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ABSTRACT

AGENT BASED SIMULATION MODELING FOR DESIGN OF A SMART
SBS/RS

Kiigiikyasar, Melis
MSc, Industrial Engineering
Advisor: Assoc.Prof. (PhD) Banu Y. EKREN
January 2021

In this thesis, we aim to study a tier-to-tier shuttle-based storage and retrieval
(SBS/RS) design developed as alternatively to tier-captive SBS/RS design to
overcome its negativeness. SBS/RS is an automated warehousing technology widely
utilized in mini-load warehouses. Since there is a dedicated shuttle in each tier of an
aisle in tier-captive SBS/RS, the average utilization of shuttles are very low compared
to lifting mechanism located as a single server at each aisle. In an effort to decrease
the number of shuttles in the system, we propose that novel tier-to-tier SBS/RS where
there are few shuttles aisle than the number of tiers in a dedicated aisle so that those
shuttles can travel between tiers. By the decreased number of shuttles, it is expected to
highly utilize those shuttles. However, this time the throughput rate of the system may
decrease compared to the tier-captive SBS/RS under the same warehouse design. For
that, we also focus on smart operating policies in that tier-to-tier SBS/RS to improve
its performance. We utilize simulation modelling approach for modelling approach.

This thesis mainly focuses on three research questions: i) is there an alternative
SBS/RS design to tier-captive SBS/RS design where the utilization of shuttles are
balanced with lifts? ii) in the porposed novel tier-to-tier SBS/RS, is there a system
design meeting the desired system performance metrics with a low total investment
cost? iii) what is the best priority assignment rule for transactions scheduling in queues
to improve multi-objective performance metrics in the system? We provide solutions
to all those questions. Finally, we define a novel tier-to-tier SBS/RS design and show
that this design can be utilized as an alternative to classical SBS/RS considering cost,

time and energy performances. We also complete a factor analysis to identify






significant factors affecting the performance of tier-to-tier SBS/RS, statistically.
Moreover, to improve the performance of this novel design, we apply priority

assignment rules by tracking real-time data in the system.

Key Words: SBS/RS, tier-to-tier SBS/RS, automated warehousing, automated storage
and retrieval system
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AJAN TABANLI SIMULASYON iLE AKILLI BIR OTOMATIK ARACLI
DEPO TASARIMI

Kiigiikyasar, Melis
Yiiksek Lisans Tezi, Endiistri Miihendisligi
Danisman: Dog¢. Dr. Banu Y. EKREN
Ocak 2021

Bu tezde katlara adanmis otomatik ara¢li depolama ve ¢ekme sistemlerinin
olumsuzluklarinin iistesinden gelebilecek kattan kata otomatik ara¢li depolama ve
¢ekme sisteminin (SBS/RS) tasarlanmasi hedeflenmektedir. Otomatik aragl depolama
sistemleri kiiglik yiik depolarinda oldukga yaygin kullanilan bir teknolojidir. Her kata
bir aracin adanmig otomatik aracli depolama sisteminde her katta bir ara¢ oldugundan,
her koridorda bir adet bulunan asansér mekanizmasina gore oldukca diisiik kullanim
oranina sahiptir. Sistemdeki otomatik arag sayisini azaltmak igin bir koridordaki arag
sayisinin kat sayisindan daha az oldugu yani araglarin katlar arasinda dolagsmasina izin
verildigi yeni kattan kata otomatik aragli depolama ve ¢ekme sistemi tasarimi
sunulmaktadir. Arag sayisinin diigiiriilmesiyle araglarin daha yiiksek faydali kullanim
oranlarina sahip olmasi beklenmektedir. Bununla birlikte, sistemin ¢ikt1 orani kata
adanmis otomatik aragli sisteme gore daha diisiik olacaktir. Bu yiizden, sistem
performansini iyilestirmek igin kattan kata depolama ve ¢ekme sistemi igin akilli
operasyon politikalarina odaklanilmistir. Bunu yapmak i¢in de simtilasyon modelleme

yaklagimi kullanilmistir.

Bu tez esas olarak ii¢ arastirma sorusuna odaklanmaktadir: 1) mekiklerin kullaniminin
asansorlerle dengelendigi her aracin bir kata adanmis SBS/RS tasarimina alternatif bir
SBS/RS tasarimi var m1? ii) S6z konusu yeni kattan kata SBS/RS'nde, diisiik bir
toplam yatirim maliyeti ile istenen sistem performans 0l¢iitlerini karsilayan bir sistem
tasarimi var m1? iii) sistemdeki ¢ok amagli performans Ol¢iitlerini iyilestirmek igin
kuyruklarda islem planlamasi i¢in en iyi 6ncelik atama kurali nedir? Biitiin bu sorularin

yaniti bu tez ile aragtirilmistir.

Vil






Son olarak, maliyet, zaman ve enerji bakimindan klasik SBS/RS tasarimlarina
alternatif olabilecek yeni bir kattan kata SBS/RS tasarimi dnerilmistir. Bu tasarimin
performansin1 etkileyen faktorler istatistiksel olarak analiz edilmis ve siSstem
performansini gelistirmek igin ger¢cek zamanli veri kullanilarak ¢esitli 6ncelik atama

kurallar1 uygulanmastir.

Anahtar Kelimeler: SBS/RS, otomatik depolama sistemi, otomatik depolama ve

¢ekme sistemleri
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CHAPTER 1
INTRODUCTION

One of the recent biggest challenges facing the modern industry is the necessity to
adapt today's fast changing competitive environment. Therefore, business models are
seeking for methods to be flexible to keep up with this rapid changes. Automation has
become a very significant investment through becoming flexible and productive target.
Not only automation, but also smart algorithms integrated in those technologies

helping to work with efficiently would also be required to reach those targets.

The age of digitalization that has come with the Industry 4.0 developments find its
implementations in warehouses as well. Warehouses are significant in supply chains.
The main purposes of warehouses are to store items temporarily in order to reduce the

negative effects of demand variability as well as to be responsive to customer orders.

Shuttle based storage and retrieval system (SBS/RS) is one of robotic technology-
based solutions for automated warehouses that are widely used in mini-load
warehouses. With the recent e-commerce trend, order profile has changed towards
more variability with low volume. Towards that changes Grand View Research (2019)
predicts that the material handling equipment market size including automated storage

and retrieval system equipment will grow by 6.8% from 2019 to 2025.

In this thesis, we focus on design of a novel automated warehouse robotic technology
design to overcoming the negative aspects of previous tier-captive SBS/RS design. We
also develop smart operating policies for that proposed system resulting with multi-

objective performance improvements.

SBS/RS is initially introduced as tier-captive SBS/RS by Marchet et. al (2012) and
Carlo and Vis (2012). Figure 1.1 shows the physical configuration of a tier-captive
SBS/RS drawn for a single aisle. In this system, each tier has a dedicated shuttle
traveling within an aisle. Therefore, the number of shuttles is the same as the number
of tiers in an aisle in the system. Shuttles perform horizontal travel to pickup the totes

from their storage addresses or to store them at the designated storage addresses. There



is a lifting mechanism that is located in front of each aisle providing vertical travel for
loads (i.e., totes) to change their tiers. We refer this lifting mechanism as Lift 1 in
Figure 1.1. In each aisle, it is assummed that there is a single input/output (I/O) location
where transaction requests starts or ends. In another word, Lift 1 transfers the totes
from/to I/O points to/from the buffer area at each tier. At each tier there are two buffer
areas located either left and right sides connected with the lifting mechanism. Totes

wait there temporarily until they are picked up either by lifts or shuttles.

There are two main transaction types in the system: storage and retrieval transactions.
For the storage process, first the lift travels to the I/O point to pick up the tote. Then,
the tote is dropped off at one of the buffer locations at the target tier. Shuttle picks up
this tote to store it at the target storage compartment (i.e., bay). For the retrieval process,
first, the shuttle picks up the tote from its bay address and drops off it at one of buffer
locations at that tier. Last, the lift travels to that tier and picks up the tote from the
buffer location to drop off it at the I/O point.

(a) Side View of an aisle
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Figure 1. 1. The physical Configuration of tier-captive SBS/RS
In tier-captive SBS/RS, lift usually become bottleneck. This is because while there is
a single lifting mechanism in each aisle, there are shuttles as many as number of tiers.
Therefore, average utiliation of shuttles are very low compared to lifts in those systems
(e.g., average utilizations of shuttles are roughly 40%, when lifts’ are roughly 85%).
The newly proposed tier-to-tier SBS/RS provides an opportunity to balance those
utilization levels by decreasing the number of shuttles in the system which might also

help for decreasing initial investment cost of those systems.
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(b) Top View of an aisle

Figure 1. 2. The physical configuration of tier-to-tier SBS/RS design

Figure 1.2 shows the proposed tier-to-tier SBS/RS developed as an alternative design
to tier-captive SBS/RS. Upper figure shows the top view, while the lower one shows
the side view of this design. In this system design, shuttles are not tier-captive meaning
that they can travel between tiers. By the decreased number of shuttles we allow
shuttles travel between tiers by a separate lifting mechanism located at other end side
of each aisle. We refer this lifting mechanism as Lift 2 in Figure 1.2. Once again, Lift

2 is dedicated for travel of shuttles between tiers.
There are three main research questions in this thesis. These are summarized as follows;

RQ1: Is there any alternative SBS/RS design to tier-captive SBS/RS design where the

utilization of shuttles are balanced with lifts?

RQ2: In the porposed novel tier-to-tier SBS/RS, is there a system design meeting the
desired system performance metrics with a lower total investment cost than tier-
captive SBS/RS? What are the significant design factors affecting performance of this
tier-to-tier SBS/RS design?

RQ3: Is there a good priority assignment rule for waiting jobs in queues that can
improve the multiple objectives of flow time related performance metrics: average
flow time per transaction, maximum flow time and standard deviation of flow times,

average flow time of outliers, etc.?

To investigate those three questions, for RQ1 we propose a tier-to-tier SBS/RS design.
For RQ2, we compare tier-to-tier designs with tier-captive designs in terms of

throughput rate, average energy consumption per transaction, and total investment cost



under different physical configurations. Also, we conduct an experimental design to
identify the factors affecting the system performance such as average flow time per
transaction, average energy consumption per transaction under different physical
configurations. For RQ3, we propose several priority assignment policies for waiting
jobs in queues in tier-to-tier SBS/RS by tracking real-time information and data. Then,

we compare their performance results.

For the modelling purpose, we use simulation implemented in the commercial software

Arena 16.0. The following subsections provide background about SBS/RSs.

