]. Since there is no research that indicates
where to place restrictions on resources when the efficiency of the re-
sources varies, this paper presents a novel comparison approach that
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indicates how to restrict resources in order to minimize summarized
flowtime and makespan.
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Method

3.1 Data

The data used in this study was generated and consisted of three at-
tributes. The attributes of each data element are presented in Table
1.

Attribute Description

Arrival
The point in time when the customer first gets served
at the checkout.

Served
The point in time when the customer has finished the
checkout procedure.

Items
The amount of items the customer purchases
(weight).

Table 1: A description of the data attributes arrival, served and items.

The data was separated into three different categories with the dif-
ference being the distribution function used to initialize the items at-
tribute. The distributions used for this purpose was the uniform-,
poisson- and normal distribution. This choice was made to model cus-
tomers purchasing different amounts of items.

The parameters for the probability distributions were set accord-
ing to Table 2. A bias value was added to the items attribute. This
choice was made to model the fact that the time to serve a customer
is not linear with respect to the amount of items. In the model devel-
oped for this study the maximum amount of items a customer may
purchase (maxItems) was set to 100. This value was the reference point
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for deciding the parameter values of the distributions. For the uni-
form distribution the upper bound was set to the maximum amount
of items and the lower bound was set to 1. For the possion distribu-
tion lambda was set to maxItems/10. For the normal distribution the
mean value was set to maxitems/2 to model that most customers pur-
chase half of the total amount of items allowed. The variance was set
to maxItems/10, to model a fine grain spread of items.

Distributions Parameters
Uniform lowerbound = 1, upperbound = maxItems

Poisson λ = maxItems/10

Normal µ = maxItems/2, σ = maxItems/10

Table 2: The parameters for the probability distributions used to gen-
erate the amount of items purchased by each customer. The value max-
Items was set to 100.

For each distribution a dataset of 100, 1 000, 10 000 and 100 000
customers were generated, thus resulting in 12 different datasets.

3.2 Metrics

The metrics that were used to measure the results of the study were
summarized flowtime (SF) and makespan (MS). Flowtime is customer
specific and is defined as the time from arrival to service. Summarized
flowtime is defined as all customers aggregated flowtime. Makespan
is not customer specific and is defined as the time from when the first
customer enters the queue to the time when the last customer leaves
the queue. The mathematical formulas for SF and MS are presented in
equation (4) and (5). The customers are numbered from 1 to n.

SF =
n∑

i=1

Tcompletioni
− Tarrivali (4)

MS = Tcompletionn (5)

3.3 Simulation

The checkout queue simulation modeled two lines, one leading to the
quick checkout desks (restricted resources) and one leading to the reg-
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Figure 1: Illustration of the simulation. As customers arrive at the
checkout queue they can enter one of two queues, one restricted and
one unrestricted, leading to the respective resources.

ular desks (unrestricted resources). An illustration of this is presented
in Figure 1. The choice of a singe line first in first out queue was based
on the commonly observed situation that can be found in retail stores.
The strategy resembles the situation where all customers join a sin-
gle line leading to the same destination. There were a total of 16 re-
sources, 8 restricted and 8 unrestricted. Each resource had a weight
representing their efficiency. The restricted queue was only available
to customer with less than 10 items.

To simulate customers arriving at the checkout desks a timer was
created. At every time step the queues were updated and new cus-
tomers arrived. Each customer choose to enter the shortest queue that
she had permission to enter. Her arrival attribute was set to the cur-
rent time. Finally, when there were no more new customers the queues
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were continuously updated until they were empty.
The queues were updated by serving the first customers in line. If

the customers had not previously been served their served attribute
was set to the current time. The process of serving one customer was
as follows; the amount of items were multiplied with the weight of the
resource handling them. The resulting value represented the time to
serve this customer. The result was decreased with the time step and
the customer was returned to the front of the queue if the value was
greater than 0. If not, the flowtime was stored and the next customer
was served in the same manner.

When the last customer left the last queue the makespan was set to
the current time.

3.4 Scenarios

To examine the effect of resource restriction strategies in checkout queue
scheduling three different scenarios were evaluated. The first scenario
(S1) acted as a benchmark with all resources working with the same
efficiency, thus the weights of the resources were all the same. The
second scenario (S2) had restrictions on efficient resources, thus the
weights of the resources that were restricted were higher than the weights
of the unrestricted resources. The third scenario (S3) had efficient re-
sources in the unrestricted checkout.

