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Chapter I
1

1.1

Introduction

Background

In Small and Medium-sized Enterprises (SMEs), material handling and transportation costs
oftentimes consume a large amount of organizational resources, and are considered nonvalue added activities (Goldsby & Martichenko, 2005). Ohno (1988) has proven that
targeting non-value adding activities and eliminating their seven associated wastes is a
proven method of cost reduction. Further classification of material handling systems into
“in-house” systems, meaning moving material between two locations inside a facility, also
adds specificity and direction towards identifying wastes in material handling activities
(Mulcahy, 1999). Goldsby and Martichenko (2005) suggest that the seven wastes of
Ohno’s (1988) work lack the granularity to accurately describe wastes of in-house material
handling and transportation; and thus suggest an alternate list of wastes tailored specifically
for material handling and transportation industries: 1) Inventory, 2) Transportation, 3)
Space and Facilities, 4) Time, 5) Packaging, 6) Administration, and 7) Knowledge.
In addition to waste elimination, material handling systems can also benefit from a
structured approach to the planning of material movements and routing (Akincilar, 2013).
Current literature presents many solutions that guide or streamline material movements
such as: Automatic Guided Vehicles (AGVSs), automatic storage and retrieval systems
(AS/RS), and powered conveyor systems (Allegri, 1991; Mulcahy, 1999). Oftentimes, the
automated machinery and facility layout changes that accompany these options requires a
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large sum of company investment, which may deter smaller organizations with fewer
resources from implementing these solutions. Insufficient resources is a common reason
that SMEs are forced to settle for sub-optimal material handling solutions that are more
prone to wastes (Eden, Levitas, & Martinez, 1997; Weinrauch, Mann, Robinson, & Pharr,
1991). A potential solution for these SMEs lies in using visual management as the tool to
direct material movements and reduce wastes in their organization.
Visual management is a low-cost management strategy that uses visual aids and workplace
stimuli to add structure and communication to organizations (Brady, Tzortopoulos, Rooke,
& Formoso, 2005; Ho & Cicmil, 1996; B. A. Tezel, Koskela, & Tzortzopoulos, 2009).
Visual management practices have been successfully used in other industries such as
construction, warehousing, air-traffic control, and air-craft carriers (Chapanis et al., 1951;
Jaca, Viles, Jurburg, & Tanco, 2013; A. Tezel, Koskela, & Tzortzopoulos, 2013); and is
potentially beneficial in reducing wastes in material handling systems that are characterized
by high product variability and low volume as well. However, visual management has not
previously been tested as a waste reduction tool in material handling systems.

1.2

Working Definitions

Table 1-1 provides several working definitions that will provide a base knowledge of
terminology that will continue to arise in this thesis.
Table 1-1. Working Definitions
Terminology

Working Definition

Small and Mediumsized Enterprises
(SMEs)

SMEs are defined as organizations with fewer than 500 people
(Hussey & Eagan, 2006).
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Terminology

Working Definition

Material handling
systems (MHS)

For this research, MHS are defined as complete system
designed to provide the right material, in the proper amount,
at the right time and place, using an efficient method.
In-house material handling systems are systems that provide
the capabilities of moving materials from one location to
another inside a facility.
For this research, operator search time has two facets: 1) the
time it takes for an operator to locate the appropriate
machinery to move material, and 2) the time required to locate
the material to be moved.
Inappropriate handling is a broad term in this research.
However, it is primarily used to categorize movements that
have waste in the form of double handling, inefficient
machinery routing, or improper storage location assignment.
In this research, visual management is approached as a tool
that creates transparency of information, and uses visual aids
to inform decision making in an organization.
High product variety is treated in this research as having large
variations in the types of jobs that arrive to the system. This
results in a close relation to a job-shop type environment.
Raw material, abbreviated RM in this thesis, are the materials
used in processing materials
Finished goods, abbreviated FG in this thesis, are jobs that are
finished and ready to be shipped.
In this research, route complexity refers to the number of
possible pre-determined routes that entities can take through
the system.
Route proportion refers to the percentage of total entities that
travel a particular route. For example, Route 1 may have a
Route Proportion of .10, meaning ten percent of all entities are
assigned to this route.
For this research, an effective solution is defined as an
improvement over the baseline system.