1.1. Tier-Captive SBS/RSs

This existing literature is mostly related to tier-captive SBS/RS. Remember that, tier-
captive designs have a dedicated shuttle in each tier of an aisle (see Figure 1.1).
Because of this reason, average utilization of shuttles is very low compared to average
utilization of lifts. However, these systems provide increased throughput rate outputs.
One of the initial works in tier-captive SBS/RS is proposed by Marchet et. al. (2012).
They develop an analytical model to predict significant performance metrics such as
average waiting and cycle time of transactions in the system. They also validate the
proposed open queuing network model by using the simulation modeling approach.
After this study, Marchet et. al. (2013) introduce a study about design trade-offs for
tier-captive SBS/RS. They analyze several performance metrics also including the
initial investment cost of these designs by using simulation modeling. They obtain that

a decreasing number of aisles ensures better performance metrics.

Another initial work in tier-captive SBS/RS is realized by Carlo and Vis (2012) for a
different system design with two non-passing lifting mechanism. They use a heuristic-

based solution for scheduling of those lifts.

Lerher et al. (2015a) study on the advantage of the tier-captive SBS/RS by obsering
the throughput rate performance metric from the system. They investigate that
performance metric under different physical configuration and velocity values of lifts

and shuttles.

Lehrer et al. (2015b, 2016) study analytical models for travel time modelling in tier-
captive SBS/RS. They consider many design scenarios developed on velocity profiles

of shuttles and lifts and, single and dual command scheduling of transactions. They



validate the models by their simulation results. Then, Lerher (2016) studies an SBS/RS
with double-deep racks. The results show that this design provides more efficient

utilized floor space.

Ekren et al. (2015) propose application of class-based storage policy in SBS/RS. They
show the effectiveness of that policy by modelling it in ARENA 14.0 simulation
software. The results of this study show that a class-based storage policy is applicable
for SBS/RS resulted in a good performance.

Ekren and Heragu (2011) state the advantages of simulation modeling in analyzing
many different experiments in automated warehouse systems. Ekren (2017) presents a
simulation-based design approach to give several performance outputs considering
different design configurations in a tier-captive SBS/RS. Ekren et al. (2018) provide a
closed-form solution to predict the mean, variance of travel time of lifts and shuttles
per transaction. That tool can also predict the mean consumption of energy and the

mean regeneration of energy per transaction.

Wang et al. (2015) provide a mathematical optimization procedure for scheduling of
tasks in SBS/RS. They present a multi-objective optimization problem developed on
non-dominated sorting genetic algorithm. Tappia et al. (2016) present a queuing
network model to estimate some critical performance metrics from a tier-captive
SBS/RS. Zou et al. (2016) propose a fork-join queueing network model to estimate
performance metrics from a tier-captive SBS/RS. By that, they could implement a
parallel movement of shuttles and lifts in transaction travels. The validity of models is
tested by simulation models. One of the recent works is by Eder (2019) where he
proposes a model developed analytically to estimate some critical performance metrics
from a tier-captive SBS/RS. He employs an open queueing network model with

capacity constraint.

Ekren and Heragu (2012) compare the performance of two autonomous storage and
retrieval system designs: crane-based AS/RS and AVS/RS. Ekren et al. (2013, 2014)
model an AVS/RS by semi-open queuing network approach by utilizing their pre-
developed extended algorithm (Ekren and Heragu, 2010b). Heragu et al. (2011) study
crane-based AS/RS and AVS/RS for comparison purpose. They utilize a tool referred
as manufacturing system performance analyzer (MPA), for the performance analysis

of OQNs.



Zhao et al. (2018) study the scheduling of two non-passing lifts on a common rail
SBS/RS. Because lifts are the bottleneck in the system, they consider acceleration and
deceleration of lifts as design parameters to minimize the makespan of travels. They

propose a function to predict the lift route and a scheduling genetic algorithm.

Ekren (2020a) presents a recent study on tier-captive SBS/RS from a statistical point
of view. This study provides the factors that affect the system performance of tier-
captive SBS/RS by using statistical experimental design. Results show that increased
number of aisle affects the system performance significantly. The other recent worn
on this system provided by Ekren (2020b). The study argues on a multi-objective
optimization solution considering sverage cycle time and energy consumption per

transaction for tier-captive SBS/RS.

1.2. Tier-to-Tier SBS/RSs

The number of works related tier-to-tier SBS/RS. Ha and Chae (2018a) study firstly,
on that design. One of the most important part of their study is based on preventing
collision of shuttles by defining a free-balancing approach. Against our study, they use
a single lifting mechanism to carry loads and shuttles. After that work, Ha and Chae
(2018b) focus on the number of shuttles in a tier-to-tier SBS/RS. They develop a model
to determine the optimal number of shuttles considering velocity profiles, and physical

configuration of a tier-to-tier SBS/RS.

Another study elaborates to minimize waiting times of shuttles, and idle time of lifts
by Zhao et al. (2019) They develop an integer programming model for a tier-to-tier

SBS/RS by using simulation modeling approach for the optimization procedure.

Very recent work is by Kiigiikyasar et al. (2020a) studying performance comparison of
tier-captive and tier-to-tier SBS/RSs under different warehouse design configurations.
For the performance metrics, initial investment cost, flow time, and energy
consumption performance metrics are considered. The results suggest that there could
be better designs in tier-to-tier SBS/RS than tier-captive SBS/RS resulting in decreased
investment costs and increased performance metrics. Kiigiikyasar et al. (2020b) also
show that the factors that affect the performance metrics of the tier-to-tier SBS/RS
under different rack configuration. The results show that increasing the velocity profile
and the number of tiers, decreasing the number of aisles cause to increase of average

energy consumption in the system.



1.3. Agent-Based Modelling in Automated Warehouses

The simulation approach is mostly developed on those methods; discrete-event,
continuous-event, and agent-based approaches. Agent-based simulation approach
differs from the others with defined components in the model. This approach can be

used in different fields such as sociology, biology, and engineering.

In agent-based modeling, of a set of agents is defined according to aim of the modelling
system. Agents are modelled as autonomous and self-directed. The most important

feature of agents is deciding independently in a dynamic and changing environment.

In this modelling approach, agent’s behaviors are the critical point. They act by using

the information coming from environments and the other agents.

Guller and Hegmanns (2014) introduce a detailed multi-agent simulation model for
SBS/RS to evaluate the performance of the system. The results show that the order
structure has a significant impact on performance of the system. In addition, they
propose that agent-based simulation approach is a powerful tool in modelling complex
multi-shuttle systems. Giiller et al. (2018) study performance of a transport system by
utilizing agent-based simulation approach under different factors. They estimate the
cycle time and utilization of shuttles as performance metrics by expeimenting the

number of vehicles and throughput rate in the system.

Although the most related work is by Giiller and Hegmanns (2014), they just focus on
how the logic of multi-agent model can be designed in an SBS/RS. They do not
consider smart dynamic scheduling policies in the system. Differently, we propose
both a novel SBS/RS design as well as a dynamic decision making models by
evaluating real time information from the environment. Specifically, in real time
tracking approach, this thesis studies priority assignment policies for tasks waiting in

queues. The modelling details are given in the following sections.



CHAPTER 2
A PERFORMANCE COMPARISON WORK FOR TIER-CAPTIVE
AND TIER-TO-TIER SBS/RS DESIGNS

In this chapter, we aim to present a performance comparison work on tier captive
SBS/RS and tier-to-tier SBS/RS. First, we provide a comparative study between tier-
to-tier and tier-captive SBS/RSs to explore whether or not there might be a good design
for tier-to-tier SBS/RS that could be an alternative design to tier-captive SBS/RS. For
that we experiment different physical configurations from the systems designs and
observe their cost, throughput rate, and energy consumption performance metrics.
Second, by focusing on tier-to-tier SBS/RS, we experiment more system designs to

observe time and energy related performance metrics.

2.1. System Description and Model Assumptions

Here, we introduce the tier-to-tier SBS/RS design that we focus on. As mentioned, in
this novel system design, shuttles are able to travel between tiers. However, they
cannot leave their dedicated aisles. Namely, the number of shuttles is lower than the
number of tiers in an aisle against the tier-captive designs. Here, Lift 2 is dedicated for
travel of shuttles between tiers. Lift 2 has a single shuttle capacity. Besides, the other
lifting mechanism referred as Lift 1, is positioned at front of each aisle is dedicated for
travel of totes. Lift 1 has two lifting tables that are able to work independently. There
are two sides equipped with storage compartments in each aisle. These storage

compartments can hold a single tote.

Shuttles, Lift 1, and Lift 2 can work simultaneously. In this system, transaction
demands trigger the servers (i.e., Lift 1, Lift 2 or shuttle). Namely, when a transaction
arrives in the system, first it checks the shuttle locations and selects one of them,
randomly. Then, this transaction also calls Lift 1 and Lift 2 simultaneously based on
its requirement. If any of those servers are busy at that time, then the transaction entity
enters the queue of that server. Initially, Lift 1 and Lift 2 follow first-in-fist-out (FIFO)

priority assignment rule. The reason for checking the shuttles’ location is that there is



the possibility of collision between shuttles. To prevent collision between shuttles, a
single shuttle is allowed to travel in a single tier. Therefore, it is first checked whether
or not there is a shuttle in the target tier. If so, the transaction selects that shuttle.

Otherwise, the transaction selects a shuttle, randomly.
The other assumptions that we consider in this initial work are:

1. Arriving storage transactions in the warehouse are assumed to appear at I/O points.
Besides, arriving retrieval transactions in the system are assumed to end at the I/O

point of regarding aisle.

2. Storage transactions flow is from I/O point to a buffer location at the target tier. It is

exact opposite for retrieval transactions.

3. There are two buffers locations that are located at both sides at each tier. Each side

has three totes capacity.

4. Shuttle picks up storage transactions from the buffer locations to drop off them in
storage compartments. It picks up retrieval transactions from storage compartments to

drop off them in buffer locations.

5. Lift 1 picks up the storage transaction from the I/O point and it drops off it at a
buffer location at the regarding tier. It picks up the retrieval transaction from a buffer
location and drops off it at the I/O point in the regarding aisle. Note that, Lift 1 is not

utilized if the transaction request is at the first tier.

6. Dwell point of servers is determined to be the last point where they complete their

process.

Simulation model details are explained in the following section.