Scenario Weight of Restricted Resources Weight of Unrestricted Resources
S1 0.75 0.75

S2 0.5 1.0

S3 1.0 0.5

Table 3: Description of the different weights used for each respective
resource in the three scenarios implemented in the simulation.

Each scenario was run on the twelve datasets presented in Section
3.1.
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Results

4.1 Items drawn from uniform distribution

The summarized flowtime and makespan from the shop simulations
where the amount of items each customer has is drawn from a uniform
distribution can be found in Figure 2. The mean and standard devia-
tion of the summarized flowtime, makespan and individual flowtime
can be found in Table 4. The flowtime of each individual customer
with items from the uniform distribution is presented in Figure 3.

(a) (b)

19
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(c) (d)

Figure 2: Summarized flowtime and makespan plotted for each shop
simulation where the amount of items each customer purchases is
drawn from the uniform distribution. Figures a, b, c and d represent
the results when the number of customers are 100, 1 000, 10 000 and
100 000 respectively. In magenta; efficient resources placed in the non-
restricted queue. In yellow; evenly distributing efficient resources. In
black; efficient resources placed in the restricted queue. Each figure
contains 100 data points in each color, each data point represents one
shop simulation.

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 534.72 936.3 1497.88 259.35 385.89 784.44
1000 5580.32 10972.29 14026.63 586.92 1385.67 2230.92
10000 56733.05 109688.83 140626.18 2444.35 4322.68 7100.14
100000 569624.7 1097629.27 1409461.89 6896.23 12261.01 22444.01

(a)

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 136.89 138.59 170.69 7.92 9.32 15.88
1000 1034.45 1040.41 1070.77 7.86 9.93 17.05
10000 10035.47 10039.1 10070.94 7.82 9.85 15.29
100000 100033.55 100039.86 100069.41 8.73 8.9 15.38

(b)
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Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 43.9 48.19 114.15 48.89 57.66 103.52
1000 22.4 38.49 80.68 46.7 68.86 124.12
10000 7.91 14.22 33.47 27.83 45.09 84.53
100000 5.09 8.04 19.64 17.23 25.95 50.25

(c)

Table 4: Mean and standard deviation of flowtime and makespan
when the number of items each customer purchases is drawn from
the uniform distribution. Table a, b and c present the mean and stan-
dard deviation of the summarized flowtime, makespan and individ-
ual flowtime respectively. Each row represents a simulation with a
different amount of customers. Columns R1 represent placing efficient
resources in the non-restricted queue. Columns R2 represent evenly
distributing efficient resources. Columns R3 represent placing efficient
resources in the restricted queue.

Table 4a presents the mean and standard deviation of the summa-
rized flowtime. Table 4b presents the mean and standard deviation of
the makespan. Figures 2a to 2d show that placing efficient resources in
the non-restricted queue, in magenta in Figure 2, results in the lowest
summarized flowtime and makespan. Placing the efficient resources
in the restricted queue, in black in Figure 2, results in a higher sum-
marized flowtime and makespan. An even distribution of efficient re-
sources, in yellow in Figure 2, leads to a summarized flowtime and
makespan that is between the two previous results. This result is sup-
ported by the mean values presented in Tables 4a and 4b.

Tables 4a and 4b indicate that as the amount of customers increase,
so does the difference of the mean summarized flowtime of R1, R2 and
R3. Thus, as the amount of customers increase the vertical distance
from the center of each distribution to another increases. This is visi-
ble in Figures 2a to 2d, the distributions separate more clearly as the
customers increase.
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(a) (b)

(c) (d)

Figure 3: Histograms displaying the spread of individual flowtime in
the range from 0 to 50 during a simulation when the number of items
each customer purchases is drawn from the uniform distribution. The
height of each box represents the amount of customers with that spe-
cific flowtime. Figure a, b, c and d represent the results when the num-
ber of customers are 100, 1 000, 10 000 and 100 000 respectively. In
magenta; efficient resources placed in the non-restricted queue. In
yellow; evenly distributing efficient resources. In black; efficient re-
sources placed in the restricted queue.