In-house material
handling systems
Operator search time

Inappropriate handling
of material

Visual management

High product variety

Raw Material
Finished Goods
Route Complexity

Route Proportion

Effectiveness

1.3

Problem Statement

Waste reduction efforts in organizations have been an effective means to reduce costs in
process improvements since the Toyota Production System in the 1950s. The industries
that have capitalized on these targeted waste reduction efforts are broad, ranging from
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manufacturing and warehousing, to healthcare and construction (Bossink & Brouwers,
1996; Hwang, Oh, & Lee, 2004; Toussaint & Berry, 2013). The applications in these
industries illustrate the general usefulness of waste reduction approaches. In-house
material handling, when defined as the flow of materials from one location to another inside
a facility (Mulcahy, 1999), is one area that has not seen much focus in recent literature;
and could benefit from structured waste reduction efforts. SMEs characterized by high
product variability and low volume are particularly interesting due to their resource
limitation (Eden et al., 1997; Weinrauch et al., 1991). In this research, focus will be placed
in understanding how to improve material handling systems that are prone to material
handling wastes categorized as: 1) operator search time (for machinery and/or material), 2)
inappropriate handling of material, and 3) forklift routing. A potential solution is to use
visual management, because it presents an efficient, efficacious, and effective approach to
reduce these material handling wastes while improving organizational structure and
communication (Brady et al., 2005; B. Tezel, Koskela, & Tzortzopoulos, 1987, 2010).
Problem Statement: The problem is, visual management has not been previously tested as
the vehicle to reduce wastes in in-house material handling systems. Furthermore, the
guidelines to aid SMEs in designing a visual management system to tackle specific wastes
is not available.

1.4

Research Question

This research analyzes the effectiveness of using visual management to reduce in-house
material handling wastes through one primary research question and three sub-questions.
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Research Question: Will a material handling system that utilizes visual management aid
SMEs in reducing wastes associated with in-house material movements?
1.4.1

Sub-Question 1: Will a material handling system that utilizes visual
management aid in reducing waste in the form of operator search time?

1.4.2

Sub-Question 2: Will a material handling system that utilizes visual
management aid in reducing the frequency that materials are handled
inappropriately?

1.4.3

Sub-Question 3: Will a material handling system that utilizes visual
management aid in reducing waste in the form of inefficient forklift routes?

In order to answer these research questions, four tasks need to be completed.
Task 1: Collect Data
Sub-Task 1: Develop data collection methodology to measure the material
handling wastes of operator search time, frequency of inappropriate
handling of materials, and inefficient forklift routes.
Sub-Task 2: Employ data collection methodology to measure operator
search time, frequency of inappropriate handling of materials, and
inefficient forklift routes.

Task 2: Develop and validate a baseline simulation model that is representative of
the data gathered in Task 1.
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Task 3: Create alternate material handling scenarios to use in a sensitivity analysis
of the visual management results.

Task 4: Develop an operational visual management model that incorporates solutions
to the three wastes specified in Task 1. Validate the effectiveness of these
solutions through a case study organization and in each alternate scenario
developed in Task 3.

1.5

General Hypotheses

The research questions are rephrased as follows:

General Hypothesis: Visual management is an effective tool to reduce in-house material
handling wastes in SMEs characterized by a high mix and low volume of products.

Sub-Hypothesis 1: Visual management is an effective tool in reducing operator
search time for products and machinery.
Sub-Hypothesis 2: Visual management is an effective tool in reducing the
frequency that materials are handled inappropriately.
Sub-Hypothesis 3: Visual Management is an effective tool in improving forklift
routing efficiency.
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This hypothesis is tested via a case study, and validated via two alternate scenarios.

1.6

Research purpose

The purpose of this research is to determine if visual management is an effective tool in
reducing targeted wastes in material handling systems for SMEs characterized by a high
mix and low volume of products. Furthermore, this research provides a methodology to
develop this type of material handling system.