2.2. Simulation Modelling of the System

In this thesis, the studied systems are modeled by simulation, by using the commercial
software, ARENA 16.00. The flow chart of the defined tier-to-tier SBS/RS is shown
in Figure 2.1. The verification and the validation of the simulation models are done by
debugging the codes and animating the model. Besides, we compare the outputs
obtained by the simulation models with the system experts and literature papers (Ha

and Chae, 2018a). In Figure 2.2, an animation screen shot figure is given for the studied



tier-to-tier SBS/RS. That system warehouse has 15 tiers and 50 bays in a tier. Red ball

and blue ball represent the storage and retrieval transactions, respectively.

Figure 2.1 shows the flow chart of the considered simulation model for process of
storage and retrieval transactions. Arrival transaction initialize the model. First it
checks the availability of the buffer area at the target tier. Note that, a transaction
arrives at the system with the attributes of storage/retrieval address and transaction
type. If the buffers at the regarding tier are, then it waits until it becomes available.
Later, the transaction checks whether there is a shuttle at the same tier or heading to
that tier. If there is not, it selects a shuttle randomly. If it requires Lift 1 or Lift 2, it
also enters their queues simultaneously, by duplicating itself. When the shuttle arrives
at the target tier, it picks up the transaction from the buffer/storage compartment and

drops off it to the storage compartment/buffer by the type of transaction.
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Figure 2.1. Flow chart for the storage and retrieval transactions.
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Lift 1, Lift 2, and shuttles may wait any of each other at the meeting points. For
instance, Lift 1 may wait for a loaded shuttle until it arrives at the buffer location to
pick up the retrieval transaction. Another example, a shuttle may wait for Lift 2 at the

end of the tier until Lift 2 arrives there.
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Figure 2.2. A screenshot from the animation of the simulation model
The other assumptions considered in the simulation model are listed as follows:

1. Acceleration and deceleration values, maximum velocity are considered for shuttles

and lifting mechanisms.

2. Mean arrival rates for storage and retrieval transactions are equals and generated by

using Poisson distribution.

3. Random storage policy is used for determining transactions’ storage or retrieval

addresses.

Some parameters for metrics, velocities, and weights are considered as follows;
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1. The distance between two adjacent bays is equal and 0.5 m in each tier. Distance
between buffers is also assumed as the same. The distance between two adjacent tiers

is 0.35 m. (Lerher et al., 2015a, 2015b; Ekren, 2018, 2020a).

2. The acceleration and deceleration values of lifts and shuttles are assumed to be 2

m/sec? and the maximum velocity of them is considered as 2 m/s.

3. Shuttle, Lift 1, Lift 2, and tote’s weights are assumed as 40 kg, 60 kg, 60 kg, and 20
kg, respectively (Lerher et al., 2015a, 2015b; Ekren, 2018, 2020a).

The simulation time is determined as 40 days with 10 days warm-up period. To
determine this period, we use the eye-ball technique by checking whether or not the
average flow time per transaction reaches the steady-state condition. The simulation

models are run for 5 replications.

2.3. Cost and Performance Comparison for Tier-to-Tier and Tier-Captive
SBS/RSs

In the previous part, tier-to-tier SBS/RS design is described. In this part, we compare
tier-to-tier design and tier-captive design. Therefore, firs we define assumptions of the

tier-captive design.

In our study, tier-captive design differs from tier-to-tier design only based on the
number of shuttles. Namely, tier-captive design has a shuttle in each tier of an aisle.
Therefore, Lift 2 is not necessary for this design. The other assumptions are valid for

this system as well.

In this section, we aim to present that there are tier-to-tier designs that can provide the
performance of tier-captive designs in terms of time, energy consumption, and even
provide more advantages in terms of cost. To perform our aim, we define different
warehouse configurations that have the same warehouse capacity. Details of the
scenarios are given in the following sub-section. Performance metrics are considered

as throughput rate, energy consumption per transaction, and total investment cost.

2.3.1. Design Scenarios and Performance Metrics

In this section, design scenarios and performance metrics are detailed to provide cost
and performance comparisons for tier-to-tier and tier-captive designs. Table 2.1 shows

the design scenarios.
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Table 2. 1. The racking designs for the SBS/RSs

Design No Nu‘mber of Number of lember of Ware.house
Tiers (7) Bays (B) Aisles (A4) Capacity (W)
1 25 60 8 12,000
2 20 50 12 12,000
3 15 40 20 12,000
4 10 40 30 12,000

We define firstly 4 different tier (7) levels for the physical configuration of the
warehouse and then we increase the number of aisles (4) while 7 decreases. Because
we know that increased 4 provides an increased throughput rate with the study of
Ekren (2020a). Therefore, we adjust the number of bays in each tier (B) so that fix the
desired warehouse capacity (/). Note that W is calculated as 7T x B x A. Namely, B is

defined as the number of storage compartments (i.e., bays) in each tier in an aisle.

The defined designs in Table 2.1 are implemented for both tier-captive and tier-to-tier
designs. Namely, all designs are simulated with a dedicated shuttle in each tier of an
aisle and a different number of shuttles in a dedicated aisle such as 3, 4, 5, and 6. The
lifting mechanism becomes bottleneck in the tier-captive designs because of excess
amount of shuttles. However shuttle is generally bottleneck in tier-to-tier system
because of decreased number of it. To make a convincing analysis, we run the pre-
defined design scenarios at 95% utilization of bottleneck server in the system. To
perform that, we adjust the arrival rates accordingly. Thus, we mainly compare tier-to-

tier designs and tier-captive designs by the throughput rate performance metrics.

The performance metrics are determined as total investment cost (7C), throughput rate
per month in each aisle (1), and energy consumption per transaction (£) where there is
an energy regeneration mechanism in the system. Due to the slowing down of shuttles
and lift mechanisms, energy is regenerated and subtracted from the total energy
consumption because slowing down of the lifts and shuttles causes to regenerate
energy. Namely, £ shows the net energy consumption per transaction. Formulas of
energy consumptions and regenerations of shuttles and lifts are taken from Ekren et al.

(2018).

To calculate the initial investment cost, we include total cost of shuttles, lifts, storage
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compartments and space area costs in the total cost function. To build the TC function,

the parameters in Table 2.2 are used (Lerher and Potre, 2006; Marchet et al., 2013).

Table 2. 2. Parameters for the total investment cost (TC) function

Parameters Definition Unit Value
C, Cost of shuttle €/shuttle 20,000
C, Cost of Lift 1 €/Lift 1 50,000
Cs Cost of Lift 2 €/Lift 2 75,000
(A Cost of a bay €/bay 30
Cs Cost of space €/m? 50
S The footprint of the warehouse m?
ng Number of shuttles in an aisle
Ly Length of the warehouse m
Wy Width of the warehouse m
d Distance between two adjacent bays m
Iy Length of a buffer area m
l, Length of conveyor area m
L Length of Lift 1 mechanism m
L, Length of Lift 2 mechanism m
w Width of a rack m
w, Width of an aisle m

In order to calculate S, first we compute L, by (1). Then, we compute Wy, by (2). As

aresult, S is calculated by (3).

B
Lw:d'(5)+lb+lc+ll+lz @
Wy,=2-w+w,) - A 2
S=Ly- W, 3

The total cost functions of tier-captive and tier-to-tier SBS/RS designs are given by (4)

and (5), respectively.

TC=(C,- T+C) - A+ (Cy- T-B-A)+(S-Cs5) ()
TC=(Cp ng+Cya+C3) - A+ (Co-T-B-A)+ (S C) (5)

2.3.2. Simulation Results

Note that, the design scenarios in Table 2.1 are run for the arrival rate that is providing
95% utilization value for the bottleneck server in the system. Accordingly, Table 2.3
shows the results of those designs. Remember that, pre-defined design scenarios are
run as tier-captive and tier-to-tier with different number of shuttle (ng) level such as 3,

4,5, and 6. The first four designs are tier-captive SBS/RS and the rest of them are tier-
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to-tier SBS/RS with different levels of ng. In Table 2.3, the simulation results are given

at 95% confident intervals.

Table 2. 3. Simulation results for the conducted experiments

Scenario T B A ng Iy E Total Cost

1 25 60 8 25 864,066 2.38E-03 + 8.94E-07 € 4,776,128
L2002 20 50 12 20 997,154 2.03E-03 + 1.39E-06 € 5,781,042
8 3 15 40 20 15 1,178,190  166E-03 + 8.56E-07 € 7,389,820
4 10 40 30 10 1,296,131  125E-03 + 4.50E-07 € 7,904,730

5 25 60 8 3 392,926 407E-03 + 5.64E-06 € 1,856,128

6 25 60 8 4 498,736 4.03E-03 + 5.73E-06 € 2,016,128

7 25 60 8 5 602,944 3.94E-03 + 2.96E-06 € 2,176,128

8 25 60 8 6 682,391 3.89E-03 + 2.21E-06 € 2,336,128

9 20 50 12 3 462,974 3.48E-03 + 5.70E-06 € 2,601,042

10 20 50 12 4 602,944 3.39E-03 + 3.34E-06 € 2,841,042

5 11 20 50 12 5 720,021 3.33E-03 + 1.21E-06 € 3,081,042
z 2 20 50 12 6 836,219 3.22E-03 + 3.75E-06 € 3,321,042
o 13 15 40 20 3 575,957 2.78E-03 + 4.42E-06 € 4,089,820
- 14 15 40 20 4 751,185 2.70E-03 + 1.92E-06 € 4,489,820
15 15 40 20 5 909,568 2.61E-03 + 2.67E-06 € 4,889,820

16 15 40 20 6 1,058,067  250E-03 + 2.52E-06 € 5,289,820

17 10 40 30 3 632,458 1.98E-03 + 2.26E-06 € 5,954,730

18 10 40 30 4 864,076 1.86E-03 + 1.13E-06 € 6,554,730

19 10 40 30 5 1,058,068  1.77E-03 + 1.57E-06 € 7,154,730

20 10 40 30 6 1,234,534  166E-03 + 1.45E-06 € 7,754,730

Table 2.3 results are also summarized in Figure 2.3 - 2.5. Successive points on the
same line represent experiments with the different number of shuttles per aisle (left to
right; 3, 4, 5, and 6) for tier-to-tier SBS/RS design. Increased n, causes the increased
TC in Figure 2.3, obviously. However, increasing n, induce decreasing E (see Figure

2.4). Each chart is explained in the following paragraphs.