Figures 3a to 3d indicate that placing efficient resources in the non-
restricted queue, in magenta in Figure 3, leads to the lowest flowtime
in general. Placing efficient resources in the restricted queue, in black
in Figure 3, leads to the highest flowtime in average. Evenly distribut-
ing the efficient resources, in yellow in Figure 3, leads to flowtimes
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between the two other alternatives. The exact mean values are found
in Table 4c. The spread of the individual flowtime decreases as the
number of customers increase.

4.2 Items drawn from poisson distribution

The summarized flowtime and makespan from the shop simulations
where the amount of items each customer has is drawn from a poisson
distribution can be found in Figure 4. The mean and standard devia-
tion of the summarized flowtime, makespan and individual flowtime
can be found in Table 5. The flowtime of each individual customer
with items from the uniform distribution is presented in Figure 5.

(a) (b)
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(c) (d)

Figure 4: Summarized flowtime and makespan plotted for each shop
simulation where the amount of items each customer purchases is
drawn from the poisson distribution. Figures a, b, c and d represent
the results when the number of customers are 100, 1 000, 10 000 and
100 000 respectively. In magenta; efficient resources placed in the non-
restricted queue. In yellow; evenly distributing efficient resources. In
black; efficient resources placed in the restricted queue. Each figure
contains 100 data points in each color, each data point represents one
shop simulation.

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 0.51 0.52 86.69 0.73 0.75 38.49
1000 6.97 7.35 836.78 3.73 3.92 113.87
10000 78.72 83.81 8541.95 12.79 14.63 410.52
100000 791.38 844.88 85801.61 42.42 46.89 1243.45

(a)

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 108.23 107.5 114.08 1.19 1.38 2.72
1000 1008.09 1007.27 1013.46 1.34 1.38 2.96
10000 10008.17 10007.24 10013.83 1.21 1.17 2.88
100000 100008.05 100007.34 100014.11 1.24 1.37 3.15

(b)
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Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 0.03 0.03 6.09 0.22 0.22 10.7
1000 0.04 0.01 2.15 0.61 0.09 7.28
10000 0.02 0.01 1.03 0.33 0.35 4.27
100000 0.01 0.01 0.93 0.19 0.21 3.49

(c)

Table 5: Mean and standard deviation of flowtime and makespan
when the number of items each customer purchases is drawn from
the poisson distribution. Table a, b and c present the mean and stan-
dard deviation of the summarized flowtime, makespan and individ-
ual flowtime respectively. Each row represents a simulation with a
different amount of customers. Columns R1 represent placing efficient
resources in the non-restricted queue. Columns R2 represent evenly
distributing efficient resources. Columns R3 represent placing efficient
resources in the restricted queue.

Figures 4a to 4d show that the summarized flowtime and standard
deviation is close to zero when the efficient resources are either in the
unrestricted queue, in magenta in Figure 4, or evenly distributed, in
yellow in Figure 4, compared to when the efficient resources are placed
in the restricted queue, black in Figure 4. These trends are supported
by the values found in Table 5a. The makespan increases at the same
rate as the customers increase. This is visible in Table 5b. As the cus-
tomers increase with a factor of 10, so does the mean makespan. The
standard deviation of the makespan does not increase significantly as
the amount of customers increase, this is visible in Table 5b.
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(a) (b)

(c) (d)

Figure 5: Histograms displaying the spread of all customers flowtime
during a simulation when the number of items each customer pur-
chases is drawn from the poisson distribution. The height of each box
represents the amount of customers with that specific flowtime. Fig-
ure a, b, c and d represent the results when the number of customers
are 100, 1 000, 10 000 and 100 000 respectively. In magenta; efficient
resources placed in the non-restricted queue. In yellow; evenly dis-
tributing efficient resources. In black; efficient resources placed in the
restricted queue. The number of flowtime values presented in each fig-
ure is equal to the amount of customers in the simulation multiplied
by 100.

Figures 5a to 5d indicate that placing efficient resources in the non-
restricted queue, in magenta in Figure 5, and evenly distributing the
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efficient resources, in yellow in Figure 5, leads to the lowest flow-
time in general. Placing efficient resources in the restricted queue, in
black in Figure 5, leads to the highest flowtime in average. The exact
mean values are found in Table 5c. The spread of the individual flow-
time decreases as the number of customers increase when the efficient
resources are placed in the restricted queue, column R3 The spread
fluctuates when the efficient resources are placed in the unrestricted
queue, R1, and when the efficient resources are evenly distributed, R2.