1.7

Research Objective

The main objectives of this research are to:
a.

Measure the efficiency of using visual management as a means of reducing
material handling wastes.

b.

Develop a methodology to guide the design of a visual management system that
targets in-house material handling wastes.

1.8

Delimitations
1.8.1

Limitations

a. The scope of this research is limited to SMEs with a high product variety and low
volume of products.
b. Data gathered from the case study organization is limited; however the sample is
sufficiently representative of their current material handling system.
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c. The data from the case study organization represents only forklift movements, and
not individual part movements at operator stations.
d. This research considers only the material handling operations occurring at the
facility, and ignores suppliers or customers.
e. The simulated material handling scenarios are created using data from a case study
organization that is representative of an SME with a high mix and low volume of
products.
f. The methodology will be designed for organizations that currently have an unstructured approach to planning in-house material movements.
1.8.2

Assumptions

a. The data provided by the case study organization is accurate and reliable for the
purpose of this research.
b. The methodology that is proposed in this report does not include cost elements, as
it was deemed outside the scope of this research.
c. The simulation model is assumed accurate to the best knowledge of the author, from
experience in related organizations, and through validation procedures.

1.9

Relevance of this Study
1.9.1

Need for this Research

SMEs are often faced with challenges in large-scale material handling system re-designs
due to their lack of resources-both human and financial. In answering the general
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hypothesis of section 1.5, this research addresses the issues of resource requirement in
SMEs and creates a potential low-cost solution to reduce material handling wastes.
1.9.1.1 Theoretical Research Needs
The theoretical relevance of this research is seen in determining the mechanisms that
impact the design of a visual management system that reduces in-house material handling
wastes in SMEs. Currently, these mechanisms are unknown and would provide the basis
for further visual management applications.
1.9.1.2 Practical Research Needs
The practical aspect of this research is seen in analyzing the feasibility of using visual
management as a means to reduce targeted wastes in a material handling environment.
Where before, visual management has proven beneficial in a range of industries from
warehousing to air-traffic control, this research hopes to tailor the theories that drive visual
management to be successful, and adapt them to be used in reducing material handling
wastes in SMEs.

1.9.2

Benefits of this Research

This research will benefit the field of visual management and further the applicability of
waste reduction efforts. Furthermore, this research places focus on exploring an application
of visual management that has not been explored in detail in current literature.

1.10 Research Outputs and Outcomes
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The desired outcome of this research is a visual management tool that is capable of
reducing in-house material handling wastes in SMEs characterized by high product variety
and low volume. Additionally, an output of this research will be a methodology to guide
engineering managers in SMEs in creating their own visual management systems to direct
material movements and reduce wastes in their organization. In these two facets, this
research contributes to the body of knowledge by providing an application of visual
management that has not been tested before, as well as adding another waste reduction tool
that explicitly recognizes the resource constraints that many SMEs face.

11
Chapter 2

2

2.1

Literature Review

Introduction

This literature review provides the basis for formulating the research question in section
1.4. A review of SMEs, waste identification and elimination strategies, in-house material
routing, and visual management will be described. Following a description of these topics
will be a synthesis of their applicability and their potential usefulness in SMEs
characterized by a high variety and low volume of products. Furthermore, a conceptual
model will be presented in the last section.

2.2

SME Resource Disadvantage

Small and Medium-sized Enterprises (SMEs) are often faced with many challenges
stemming from their lack of resources-both financial and human. According to a survey of
100 SMEs performed in 1991, the most agreed upon statement was, “it is difficult to
compete with large companies since we operate with limited financial resources”
(Weinrauch et al., 1991, p. 45). A consequence of this challenge is seen in SMEs adopting
sub-optimal problem solving and management methods. In particular, SMEs adopt
“shoestring” approaches that use a small amount of money that is considered inadequate
for its intended purpose, but is just enough for the company to profit (Weinrauch et al.,
1991). Yet another challenge SMEs face is in adopting new technology or state-of-the-art
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methods. SMEs, due to the relatively small size of their workforce, often lack the
managerial resources that are available to many multi-national organizations; creating a
scenario where SMEs are less likely to properly manage existing technology and/or adopt
new technology (Eden et al., 1997). These challenges are very often cited as the major
obstacles faced by SMEs (K. Lee, Lim, & Tan, 1999). Additionally, few formal research
has been done on competitive strategies for SMEs that explicitly recognize the resource
constraints that SMEs face (K. Lee et al., 1999). As such, the aim of this research is to
create a solution to target wastes in material handling that recognizes the unique challenges
that SMEs are subject to.