11,000,000 €
10,000,000 €
9,000,000€ Tier-captive (T=10)
o 8,000,000 € [ ]
+ 7,000,000€ Tier-to-tier (T=10) Tier-captive (T=15)
o
o 6,000,000 € uer-captive (T=20)
3 5,000,000¢€ Tier-to-Tier (T=15), @4
= 4,000,000 € & Tier-captive (T=25)
3,000,000 € Tier-to-tier (T=20)
2,000,000 € . :
Tier-to-tier (T=25
1,000,000 €
0 200,000 400,000 600,000 800,000 1,000,000 1,200,000 1,400,000
A (transaction/hour)

Figure 2.3. Throughput per month (1) versus total investment cost (7C) chart
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Figure 2.3 shows TC versus 4 chart. In this figure, tier-to-tier and tier captive designs
with equal 7 are shown in the same shape. For instance, tier-captive and tier-to-tier
designs with 20 tiers are shown by a triangle. Also, the points on a single line show the
TC and 4 results of a single tier-to-tier design with 3, 4, 5, and 6 shuttles, respectively.
Since we aim to minimize 7C and maximize A, points near the bottom right corner of
the chart are more successful considering total cost and throughput rate performance.
When T decreases in all scenarios, 7C and /A are increase. We know that T decreases
while 4 increases to meet the total capacity constraint in our designs (i.e., 12,000
storage compartments). This is the main reason for increasing 7C because it causes the
number of servers (i.e., lift 1, lift 2, and shuttle) in the system to increase in direct
proportion to 4. Similarly, increased A provides a capacity to process more transactions.

Increased ng ensures the increased 7C and 4, clearly.

Note that, there is a trade-off between 7'C and 4 values in Figure 2.3. It is observed that
the scenario that has the highest A results also in the highest 7C. However, for instance,
we can choose a better scenario at a certain 7C. For instance, a better design that has
lower TC and higher /4 in a tier-to-tier design than a tier-captive design can found out.
According to Figure 2.3, for example 7C of a tier-captive SBS/RS design with 7= 20
is (i.e., the triangle shape) €5,781,042 with A = 997,154 transactions/month. Note that
a design that is closer to the lower-right corner than the triangular shape is preferable
to the tier-captive design with 7'= 20. It means that tier-to-tier- SBS/RS design with T
= 15 and ng = 6 outperforms with 7C (i.e., €5,289,820) and 4 (i.e., 4 = 1,058,067
transactions/month). Thus, existing of a better design in tier-to-tier SBS/RS can

queried by using Figure 2.3.

4.50E-03
4.00E-03 Tier-to-tier (T=25)
—~ 3.50E-03
5 Tier-to-Tier (T=20)
2 3.00E-03
3
<] - Tier-to-tier (T=15
k] 2.508-03 { ) @ Tier-captive (T=25)
-§ 2.00E-03 I\.\Tie.iptive (T=20)
= Tier-to-tier (T=10) ~m
1.50E-03 . R
w Tier-captivier_ggptive (T=10)
1.00E-03
0 200,000 400,000 600,000 800,000 1,000,000 1,200,000 1,400,000

A (transaction/month)
Figure 2.4. Throughput per month (4) versus energy consumption per transaction (£)

chart
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Figure 2.4 represents the energy consumption per transaction (£) and throughput rate
( A) together. In this figure, we result that increasing ng provides decreasing E. The
reason is that the total travel distance of shuttles decreases by the decreasing number
of changes between tiers per shuttle. Accordingly, the design that has decreasing 7" with
increasing 4 provides better performance in £ and . When we look at Figure 2.4, we
also realize that an alternative tier-to-tier SBS/RS working with less £ can found out
instead of a tier-captive design. For example, the tier-to-tier design with 7= 10 and
ns= 4 has low energy consumption compared to the tier-captive one with 7 = 25
although they are at the same throughput rate (i.e., 864,066 transactions/month). This

is most probably because the decreased 7 provides decreased E in the system.

2.4. Energy Consumption and Time Analysis for Tier-to-Tier SBS/RS

In this subsection, we focus on the performance analysis of tier-to-tier SBS/RSs from
energy consumption view. We already present that there exists an alternative tier-to-
tier design having better total cost and throughput rate than a tier-captive design. We
also research the factors that can affect the tier-to-tier design performance metrics
significantly to propose a real efficient tier-to-tier SBS/RS design. Therefore, we
determine different design scenarios from Section 2.3 which we explain in detail in the

following subsection, Section 2.4.1.

2.4.1. Design Scenarios and Performance Metrics

In this subsection, we aim to present the factors that can affect the system performance
such as average flow time per transaction (¢), utilization of servers (U, U;; and U;,)
(i.e., Lift 1, Lift 2, and shuttles) and, average energy consumption per transaction (£)

where there is an energy regeneration mechanism.

Table 2.4 shows the rack configurations that have about 12,000 storage compartments

for tier-to-tier SBS/RS.
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Table 2. 4. Design Scenarios for Experiments

Design No T B A w
1 10 100 12 12,000
2 10 80 15 12,000
3 10 50 24 12,000
4 15 100 8 12,000
5 15 80 10 12,000
6 15 50 16 12,000
7 20 100 6 12,000
8 20 80 8 12,000
9 20 50 12 12,000

As it is seen, three different 7' levels and two different B levels are determined. To meet
the desired warehouse capacity (W) (i.e., 12,000 storage compartment), 4 is calculated
as W is divided by predefined 7 x B in Table 2.4. We run the defined designs for four
different ng such as 2, 3, and 4. Therefore, we have 27 experiments in total. Simulation
models are run for 40 days with 10 days warm-up period for 5 replications. The mean
arrival rate for all scenarios is considered to be 1,728,000 transactions/month at the
warehouse where mean arrival rates are assumed to equal for storage and retrieval
transactions. Namely, the mean arrival rate monthly in an aisle, A, is calculated as

1,728,000 /4.

2.4.2. Simulation Results

Table 2.5 gives the simulation results of design scenarios at 95% confidence interval.
Note that, the models run for the same arrival rate, 1,728,000 transactions/month for
the warehouse. There are a few invalid values in Table 2.5 because the system blows

up due to the insufficient service rate for some design scenarios.
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Table 2. 5. Simulation Results of Conducted Experiments

Design

No r B A mng t(se) Us (%) Ui (%) Uiz (%) (kWh/trfn saction)
1 10 100 12 41.55+0.1  72+0.07 33+0.04 44+0.13  2.3E-03+2.6E-06
1 10 100 12 29.26+0.02  46+0.09 33+0.05 39+0.09  2.2E-03+3.7E-06
1 10 100 12 26.13£0.02  32+0.09 32+0.07 33+0.08  2.1E-03+2.3E-06

10 80 15
10 80 15
10 80 15
10 50 24
10 50 24
10 50 24
15 100 8
15 100 8
15 100 8
15 80 10

27.06+£0.04  48+0.03  24+0.06  32+0.06 2.3E-03+2.6E-06
22.79+£0.02  30+0.04 23+0.05 27+0.04 2.2E-03+3.2E-06
20.97+£0.02  21+£0.04 22+0.06  24+0.04 2.1E-03+2.0E-06
16.49+£0.02  21+0.04 11+0.04  15%0.06 2.2E-03+3.5E-06

15.2+0.02 13£0.04  11+0.03  13+0.04 2.2E-03+3.5E-06

14.2+0.01 9+0.03 10£0.04  11+0.03 2.0E-03+3.2E-06

n.a. n.a. n.a. n.a. n.a.

39.85+0.08  74+0.09 51+0.05 61+0.08 3.1E-03+2.7E-06
31.35+£0.03  55+0.08 51+0.07 56+0.08 3.0E-03+2.9E-06
39.09+0.11  76+0.05 38+0.05 49+0.11 3.1E-03+1.1E-06

15 80 10 24.1840.02  36+0.05 37+0.07 41+0.06 3.0E-03+2.4E-06
15 50 16 18.48+0.01  34+0.03  19+0.03  25+0.03 3.1E-03+4.3E-06
15 50 16 16.95+0.01  22+0.03  18+0.02  23+0.02 3.0E-03+4.3E-06
15 50 16 16.19+0.01  16+0.03  18+0.02  21+0.01 2.9E-03+2.0E-06
20 100 6 n.a. n.a. n.a. n.a. n.a.

20 100 6 n.a. n.a. n.a. n.a. n.a.

20 100 6 40.53+0.07  77+0.02  67+0.06  74+0.05 3.7E-03+1.3E-06
20 80 8 n.a. n.a. n.a. n.a. n.a.

20 80 8 31.31£0.06  66+0.06  49+0.04  59+0.07 3.8E-03+3.2E-06
20 80 8 26.81+0.02  48+0.06  49+0.05  54+0.06 3.7E-03+2.3E-06

20 50 12
20 50 12
20 50 12

20.81£0.01  47+£0.08 27+0.06  35+0.1 3.8E-03+3.8E-06
18.42+0.01  31+0.08 27+0.06  32+0.07 3.7E-03+3.5E-06

2
3
4
2
3
4
2
3
4
2
3
4
2
15 80 10 3 26.61+0.03  50+0.05 38+0.08  45+0.08 3.1E-03+2.7E-06
4
2
3
4
2
3
4
2
3
4
2
3
4 17.69+0.01  22+0.09 27+0.06  30+0.06 3.6E-03+3.1E-06

O© O VW 0 0 0 N N N N O N L R DR WW W

The observations in Table 2.5 are summarized in Figure 2.5. To determine the factors
affecting the average flow time and average energy consumption per transaction
performance metrics statistically, ANOVA is performed shown in Table 2.6 and Table
2.7.

We test three main factors: T, B, and ng to observe how two responses: E and t are
affected by those factors. Table 2.6 shows the ANOVA results of E. As it is seen, all
one-way, two-way and three-way interactions are tested and it is observed that all
factors affect the E, significantly (i.e., p >0.05). For instance, the highest /-value show
that T has the most significant effect on E.
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Table 2.6. ANOVA results for average energy consumption per transaction (E)

Source DF Adj SS Adj MS F-Value P-Value
Tier 2 0.000041  0.00002  3638119.1 0.00
Bay 2 0.000001 0.000001  115900.15 0.00
Shuttle 2 0 0 43850.84 0.00
Tier*Bay 4 0.000002 0 82037.33 0.00
Tier*Shuttle 4 0.000002 0 80563.62 0.00
Bay*Shuttle 4 0.000002 0.000001  98141.11 0.00
Tier*Bay*Shuttle 8 0.000002 0 38945.69 0.00
Error 108 0 0

Total 134 0.00005

ANOVA is also performed for response, t. However, since a non-constant variance is
observed, t is transformed as 1/t to satisfy the ANOVA model adequacy. Thus, Table
2.7 shows the ANOVA results for 1/t. Similar results are also obtained in this analysis.
All factors and interactions of their combinations have significant affect on 1/t.