4.3 Items drawn from normal distribution

The summarized flowtime and makespan from the shop simulations
where the amount of items each customer has is drawn from a normal
distribution can be found in Figure 6. The mean and standard devia-
tion of the summarized flowtime, makespan and individual flowtime
can be found in Table 6. The flowtime of each individual customer
with items from the uniform distribution is presented in Figure 7.

(a) (b)
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(c) (d)

Figure 6: Summarized flowtime and makespan plotted for each shop
simulation where the amount of items each customer purchases is
drawn from the normal distribution. Figures a, b, c and d represent
the results when the number of customers are 100, 1 000, 10 000 and
100 000 respectively. In magenta; efficient resources placed in the non-
restricted queue. In yellow; evenly distributing efficient resources. In
black; efficient resources placed in the restricted queue. Each figure
contains 100 data points in each color, each data point represents one
shop simulation.

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 910.55 1320.84 3055.19 304.97 358.73 957.74
1000 7497.83 11979.01 18699.48 1284.45 1260.1 3177.29
10000 69823.83 117002.51 163366.12 3137.22 4036.84 9401.46
100000 693165.93 1167273.11 1634179.6 11271.33 11690.96 31969.25

(a)

Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 126.77 129.77 136.35 5.15 6.86 11.04
1000 1025.91 1030.62 1048.11 6.01 7.79 12.49
10000 10025.2 10030.76 10049.73 6.3 6.36 11.32
100000 100023.87 100029.22 100049.26 6.39 5.96 11.06

(b)
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Mean Standard Deviation
Customers R1 R2 R3 R1 R2 R3

100 34.13 44.89 107.9 36.77 42.63 81.48
1000 14.13 20.94 52.23 29.01 37.97 73.19
10000 6.4 9.24 22.38 16.25 20.85 42.6
100000 5.59 7.46 19.3 12.29 14.33 32.08

(c)

Table 6: Mean and standard deviation of flowtime and makespan
when the number of items each customer purchases is drawn from
the normal distribution. Table a, b and c present the mean and stan-
dard deviation of the summarized flowtime, makespan and individ-
ual flowtime respectively. Each row represents a simulation with a
different amount of customers. Columns R1 represent placing efficient
resources in the non-restricted queue. Columns R2 represent evenly
distributing efficient resources. Columns R3 represent placing efficient
resources in the restricted queue.

Figures 6a to 6d shows that placing efficient resources in the non-
restricted queue, in magenta in Figure 6, generates the least summa-
rized flowtime and makespan. When the efficient resources are evenly
distributed, in yellow in Figure 6, the makespan and summarized flow-
time yields an increase compared to the former. Figure 6 also shows
that placing the efficient resources in the restricted queue, in black in
Figure 6, yields the highest values in both summarized flowtime and
makespan. These results are supported by the mean and standard de-
viation of the summarized flowtime and makespan found in Tables 6a
and 6b.

Tables 6a and 6b indicate that as the amount of customers increase,
so does the difference of the mean summarized flowtime for R1, R2 and
R3. Thus, as the amount of customers increase the distance vertically
from the center of each distribution to another increases. This is visi-
ble in Figures 6a to 6d, the distributions separate more clearly as the
customers increase.
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(a) (b)

(c) (d)

Figure 7: Histograms displaying the spread of all customers flowtime
during a simulation when the number of items each customer pur-
chases is drawn from the normal distribution. The height of each box
represents the amount of customers with that specific flowtime. Fig-
ure a, b, c and d represent the results when the number of customers
are 100, 1 000, 10 000 and 100 000 respectively. In magenta; efficient
resources placed in the non-restricted queue. In yellow; evenly dis-
tributing efficient resources. In black; efficient resources placed in the
restricted queue. The number of flowtime values presented in each fig-
ure is equal to the amount of customers in the simulation multiplied
by 100.

Figures 7a to 7d indicate that placing efficient resources in the non-
restricted queue, in magenta in Figure 7, leads to the lowest flowtime
in general. Placing efficient resources in the restricted queue, in black
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in Figure 7, leads to the highest flowtime in average. Evenly distribut-
ing the efficient resources, in yellow in Figure 7, leads to flowtimes
between the two other alternatives. The exact mean values are found
in Table 6c. The spread of the individual flowtime decreases as the
number of customers increase.