2.3

Waste Identification

The Toyota Production System (TPS) brought about many changes towards production
processes from its birth in the 1950’s until today. The goal of TPS, or lean manufacturing
as it is commonly named (Kumar, Kumar, & Narahari, 2015), is to focus on identifying
and eliminating wastes in an organization (Womack & Jones, 2003). Womack and Jones
(2003) define waste as any human activity that absorbs resources but creates no value.
Waste is abundant in every organization, and the goal of all employees should be to
eliminate it (Goldsby & Martichenko, 2005). Although literature suggests there are several
downfalls to lean manufacturing, such as a lack of project flexibility and single project
focus (Lamming, 1996), the majority of literature suggests that the introduction of lean
principles and waste elimination have provided significant improvements in operational
efficiency (Parry & Turner, 2006). Organizational wastes commonly come in two forms,
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obvious wastes and less obvious wastes (Gupta & Jain, 2016). Among the obvious wastes
are those categorized by Ohno (1988) in the original Toyota Production System: 1) defects
in production, 2) overproduction, 3) inventories, 4) unnecessary processing, 5) unnecessary
movement of people, 6) unnecessary transport of goods, and 7) waiting by employees. The
less obvious wastes are derived purely from process variability, and are more challenging
to identify. In the same review article, Gupta and Jain (2016) suggested a list of steps in a
successful lean manufacturing implementation; the first step being identifying wastes in
the system.

2.3.1

Waste Identification in Other Industries

Targeting and eliminating wastes has proven beneficial in a wide range of industries:
automotive manufacturing, healthcare, construction, and supply-chain logistics to name a
few (Bossink & Brouwers, 1996; Goldsby & Martichenko, 2005; Kumar et al., 2015;
Toussaint & Berry, 2013). The applicability of waste reduction in these industries is
interesting due to the uniqueness of each application. Automotive manufacturing certainly
would encounter different types of waste than would be present at a construction site.
According to Bauch (2004), there have been a number of applications that have reinterpreted the original seven wastes of the TPS, and adapted them to their own industry.
Bauch (2004) suggests that some of the original seven wastes are more transferable to
various industries than others, however the pure transfer of all seven to every industry is
not appropriate. For example, in the logistics field, further classification of Ohno’s (1988)
original wastes led to a more complete definition of wastes for the logistics industry
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(Goldsby & Martichenko, 2005). Some of these wastes were directly transferable, such as
inventory, time, and transportation; whereas others (packaging, administration, space and
facilities, and knowledge) were not. Goldsby and Martichenko (2005)

made this

distinction because logistics tasks are more commonly rooted in transportation and
inventory storage, and not as much in operator tasks and product defects.

2.3.2

Waste Identification for In-House Material Handling

In describing transportation of material in an organization, a distinction should be made in
defining common material handling topics. In-house material handling operations are
defined as moving product between two facility locations on the same floor or different
floors; and logistics is a term used to encompass all activities that are required to control
product and information flows between the organization and its customers (Mulcahy,
1999). However, a strong correlation exists between material handling operations at the
site-level and the management of material at the network-wide level (Goldsby &
Martichenko, 2005). This suggests a strong link between the efficiency of in-house material
handling operations and for the entire network-wide logistics strategy. Because of this link,
identifying wastes for in-house material handling systems could benefit from using an
adaptation of Goldsby and Martichenko’s (2005) characterization of logistics wastes. In
particular, the wastes that directly translate to in-house material handling systems are: 1)
transportation and routing, and 2) time. Literature also suggests a 3rd waste is present in
material handling systems- poor utilization or inappropriate handling of materials (F. T. S.
Chan, IP, & Lau, 1999; Chow, Choy, Lee, & Lau, 2006; Goldsby & Martichenko, 2005).
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With the adaptation of Goldsby and Martichenko’s (2005) logistics waste and a review of
material handling literature, the following three wastes can be identified in in-house
material handling systems.
Waste #1-Time
Waste #2- Inappropriate handling of materials
Waste #3- Transportation and routing