Additionally, the highest effect belongs to B factor because of its F-value.

Table 2.7. ANOVA results for reverse of average flow time per transaction (1/t)

Source DF Adj SS Adj MS F-Value P-Value
Tier 2 0.005794  0.002897 2089569 0.00
Bay 2 0.031832 0015916 11480155  0-00
Shuttle 2 0.005617  0.002808 2025592 0.00
Tier*Bay 4 000022  0.000055  39633.88 0.00
Tier*Shuttle 4 0.000227  0.000057  40861.07 0.00
Bay*Shuttle 4 0.000651  0.000163  117392.7 0.00
Tier*Bay*Shuttle 8 0.000296  0.000037  26706.64 0.00
Error 108 0 0

Total 134 0.044637

The observations in Table 2.5 are summarized in Figure 2.5. From Figure 2.5, energy
consumption alters by the number of tiers, strongly. Figure 2.5 shows that there is very
low change between these three following designs. However, there are quite
differences between E performance of designs that have different number of tiers. The

meaning is that increasing 7 results in increasing E.
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Figure 2.5. Results when (a) ns =2; (b) ns = 3; (c) ns = 4
The other perspective, the sequencing three designs have also decreasing ¢. Namely,
Design 1 has the highest ¢ value between Design 1, Design 2, and Design 3. The similar
pattern is observed at the other groups in all n, level scenarios. The reason is probably
that these three following designs have decreasing number of bays with stable number

of tiers. Thus, this is expected that the travel time of the shuttle decreases and it causes

decreasing t.

When Figure 2.5 is examined with multi-objective perspective, the design that is
closest to origin is the best one to minimize both E and t performance metrics together.
Hence, when we consider this objective, Design 3 has the best performance metrics
among all designs. Remember that, Design 3 has 10 tiers in an aisle, 50 bays in a tier,
and 24 aisles. Therefore, it can be concluded that low number of tier and wide number
of aisle result in improving of # and £ performance metrics. Such a design can preferred

by a user.

According to the other physical configurations, Design 3 gives the best E and ¢t
performance metrics. However, the utilization of servers, U, U4, and, U;,, is very
low by given arrival rate. The highest server utilization is obtained as 21% with two

shuttles for Design 3. To examine the t and E performance according to each other
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more accurately, we run Design 3 with two shuttles for increased arrival rates.
Remember that, A is defined as the mean arrival rate in an aisle monthly. The total
mean arrival rate at the warehouse monthly is calculated by the product of 4 and A,

AxA. The simulation results are given in Table 2.8.

Table 2. 8. Simulation Results for Design 3 by Changing Arrival Rate

T B A ng A t (sec) Ug (%) Uy (%) U (%) E
(kWh/transaction)
162,000  18.81+0.01 47+0.08 25+0.08 32+0.04 2.28E-03+2.42E-06
185,400 19.81+0.01 54+0.04 28+0.04 36+0.08 2.28E-03+1.55E-06
216,000 21.55+0.04 63+0.07 32+0.07 41+0.04 2.27E-03+3.17E-06
259,200  25.23+0.05 74+0.04 38+0.04 48+0.04 2.25E-03+1.00E-06
324,000 36.35+0.09 89+0.04 44+0.04 53+0.06 2.15E-03+1.23E-06

372,000 54.11+0.06 96+0.02 48+0.02 53+0.07 2.01E-03+8.72E-07

10 50 24 2

As it is seen in Table 2.8, increased arrival rates result in higher server utilization.
Shuttle server is the bottleneck in this system through lack of it. Concurrently, when t
is increased, E is decreased withs rising arrival rates. Figure 2.6 shows the graphical
display of Table 2.8. Figure 2.6 is drawn for t and E with Us by arrival rate.
Remember that, Design 3 is run again with two number of shuttles to show the changes
by rising arrival rates. From Figure 2.6, it is seen that £ decreases extremely after a
certain point of U, of corresponding arrival rate. Thus, working with high utilization
provides an advantage in terms of energy consumption. This is because probably that
vertical movements of lifts decrease with high throughput rate. A shuttle has more
probability of the operating a transaction in the same tier with itself. Thus, total travel

time of vertical movement decreases and energy consumption is affected positively.
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Figure 2.6. E and t Values by Changing Arrival Rate for Design 3
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We research if there is better tier-to-tier SBS/RS design compared to tier-captive
SBS/RS in terms of average flow time per transaction, average energy consumption
per transaction, and total investment cost in this chapter. All these results from Section
2.3 and Section 2.3 show us there is an alternative tier-to-tier SBS/RS design to tier-
captive SBS/RS in terms of average flow time per transaction, average energy
consumption per transaction, and total investment cost. Moreover, tier-to-tier SBS/RS
designs provide us the flexibility to reach our aims. Because we can change the shuttle

numbers by the company’s target performance metrics.

In the next chapter, we focus on more dynamic decision makings in the design of tier-
to-tier SBS/RS by considering multi-objectives of in terms of the flow of the
transactions for shuttles, Lift 1, Lift 2, and transactions. We aim to build a tier-to-tier

SBS/RS structure by using real time tracking of data and information.
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CHAPTER 3
DYNAMIC PRIORITY ASSIGNMENT RULES FOR TIER-TO-TIER
SBS/RS BY REAL-TIME DATA TRACKING

The preceding chapter provides the advantages of tier-to-tier SBS/RS designs against
the tier-captive SBS/RS designs especially in terms of investment cost. Tier-captive
designs provide higher throughput rate within the same number of tiers and bays

designs than tier-to-tier designs.

In this chapter, we propose a novel tier-to-tier SBS/RS design with smart operation
policies developed on real-time tracking of data and information to improve multiple
objectives: average flow time per transaction, average maximum flow time of
transactions, average flow time of outliers, standard deviation of flow times as well as
outliers’ flow time, etc. For that, we aim to adopt dynamic priority assignment rules
(PARs) for waiting transactions in queues. System definition, considered assumptions

are given in the next subsection.

3.1. System Definition and Assumption of the Novel Tier-to-Tier SBS/RS

In this part, we detail the system definition and the assumption of the proposed novel
tier-to-tier SBS/RS. Note that the assumptions of the proposed novel system design is

described in the previous chapter. All those assumptions are also valid for that system.

In this novel system, the main task is to store the transactions to the pre-defined storage
compartments or to deliver them to I/O points. In this work, if the arriving transaction
is a retrieval process then a shuttle is selected. Otherwise, Lift 1 is selected if required.
Once entities (i.e., totes) enter Lift 1 queue, Lift 1 selects a proper entity according to
the pre-defined PAR and it travels to the tier address accordingly. Namely,

simultaneous movement of devices may take place.

Shuttles initiate the process of the retrieval transactions and drop off them at the buffer
location at the related tier. Shuttles pick up the storage transactions that are dropped

off by Lift 1 at buffer locations. If it requires to change its current tier then, it enters
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the Lift 2 queue. The detailed working principle of the shuttles, Lift 1 and Lift 2 is

presented in the following subsections.

3.2. Description of the Agent-Based Model

An SBS/RS is already a complex system including several parameters to manage
efficiently. There are mainly two resource queues (i.e., queues for lifts and shuttles)
whose efficient management would also affect the whole system performance. Here,
since we propose a new SBS/RS design where shuttles are able to travel between tiers
by a separate lifting mechanism, management of this separate lifting mechanism adds
extra complexity to the system. To consider efficient management of those queues,
real-time decision making on tracked information of transactions waiting in queues
might help. Since analytical models might be incapable of a model such a dynamic
decision-making environment, we model the system by simulation where we treat lifts,
shuttles, and demands as intelligent agents that are able to sense and track real-time
information from their environment and interact with each other for intelligent
decision making. We simulate the system to identify those agents’ best decision
behaviors by using the ARENA 16.0 commercial simulation software. Here, besides a
more dynamic and effective system design, we aim to adapt the priority assignment
policies for waiting transactions in queues so that the performance of the system

increases.

By an agent-based managed system, more flexibility in decision making by
considering real-time information from the environment is possible (Wooldridge,
2002). To detail, in the model, we treat the shuttles, Lift 1, Lift 2, and transactions (i.e.,
orders) as agents so that they can sense and evaluate real-time information from their
environment. Here, real-time information about the environment are: current tier of
shuttles/lifts, current bay of shuttles, as well as transaction type and desired address
information, etc. The attributes and the behavior of the agents are shown in Figures

3.1-3.4 for demand, shuttle, Lift 1, and Lift 2 agents, respectively.

In the simulation models, the agents are defined to be entities in the system so that they
become dynamic objects. For instance, the shuttles and lifts are entities which are
never disposed from the system. The assigned tasks are performed by the following
state charts (see Figure 3.1-3.4). To collect all transporters’ (e.g., lifts and shuttles)

real-time data, we create the non-disposed entities. The process times of transporters
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for a transaction process can be estimated during the simulation run. We use this
information to apply the priority assignment rules explained in the following sections.
The transporter agents are able to track real time information from the system and

those agents select the transactions based on the pre-defined priority assignment rules.

Demand Agent

Check the given arrival rate

Define the
transaction type and
its storage address

Trigger the
shuttle agent

Trigger the Lift 1
agent

Figure 3.1. State transition model of demand agent

The demand agent creates transactions according to the pre-defined arrival rate and
assigns random storage or retrieval address on it. If the transaction is a retrieval
transaction, it triggers the shuttle agent, otherwise, it triggers the Lift 1 agent at the
regarding aisle. Thus, the shuttle picks up the retrieval transaction from the storage
compartment and drops off it at the buffer area of the regarding tier. As soon as the
shuttle decides to process the retrieval transaction, an entity also enters the Lift 1 queue,
if necessary. Meanwhile, Liftl picks up the storage transaction from the I/O point and
drops off it at buffer area at the target tier. Similarly, as soon as Lift 1 decides to process
the storage transaction, this transaction also enters shuttle queue. Remember that, Lift

1 is not utilized if the transaction is in the first tier.