Chapter 5

Discussion

The results presented in Chapter 4 show that different resource restric-
tion strategies affect performance in checkout queues with respect to
summarized flowtime and makespan when resources have varying ef-
ficiency.

The results show a continuous trend; as the amount of customers
increase so does the difference in the mean of summarized flowtime
and makespan between the three scenarios; placing efficient resources
in restricted queues, evenly distributing efficient resources and placing
efficient resources in non-restricted queues. All results indicate that
placing efficient resources in the unrestricted queue is preferable from
the perspective of minimizing summarized makespan and flowtime.
Evenly distributing the efficient resources results in slightly higher val-
ues than placing efficient resources in the non-restricted queue. The
highest values are achieved by placing efficient resources in the re-
stricted queue. The results indicate that when the amount of cus-
tomers in the store rises the effect of the different strategies becomes
more apparent. Thus the importance of placing efficient personnel in
the correct place increases as the amount of customers increase. This
indicates that the importance of an educated decision of what resource
restriction strategy that should be implemented is greater when there
are more tasks to be served. This result is independent of the amount
items that the customers are purchasing.

When the greater part of customers in the store have around the
same amount of items (items drawn from uniform- and normal distri-
bution) the placement of efficient resources in the non-restricted queue
yields the lowest average flowtime and makespan. Thus, when cus-

32
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tomers have the same amount of items it is more efficient from a multi-
objective perspective to place efficient resources in the non-restricted
queue. This result is independent of the number of customers in the
store.

When the number of items each the customer purchases is drawn
from the poisson distribution and the efficient resources are placed in
the non-restricted queue or evenly distributed, the summarized flow-
time in respect to the makespan apporaches zero for approximately
all customers. One explanation of this behaviour is that many cus-
tomers will have few items and thus are eligible to enter either queue.
Having few items will lead to faster checkouts and since many cus-
tomers can choose what queue to enter the lines will stay even. The
multi-objective problem thus becomes a single objective problem and
the makespan is the lowest when the efficient resources are placed
in the non-restricted queue. However when the efficient resources
are placed in the restricted queue a bottleneck is created in the non-
restricted queue because the processing of heavyweight tasks becomes
slower. Thus the performance of the queue with respect to makespan
and flowtime decreases.

In order to compare the performance of different resource restric-
tion strategies; placing efficient resources in non-restricted queues, evenly
distributing efficient resources and placing resources in restricted queues,
the mean and variance of the different resulting distributions were
compared. Due to the apparent trend of the results, the clear sepa-
ration of the distributions as customers increase, the choice was made
to not calculate the pareto frontier. Further work will be focused on
defining a fitness function to reduce the problem to a single-objective
optimization problem and finding the pareto frontier of the result-
ing distributions. Systematic parameter selection is suggested as an
improvement to this study as well as a detailed sensitivity analysis
of more than the two selected parameters. Parameters suggested for
analysis are the amount of registers and the weight representing an ef-
ficient resource. It is believed that these improvements would result
in a more generic simulation on how resource restriction stragtegies
affect the performance of checkout queues.
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5.1 Conclusions

Subashini and Bhuvaneswari [15] showed that qualified assignment
of tasks was important for efficient utilization of heterogeneous re-
sources. Subashini and Bhuvaneswari’s results are consistent with the
results obtained in this study. This trend was shown with different
methods. When execution time of tasks vary on different resources the
choice of assignment dictates the resulting makespan and flowtime.

The industry is constantly subject to the need of increasing effi-
ciency while decreasing costs. By altering or introducing resource re-
striction strategies the flowtime and makespan of task schedules can
decrease. This result is applicable to any task scheduling problem.
Aside from the studied scenario, other interesting applications are task
scheduling in distributed computing systems, airport check-in and toll
booth lines. With the results obtained in this study, all scenarios that
belong to the task scheduling problem can without extra cost be im-
proved with respect to flowtime and makespan simply by altering the
restrictions on the resources. More specifically, by moving the efficient
resources to locations that service tasks with longer processing time.

To increase performance in the task scheduling problem with re-
strictions on resources this study shows that it is vital to assign time
consuming tasks to efficient resources.
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