2.4

Waste Elimination Strategies

Identifying wastes in the system was the first step in successful lean implementations that
was recommended in Gupta and Jain (2016). The final two steps involved identifying the
root cause of the waste and finding a solution. Little work has been done to address the
issue of creating a complete and comprehensive tool for the reduction of all wastes;
particularly, which would allow reduction of wastes without negatively affecting other
causes of waste (Rawabdeh, 2005). Literature, instead, contains many remedies for
eliminating specified wastes in unique problem contexts, see (Hwang et al., 2004), (Kia,
Shirazi, Javadian, & Tavakkoli-Moghaddam, 2014), and (S. G. Lee, Souza, & Ong, 1996)
for several examples. Such is the case in this research, as it aims to provide a low-cost
waste elimination solution to SMEs characterized by high variability and low volume. In
this context, several strategies could lend themselves towards reducing the three wastes
labeled above. These strategies focus on improving material flow routes, machinery usage,
and determining efficient storage location usage.
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There is an abundance of research targeting material flow layout patterns, and two
categories stand out: 1) Automatic Guided Vehicles (AGVs), and 2) general flow path
designs, that optimize routes based on specific problem conditions (Herrmann, Ioannou,
Minis, Nagi, & Proth, 1994). AGVs present an effective approach to the material flow
problem, however the implementation cost is extremely high, and requires devoting
valuable floor space for machinery travel (Allegri, 1991; Herrmann et al., 1994).
Furthermore, section 2.2 suggests that SMEs often lack the resources to implement these
costly solutions. The second category of general flow path designs pose a better fit for
SMEs because they do not require vast changes to an SMEs existing system. For this
research, a tool is needed to improve general flow path design that is simplistic and cost
effective, to account for the unique characteristics of SMEs categorized by high product
variety and low-volume.
A review of warehousing literature shows there are strategies to improve in-house material
flows to and from storage locations (Francis & White, 1974; Petersen, Siu, & Heiser, 2005;
Pohl, Meller, & Gue, 2010). Many of these strategies originate from slotting
methodologies, especially those that involve turnover-based slotting, defined as storing
high-turnover material in the most desirable locations, based on the distance between
common pick-up and drop-off points (Pohl et al., 2010). Another slotting method is the
class-based storage system, where material with common traits (turnover, size, shape, etc.)
are stored in the same zones (Francis & White, 1974). Material stored according to the
class based methodology uses a random or un-structured allocation of material within each
dedicated storage zone. Using slotting methodologies presents a simplistic, low-cost
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solution for SMEs with the goal of creating more efficient flows of material in their system,
as well as using their existing storage locations more effectively.

2.5

Visual management

Visual management is defined as, “a management system that attempts to improve
organizational performance through connecting and aligning organizational vision, core
values, goals, and culture with other management systems, work processes, workplace
elements, and stakeholders, by means of stimuli which directly address one or more of the
five human senses” (Liff & Posey, 2004). Ho and Cicmil (1996)provide another definition
of visual management that is more suitable for the context of this research: “using visual
aids to improve processes and communication and promote continuous improvement.”
Visual management’s success is derived from its usefulness in conveying valuable
information to its users to create an environment that is self-explanatory, self-ordering,
self-regulating, and self-improving (Galsworth, 2004). In visual systems, the transparency
of information and goals allows both workers and management to be aware of process
status from just a quick glance at a visual aid. Furthermore, a visual workplace makes
abnormalities visible, so they are easier to fix (B. Tezel et al., 2010).
In this research, visual management is approached as a tool that creates
transparency of information, and uses visual aids to inform decision making in an
organization. The functions of visual management are more adequately defined in Table 21, which is an adaptation of Table 1 on page 4 of Tezel et al. (2009). Readers should refer

18
to (B. A. Tezel et al., 2009, p. 4, Table 1) for further granularity in each function
description.