Figure 3.2 shows the behavior of shuttle agents based on retrieval and storage
processes separately. An available shuttle agent first checks the most advantageous
waiting transaction according to the pre-defined priority assignment rule (PAR). If
there is currently a shuttle running or available at the selected transaction’s tier address
then, that active shuttle agent ignores the selected transaction and checks another

advantageous transaction waiting in its queue. Once a transaction is selected by a
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shuttle, the process starts based on the selected transaction’s type (see Figure 3.2a or
3.2b). First, the shuttle agent checks whether or not Lift 2 would be required for its
process. If it is required, the shuttle duplicates an entity and this entity enters the Lift
2 queue, immediately. At the same time, the shuttle travels to the Lift 2 location (the
end point of its aisle) to take Lift 2. If the process is a retrieval process, then the shuttle
first travels to the retrieval address to pick up the tote. Later, the shuttle travels to the
buffer location with the tote and drops off it at an available buffer location. If the
process is a storage process, then the shuttle first travels to the buffer location to pick
up the tote. If the tote does not arrive at the buffer location before the shuttle arrives
there, then the shuttle waits for Lift 1 at the buffer location. If the tote is already at the
buffer location before the shuttle arrives, then the shuttle picks up the tote, and both

travel to the transaction’s storage address, immediately.

Multi-shuttle Agent Multi-shuttle Agent

Check the request

Check the request

Move to the
retrieval address

Take the retrieval
transaction

Move to the
buffer location

Move to the buffer
location

Call Lift2 agent

Move to the
target tier

Call Lift 2 agent
Move to the
target tier
h 4 v
Wait for Lift1 agent Take the st.orage
transaction
Move to the
storage Bay

a) The Retrieval Process b) The Storage Process

Figure 3.2. State transition model of multi-shuttle agent

Figure 3.3 shows the behavior of Lift 1 agent. Liftl agent is triggered by a storage
transaction entity or by a shuttle agent completing a retrieval process. If Lift 1 is to
process a retrieval transaction, then first it travels to the buffer tier address to pick up
the tote. If the retrieval tote does not arrive at the buffer location before Lift 1 arrives
then, Lift 1 waits until the tote arrives. After the tote arrives at the tier address, Lift 1
picks up the tote, and both travel to the I/O point. If the processed transaction is a
storage process then, Lift 1 travels to the I/O point (i.e., the first tier) to pick up the
tote. Later, Lift 1 and tote travel to the storage tier together.

Lift 1 agent follows a priority assignment rule (PAR) that is dual command (DC) and
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shortest process time (SPT) together referred as DC&SPT rule in this paper. This rule

is detailed in the following section. According to our initial observation from the

simulation, this rule works better up to 5% than the shortest process, SPT, or solely

DC rules. Therefore, we apply the DC&SPT PAR rule for Lift 1 agent.

Lift1 Agent

Check the request

Move to the I/O
Point

Take the retrieval Take the storage
transaction transaction

h

Move to the buffer
location

Check the shuttle agent

Wait for
shuttle agent

Figure 3.3. State transition of Lift 1 agent
Figure 3.4 shows the behavior of the Lift 2 agent. Lift 2 is triggered by a shuttle agent.
When a shuttle agent requests Lift 2, it also travels to the Lift 2 location, immediately.

Later, Lift 2 and shuttle travel to the destination tier together.

Lift 2 Agent

Idle

Check the request

¥

Mave to
the shuttle agent

Wait for
the shuttle agent

Take the
shuttle agent
Move to
the target tier

Figure 3.4. State transition of Lift 2 agent
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3.3. Design Scenarios and Performance Metrics

Remember that we aim to design the agents such that they sense and collect real-time
information from their environments (i.e., queues as well as current locations). Hence,
shuttles and Lift 1 can assign priority to a waiting transaction in their queues resulting
in increased performance metrics. Here, flow time is defined to be the time between
when a transaction is created until it is disposed from the system. Namely, it also
includes waiting times in queues. In this study, we firstly aim to show the proposed
novel tier-to-tier SBS/RS design is working better than the pre-defined tier-to-tier
SBS/RS design in Chapter 2 in terms of throughput rate. Secondly, we aim to propose
improvement with the defined PARs by real-time data tracking.

With those PARs and improvement on them, we do not only target to minimize the
average flow time per transaction but also to minimize the maximum flow time of
transactions, average flow time of outliers, standard deviation of flow times, etc. It is
important in today’s competitive supply chain environment to consider all those
performance metrics simultaneously. With the recent increase in e-commerce
purchasing, customer response time requests are getting tighter. Hence, companies are
seeking ways to provide short response times for their customers. If a company cannot
reduce that maximum flow time of a transaction, then customer orders might not be

shipped on their planned delivery time.

It is well known that the shortest process time (SPT) rule provides in long run reduced
average flow time per item performance. However, maximum flow time may increase
under that rule. To prevent this, we develop a PAR considering current process time
and waiting time of transactions in the shuttle queue. The detailed information about

the considered PARs is given in the following subsections.

In this chapter, we focus on a physical warehouse configuration having 15 tiers in each
aisle and 25 bays at each side of a tier (i.e., 50 bays in a tier of an aisle). We simulate
the model for a single aisle. Besides, we assume that there are five shuttles in each
aisle. To do a steady-state analysis, we run the model for 45 days with 15 days warm-
up period with 5 independent replications. We implement a common variance

reduction technique in the simulation runs.
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Table 1 shows all performance metrics observed from the system with their units.
While t represents the average flow time per transaction, s shows the standard
deviation of these realized flow times. Similarly, t,,; represents the average of outlier
transactions, and s, is the standard deviation of those outlier flow times. Outlier
transactions represent the transactions with estimated flow times larger than ¢t + 3 * s.
The average number of outlier transactions is illustrated by N. The average maximum
flow time observed from independent five replications is shown as t,,,,,. Besides, the
maximum flow time among these five replications is represented by t;,,. The
utilization of shuttles, Lift 1 and Lift 2 is shown as Us, U;;, and U;,, respectively.

Finally, A defines the average throughput rate per month at a single aisle.

Table 3. 1. Definition of Performance Metrics

Performance

Metric Definition Unit
t Average flow time per transaction sec.
tout Average flow time per outlier transaction sec.
tmax Average maximum flow time sec.
tind Maximum flow time realized among all replications sec.
s The standard deviation of transactions sec.
Sout The standard deviation of outlier transaction sec.
N The average number of outlier transactions
Us Average utilization of shuttles %
U1 Average utilization of Lift 1 %
U, Average utilization of Lift 2 %
A Average throughput rate Number of transactions/month

In this study, we track the real-time information from the environment to calculate the
estimated process time and waiting time of the waiting transaction by using location
and queue information of shuttles, Lift 1, and Lift 2. Besides, we tend to assign priority
to some transactions not to increase the maximum flow times in the system.
Specifically, for instance, if there is a transaction whose current flow time is estimated
to be larger than the defined critical point then, this transaction may be given a priority
in processing. If there is more than one transaction under that condition, then based on
the pre-defined PAR one, among those outliers would be given priority. Those priority

assignment rules are explained in following.

Note that in the systems, there are three types of queues belonging to shuttles, Lift 1,
and Lift 2. To search for a good priority assignment policy for transactions waiting in
those queues, we mainly pre-define two PARs for transactions in shuttle queue, and

several variants on those. According to our initial trials, since it is observed that it
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works well, we consider SPT&DC PAR for Lift 1 queue and first-in-first-out (FIFO)
PAR for Lift 2 queue. We explain the details of PARs applied for the shuttle, Lift 1 and

Lift 2 queues along with their working principles in the following subsections.

3.3.1. First-In-First-Out Sequencing Rule

First-in-first-out (FIFO) scheduling rule considers the sequencing of tasks in a queue
based on their arrival times. Namely, the priority is given to the first arriving task at
the queue. FIFO is implemented for the waiting tasks in the Lift 2 queue. Remember
that Lift 2 is the server providing vertical travel for shuttles between tiers. A shuttle
sends a request signal to Lift 2 when it requires to travel to a tier different than its
current tier. Because the shuttle’s travel time to the target destination tier would not
change once Lift 2 is seized by the shuttle, minimal waiting time for processing first
by Lift 2 might be the best one for tasks for a decreased flow time output. We tried
several options here and observed that FIFO works well for the Lift 2 server. Hence,

we fix this rule as the main PAR for the Lift 2 queue.

3.3.2. Shortest Process Time Sequencing Rule

Based on the shortest process time (SPT) rule, priority is assigned to the transaction
having the least travel time to its destination point. For that, we calculate the estimated
process times for all waiting transactions in the regarding queues. To calculate the
estimated process times, agents receive real-time distance information from their
environment. Besides, the waiting times of the servers that will affect the process time
are also calculated according to the transactions in their queues. Then, they calculate

the time metrics by using those distance information.

In estimating the travel time of transactions waiting for the shuttle, both lifts’ travel
times are also included. Namely, the demand agent evaluates both shuttle’s horizontal
and vertical travel times by also taking into consideration the estimated waiting time
in Lift 2 queue as well as simultaneous movement with Lift 2. After each demand’s
estimated travel time is calculated based on these assumptions, the shuttle agent selects

the transaction with the least travel time.
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3.3.3. Dual Command & Shortest Process Time

Dual Command (DC) rule considers the application of process order: a storage
transaction follows a retrieval process or vice versa. Since Lift 1’s dwell point before
it is released is the first tier for a retrieval process and it is any tier for a storage process,
then to decrease Lift 1’s process time it might be a good idea to consider these two
types of processes in order. This is because a storage process starts at the I/O point
while a retrieval process starts at any bay of a tier, and a combination of both would
result in decreased travel time. Since there is no such a following pattern for shuttle
where shuttle may require to change its current tier, we consider this rule for only Lift
1 queue’s sequencing. In this rule, instead of assigning priority to the first waiting
transaction related to the required pattern in the queue, we assign the priority to the
transaction having the least estimated travel time under the DC rule. Namely, in the
combination of DC and SPT, Lift 1 selects the transaction in the order of storage,
retrieval, storage, ... so on, by also assigning the priority to the transaction having the

least estimated travel time.

3.3.4. Process Time (PT) / Waiting Time (WT) Sequencing Rule

While running the models under the above-mentioned rules, it is observed that
although in long run the average flow time per transaction decreases by the SPT PAR,
the maximum flow time of a transaction tends to increase. This is probably because,
since SPT assigns priority to transactions with the least estimated travel time,
transactions with larger travel time always tend to wait to cause increased maximum
flow time in the system. In another word, SPT rule may assign a priority to a newly
arriving task in the queue while postponing the process of the transaction with the
largest estimated travel time. This may increase both the waiting time and maximum

flow time of a transaction in the system.

In this work, we aim to search for such a rule considering both minimization of average

flow time and maximum flow time-related performance metrics in the system.

We propose a ratio (R) calculated by (6) to assign priority to the transaction with the
minimum R one in the waiting queue. This ratio considers the priority assignment for

a transaction with low process time and long waiting time simultaneously.

R = (process time)/(waiting time) (6)
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Compared to the SPT rule, by this rule we may anticipate obtaining increased average

flow time however, we anticipate decreased maximum flow time.

3.3.5. Real-Time Outlier Tracking Rule (RTOTR)

One of the significant novelty implementations in chapter is to propose a dynamic PAR
rule based on real-time tracking of flow time information of waiting transactions.
Namely, this rule is developed on whether or not to assign priority to one of waiting
transactions rather than the already implemented pre-defined PAR. The RTOTR is
implemented basically on either SPT or PT/WT rule. For instance, while we apply SPT
as PAR for transactions in the shuttle queue, if there is a transaction assuring the pre-
defined RTOTR, then we give priority to that transaction. The detailed steps of this

approach are as follows:

1- Calculate average flow time per transaction (t) and its standard deviation (s) during

the simulation run (in steady-state).

2- Calculate the critical point, CP; by (7), where transactions waiting in the queue with

estimated flow times higher than CP; is assumed to be outliers.
CP, =t+ 3%s (7)

3- Calculate the average flow time of outliers (t,,;) and its standard deviation (s,,;)

during the simulation run.

4- Calculate a critical point, CP, by (8) where it is assumed that transactions with flow
times that are larger than CP, are outliers of outliers. Here, C is a coefficient where

we aim to find the best value of it by experimental work.
CPy = tour + C* Sout (8)

5- To decrease fmax and ting, 1f there are transactions waiting in shuttle queue having
larger than CP, estimated flow times, then we give priority to the one with the shortest

travel time (SPT).

i=1
while i < number of transactions in queue

if estimated flow time; > CP,
Assign attribute as label = 1

i=i+1
else
i=i+1
end
end

search i for min(estimated flow time;) where label = 1
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ifi =0
search i for min(estimated flow time;)
end
select it" transaction in queue

In above, we give the algorithmic flow of the RTOTR under SPT rule.

To observe how the performance metrics are affected under those defined PARs, we

conduct experiments summarized in the following section.

3.4. Simulation Results

Remember that we focus on a single physical configuration of tier-to-tier SBS/RS.
This is the design that has 15 tiers and 25 bays at each side of a tier in an aisle. Also,
we assume that there are five shuttles that can travel between tiers in an aisle. The
models are run for five independent replications. Once again, we implement the

defined PARs in Lift 1 and Lift 2 queues as DC&SPT and FIFO, respectively.

Experiments are conducted for the same warehouse configuration to compare the
performance of different tier-to-tier SBS/RS designs described in Chapter 2 and
Chapter 3. The sequencing rule is assumed as FIFO for the shuttle queues in these
experiments. The models are defined as Model 1 and Model 2 in Chapter 2 and Chapter

3, respectively. Table 3.2 shows the results of the simulation experiments.

Table 3. 2. The Results of Model 1 and Model 2

Model A
B ng t(sec) Ug (%) U (%) Upg (%) E
Type s s 1 L2 (kWh/transaction) %?ZZ?}%hput
47.4+0.3
Model 1 b 97+0.13 90+0.06 82+0.11 2.55E-03+3.04E-06 836,217i1 ,426
15 50
48.1+0.1
Model 2 6 97+0.08 80+0.02 93+0.06 2.53E-03+2.67E-06 8641334510

Model 1 and Model 2 are run for high utilization levels of shuttles. As it is seen, while
the average flow time per transaction increases in Model 2, the throughput rate also
increases. This 1s because probably, Lift 1 and shuttles can process more independent
from each other. Therefore, the number of transactions processed in the system rises.
Meanwhile, utilization of Lift 1 decreases by Model 2 because Lift 1 is run with a
better sequencing rule by its independence. Thus, we show that Model 2 described in
Chapter 2 has the potential to improve the performance of the system. However, we

still implement different sequencing rules with their improvement policies.

The following experiments are run by using Model 2 assumptions and different PARs.

Experiments are done to determine the best PAR for waiting transactions in the shuttle
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queue in terms of different performance metrics mentioned in Table 3.1. Table 3.3 and
Table 3.4 shows the PARs implemented the shuttle queue when with RTOTR and with
no RTOTR, respectively.

Table 3. 3. Experimental Design for PAR when no RTOTR

Design no Initial PAR
1 SPT
2 PT/WT

We apply firstly SPT and PT/WT PAR for the shuttle queue where RTOTR is not

considered.

Table 3. 4. Experimental Design for PAR under RTOTR

Initial PAR C Value CP, — CP, Update
SPT 1 Static - Static
PT/WT 2 Static - Dynamic

3 Dynamic - Dynamic

According to Table 3.4, we apply the RTOTR rule based on the initial PAR (i.e., SPT
or PT/WT). The C-value is for CP, calculation that is shown by (8). For CP;, the
coefficient is assumed as 3 in equation (7). The last column of Table 3.4 shows whether
or not we update the CP; and CP, values during the simulation run. Namely, because
CP; and CP, contain t, s, t,,, and s,,; values, these values are updated during the
simulation run. We aim to observe how these dynamic changes affect the system
performance with both initial PARs (i.e., SPT and PT/WT). For instance, the first
policy, static-static, follows this procedure. t, s, t,,;, and s,,; values obtained from
Design no 1 or Design no 2 are given the model that uses SPT and PT/WT PARs with
no RTOTR. Another example, for the last policy, dynamic-dynamic, uses the value of

t, s, tour> and s,,¢, changing dynamically during the simulation run.

Remember that by implementing RTOTR, mainly we aim to make improvements on
tmax> tout> S, and Sy, N performance metrics while trying not to affect the t value
negatively. Five replication simulation results along with their confidence intervals are

summarized in Table 3.5.

Practically, companies tend to work with high utilization values of resources. In this
work, we adjust the arrival rates such that the average utilization of the bottleneck

server, (i.e., shuttle) is around 99% in the scenario producing the worst t value. Then,
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we fix that arrival rate scenario and apply it for all experiments. For instance, in
simulation, we consider the mean inter-arrival time for transaction arrivals as Expo

(2.6) sec.

We draw the dot plots of the results provided in Table 3.5. For instance, Figure 3.5
shows the dot plot of Design 1. Remember that, Design 1 has SPT PAR where there is
no RTOTR. Similarly, Figure 3.6 shows Design 2 by using PT/WT PAR where there
is no RTOTR. The “a” part of these plots shows the all realized flow time of
transactions among five replications. The “b” part of them shows the outlier
transactions that have larger flow time than CP; (i.e., t+ 3 *s) among five
replications. However, note that the other statistics writing on the plots the average
values of five replications except t;,4. It defines the realized maximum flow time

within five replications.

All dot plots are drawn by using Table 3.5 are given in the Appendix-1.
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Table 3. 5. Experimental Results for Five Independent Replications

Initial

CP1-CP2

Design No PAR Update Value t (sec.) s tout (Sec.) Sout tmax (SeC.) Uy U, Ug N 2 (per month)
1
SPT na na 31.90+0.06 21.11+0.09 126.05+0.44 32.06+0.47 453.87+41.06 86%+0.05% 91%+0.03% 97%+0.05% 20881£140 997,281+£1,206
3 a a.
PT/WT 40.87+0.17 15.60+0.08 95.96+0.59 9.75+0.89 209.49+46.35 87%+0.07% 92%+0.05% 99%+0.04% 4218+87 997,214+£1,139
3
. 31.98+0.08 20.69+0.10 121.10+0.50 21.77+0.07 219.40+31.19 86%+0.07% 91%+0.05% 97%+0.03% 22583+126 997,271+1,104
4 Static -
SPT Static 2 31.94+0.05 20.92+0.07 124.06+0.36 26.82+0.13 233.07+24.44 86%=+0.07% 91%+0.06% 97%+0.04% 21616128 997,303+1,168
5
3 31.92+0.07 21.02+0.12 125.09+0.70 29.4+0.41 278.63+52.13 86%+0.04% 91%+0.04% 97%+0.05% 21239+£155 997,312+1,174
6
1 32.18+0.08 20.48+0.07 116.2+0.30 15.1+0.51 231.50+29.72 86%+0.05% 91%+0.06% 97%+0.04% 24502+232 997,247£1,219
7 Static -
SPT Dynamic 2 31.96+0.04 20.8140.05 122.58+0.22 24.06+0.22 234.14+19.63 86%+0.06% 91%+0.05% 97%+0.03% 221424123 997,283+1,261
8
3 31.91+0.06 20.99+0.05 124.92+0.29 28.79+0.38 260.94+35.64 86%+0.05% 91%+0.06% 97%+0.04% 21365+147 997,235+1,156
9 1 32.24+0.08 20.48+0.09 115.39£1.09 14.06+1.04 212.84+19.54 86%+0.04% 91%+0.05% 97%+0.04% 24931+408 997,318+1,172
10 SPT Dynamic - 2
Dynamic 31.99+0.07 20.82+0.05 122.57+0.29 23.86+0.46 246.06+52.32 86%+0.06% 91%+0.03% 97%+0.06% 22153+132 997,297+1,160
1 3 31.91+0.06 20.96+0.12 124.71£1.13 28.55+0.77 246.56+13.13 86%+0.06% 91%+0.04% 97%+0.05% 213224244 997,294+1,209
12
1 41.10+0.30 16.17+0.65 108.36+8.31 17.68+5.29 241.94+51.21 87%+0.04% 92%+0.03% 99%+0.03% 5788+1828 997,253+1,194
13 PTIWT Static - 2
Static 40.92+0.12 15.62+0.05 96.1540.25 9.64+0.44 200.40+16.00 86%+0.06% 92%+0.04% 99%+0.04% 4234+119 997,275+1,241
14
3 40.87+0.11 15.61+0.07 96.18+0.70 10.17£1.17 209.96+34.52 87%+0.07% 92%+0.02% 99%=+0.03% 4207+117 997,170+1,337
15
1 41.05+0.26 16.33+1.32 118.28+40.59 29.3+£28.32 260.28+68.94 87%+0.05% 92%+0.02% 99%=+0.05% 4553+442 997,238+1,179
16 PTAWT Static - 2
Dynamic 40.92+0.09 15.62+0.06 96.19+0.35 9.84+0.75 207.6+34.62 87%+0.07% 92%+0.04% 99%+0.02% 4197+159 997,293+1,232
17
3 40.88+0.09 15.62+0.04 96.10+0.35 9.92+0.59 214.94+36.07 87%+0.07% 92%+0.04% 99%+0.05% 4236+111 997,278+1,296
18 1 40.98+0.21 15.97+0.56 107.24+17.19 21.61+17.17 241.15+54.93 87%+0.06% 92%+0.05% 99%=0.04% 4528+277 997,221+1,219
19 prwT | Dynamic- 2
Dynamic 40.90+0.12 15.62+0.06 96.10+0.53 9.83+0.82 211.44+10.32 87%+0.07% 92%+0.01% 99%+0.03% 4273+160 997,251+1,165
20 3 40.90+0.10 15.61+0.08 96.10+1.00 10.37+£2.21 224.50+44.17 86%+0.07% 92%+0.03% 99%+0.03% 4219+183 997,223+1,164

Note: n.a. refers not applicable
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Each symbal mpresants up to 404 78 absena tions [a] Each symbol mpresats up to 663 observations
Figure 3.5. (a) Dot plots for flow times of transactions for Design 1; (b) Dot plots for
flow times of outlier transactions for Design 1

As it is seen in Figure 3.5, it is observed with SPT PAR, t, t,ax ting Values are
obtained as 31.90, 453.87, and 494.51 sec., respectively. Hence, CP; value calculated
from equation (7), as 95.24 sec. Therefore, Figure 3.5b shows the realized flow times
that are larger than 95.24 sec. In addition to this, 20,881 transactions of 997,281
process on average 126.05 sec. We aim to decrease t,,qx, tinda, tour as Well as s and

Soue While not increasing the t value significantly.

t=40.87 N=-4218

s =15.60 tous = 95.96
s = 209.49 Sour =275
ting =259.27 H

0 25 50 75 100 125 150 175 200 235 250 275 75 250 275
Flow Time of Transactions (sec.) Flow Time of Outlier Transactions (sec.)

Each symbal represents upto 14743 abservations. (a) T T eyt et 1))

Figure 3.6. (a) Dot plots for flow times of transactions for Design 2; (b) Dot plots for
flow times of outlier transactions for Design 2

Figure 3.6 shows the dot plot of Design 2 that uses PT/WT PAR where there is no
RTOTR. t, tg,ax ting Values are obtained as 40.87, 209.49, and 259.27 sec.,
respectively. Hence, CP; value calculated from equation (7), as 87.67 sec. Therefore,
Figure 3.6b shows the realized flow times that are larger than 87.67 sec. In addition to
this, 4,218 transactions of 997,214 process on average 95.96 sec. We still aim to
decrease tax, tindg, tour @S Well as s and s,,; while not increasing the t value
significantly in this design.

When we compare Figure 3.5 and Figure 3.6, PT/WT PAR has a big potential to
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decrease t,,axr tinds tous, @S Well as s, and s,,,.. However, decreasing these statistics
causes to increase t value. Nevertheless, we can not underestimate the power in
decreasing outlier transactions’ statistics. It might be a satisfying contribution to
overall flow time in PT/WT PAR.

When we examine the designs that use RTOTR, Design 9 and Design 13 gives better
results in terms of defined performance metrics. Note that while C value increases,
CP, value gets larger. It means that the number of transactions that are given priority
gets smaller by the policy rule described in Section 3.3.5. Design 9 and Design 13
plots are shown in Figure 3.7 and 3.8.

3 i

i H By

i t=32.24 H E N=24931
§=20.48 i toye = 115.39
tinax = 212.84 E Sout = 14.06
ting =237.28

0 TS0 20 250 300 100 150 200 250 300
Flow Time of Transactions (sec.) Flow Time of Outlier Transactions (sec.)
Each symbal reuresents up ha 23593 albservatians (a) Each symhal mpresants up to 300 ahservations )

Figure 3.7. (a) Dot plots for flow times of transactions for Design 9; (b) Dot plots for
flow times of outlier transactions for Design 9

Figure 3.7 shows the plot of Design 9 results. This design considers SPT PAR where
there is dynamic RTOTR with € = 1. SPT rule is applied for outlier transactions that
have larger flow time than CP, as well as the other transactions. CP, and CP, values
are updated dynamically during the simulation time. According to Desing 9, t,qx
tind» tour» and s,y Values decrease significantly comparing with Design 1 where
solely SPT rule is applied. Along with other statistics, the increase in t is not
considered significant.

When we compare Design 2 and Design 9, it is observed that ¢ value in Design 9
outperforms the t value in Design 2. Although there is not quite differences t,,,,
values between Design 2 and Design 9, t,,; and s,,; values in Design 2 overcome

Design 9’s performance.
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Figure 3.8. (a) Dot plots for flow times of transactions for Design 13; (b) Dot plots
for flow times of outlier transactions for Design 13

Figure 3.8 shows the dot pot of Design 13 that is applied to PT/WT PAR where there
is static RTOTR with € = 2. Namely, CP; and CP, values are not updated during the
simulation time. CP, and CP, have constant values coming from Design 2 results as
87.67 sec and 115.46 sec, respectively. Among all experiments, Design 13 has the
lowest t,y¢, tmax, and ting and, s,,; performance metrics. One may prefer utilizing
this policy under significant t,,,, minimization restriction.

Once again, We summarize all dot plots in Appendix-1. As a result of this simulation
work, we provide results showing how they outperform the others in terms of different
performance metrics. By real-time decision making, rather than a static approach, one

may improve several performance metrics at a time.
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CHAPTER 4
CONCLUSIONS AND FUTURE RESEARCH

In this thesis, we study a novel tier-to-tier shuttle-based storage and retrieval system
design by considering several performance metrics such as throughput rate, total
investment cost, average flow time per transaction, average energy consumption per
transaction, and variability within realized flow time of transactions by using the
simulation modeling approach. This thesis is based on three main research questions
given in Chapter 1. To handle those questions, we first propose the tier-to-tier SBS/RS
design as an alternative design to tier-captive SBS/RS design. Then, we investigate
whether or not there exists sub-designs for tier-to-tier SBS/RS design meeting the
desired performance metrics with low total investment cost. Results show that there
might be a tier-to-tier design outperforming the tier-captive one from reduced

investment cost while also providing reasonable operational performance metrics.

Second, we analyze a group of designs having several physical configurations
considering the assumptions of the defined fundamental tier-to-tier SBS/RS model. We
research the factors that affect the system performance of tier-to-tier SBS/RS design
under different physical configurations and the number of shuttles. Results show that
an increasing the number of tiers results with decreased average energy consumption
per transaction and average flow time per transaction. In addition to this, a decreased

number of bays results in decreased average flow time per transaction.

Finally, we propose dynamic priority assignment rules for tier-to-tier SBS/RS
developed on real time tracking of data. We treat the shuttles, Lift 1, Lift 2, and
transactions (i.e., demand) as agents that can make autonomous decisions by
evaluating the real time information. We consider multi-objectives related with flow

time performance metrics to improve.

As future works, more priority assignment rules can be developed and they can be
experimented under different racking designs. Besides, different number of shuttles

scenarios may also be considered as a sensitivity analysis in the system.
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APPENDIX 1 — Dot Plots of Results in Table 3.5
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12

t=41.10
s=16.17

tonax = 241.94
tina =310.90

N= 5788
tou = 108.36
tous = 17.68

Flow Time of Transactions (sec.)
Ty Tt T e T (a)

75 125 150 i?S 200 225 ’2!'3() ’275 300.

g

Flow Time of Outlier Transactions (sec.)
Each symbal represants up ta 133 obseratians,

13

t=40.92
5=15.62

Einax = 200.40
tind =216.93

50 75 100 125 150 175 200 235 250 275 300

Flow Time of Transactions (sec.)
Fach symbal represents upto 14718 observations {a)

N =4234
tour = 96.15
Sout = 9.64

it

75 100 125 150 175 200 235 250 275 300
Flow Time of Outlier Transactions (sec.)
Each symbol represents up to 100 chservations.

14

t=40.87
5=15.61

tinax = 200.96
tind = 256.65

N=4207
toue = 96.18
Soue =10.17

0 25 50 75 100 125 150 175 200 225 250 275 300
Flow Time of Transactions (sec.)
Each spmbol mpresents up to 147 10 obssnatians (a)

100 135 150 175 200 235 250 275 300
Flow Time of Outlier Transactions (sec.)

Each symbal reprents up bo 228 abervatians,

15

t=41.05
5=16.33
tynax = 260.28
tind = 356.94

-+

N = 4553
Eour = 118.28
Soue = 29.30

5 50 75 100 15 150 175 200 225 250 275 300 325 350
Flow Time of Transactions (sec.)
Fach symbol mpmsents up to 291 10 shsenations (a)

75 100 125 150 175 200 225 250 /5 300 325 350
Flow Time of Outlier Transactions (sec.)

Each symbal sepresents upto 151 observations

16

t=40.92
5=15.62

tynax = 207.60
tina =247.37

N = 4197
t o = 96.16
Sour = 9.84

75 100 135 150 175 200 235 250 27
Flow Time of Transactions (sec.)
Each symbol represents up ta 14733 abservations (a)

75 100 125 150 175 200 225 250 275

Flow Time of Outlier Transactions (sec.)
Each symbol represents up 10 225 observations.

17

t=40.88
s=15.62

tnax = 214.94
ting =245.00

N= 4236
toue = 96.10
Sour = 9.92

75 100 125 150 175 200 225 250 275
Flow Time of Transactions (sec.)
Ench symiol mpmsents up ta 14714 ohsenations (a)

w
[=]

15 B0 15 200 225 250 27
Flow Time of Outlier Transactions (sec.)
b

Ench spmbol represents up to 231 observatinns
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18

t=40.98
5=15.97

tynax = 241.15
tind =298.05

N= 4528
tou: = 107.24
Soue = 21.61

ebenbebe

75 100 125 150 175 200 235 250 275 300
Flow Time of Transactions (sec.)
e s s i P R T e (a)

125 150 175 200 225 250 275 300

Flow Time of Outlier Transactions (sec.)
Each sembol rpresents up fo 164 observations.

75

19

t = 40.90
5=15.62

tnax =211.44
ting =218.49

N= 4273
Eoue = 96.10
Sour = 9.83

025 900 135 50 175 200 205 250 275 715 925 150 175 200 285 250 275
Flow Time of Transactions (sec.) Flow Time of Outlier Transactions (sec.)
Fach symbol representsup to 14752 abservations {a) Each symbal mpresents up ta 9 ohservasons.
t=40.90 N= 4219
5=15.61 toue = 96.10
tinax = 224.50 Soue = 10.37
tind =287.78 H
Flow Time of Transactions (sec.) Flow Time of Qutlier Transactions (sec.)
Ench symbol epresentsup 1o 14771 abservatians. {a) Each symboi represents p 10 232 abservatian
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