Table 2-1 Functions of Visual Management. Adapted from (B. A. Tezel et al., 2009, p.
4, Table 1)
Function

Definition

Transparency

The ability of a production process (or its parts) to
communicate with people.
Making a habit of properly maintaining correct
procedures.
An organization-wide process of focused and sustained
incremental innovation.
Conscious attempt to physically and/or mentally ease
people’s efforts on routine, already known tasks by
offering various visual aids.
Learning from experience or integrating working with
learning.
A feeling of possessiveness and being psychologically
tied to an object (material or immaterial).
Use of facts and data based on statistics.

Discipline
Continuous Improvement
Job Facilitation
On-the-Job Training
Creating Shared Ownership
Management by Facts
Simplification

Unification

Constant efforts on monitoring, processing, visualizing
and distributing system wide information for individuals
and teams.
Partly removing the four main boundaries (vertical,
horizontal, external, and geographic) and creating
empathy within an organization through effective
information sharing.

Simplicity and inexpensiveness were noted as the most important features of visual
management (B. Tezel et al., 2010). These features make visual management an effective
approach in a number of applications where resource adequacy is an issue, such as SMEs.
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2.5.1

Prior Applications of Visual Management

Visual management applications gained their popularity primarily in the 1950s through the
influence of the Toyota Production System. The kanban was the primary visual tool that
was utilized in TPS (A. Tezel et al., 2013). However, in the mid 1950s visual control and
housekeeping began to gain footing through the development of 5S in Japan (B. A. Tezel
et al., 2009). In 1957, the andon light was used as another visual tool in quality control.
More recent applications of visual management are seen outside production processes as
well, such as in the construction, aerospace, and automotive industries (Chapanis et al.,
1951; Parry & Turner, 2006; A. Tezel et al., 2013; B. Tezel et al., 2010). Tezel et al. (B.
Tezel et al., 2010) posed that visual management’s effectiveness in lean production systems
assured that its strategies could be useful in a wide range of disciplines as well.

2.6

Gap in Literature

SMEs due to their unique characteristics and resource disadvantage, often implement suboptimal solutions to material handling issues in their workplace. In many cases, these
solutions create wastes in their organizations. Reducing these wastes would be productive,
however many material handling solutions in recent literature do not specifically address
the challenges that SMEs face, namely fewer financial and human resources. Visual
management is a simplistic and inexpensive tool that could reduce waste through the
creation of transparency and structure in the workplace. A visual workplace makes
processes and decisions unquestionably clear (Brady et al., 2005). This method is beneficial
because it makes problems and wastes visible to both workers and management, and allows
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them to proactively reduce them. However, there is a lack of research to establish visual
management as an effective tool in reducing material handling wastes in SMEs, and the
design guidelines to create these visual management systems in SMEs is missing.

2.7

Tools Used in Measuring Wastes
2.7.1

Arena Simulation

Arena has several functionalities that make it a valuable tool for this research. In particular,
the transporter module can be used to create material handling routes that can utilize any
number of forklifts to move materials from one process module to the next (Kelton,
Sadowski, & Swets, 2010). These pre-specified routes are inputted into the sequence table
under the advanced transfer tab. The decide module can be used to regulate the proportion
of entities that are assigned to each material handling route. Enter and leave modules can
be used to represent pickup and drop-off locations for each movement, and distances
between these locations are inputted into the distance table under the advanced transfer
panel. An appropriate warm-up period for the simulation model can be chosen by
determining when the system is in steady state (Kelton et al., 2010). One method of doing
this is by a plot comparing entities disposed vs. time as seen in Figure 2-1.
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Figure 2-1. Warm-up Period

2.7.2

Direct Clustering Algorithm

The direct clustering algorithm (DCA) is an algorithm that was used by Chan & Miller in
1982 for forming groupings of machinery in cellular manufacturing (H. M. Chan & Milner,
1982). The algorithm structures a manufacturing environment so that machines utilizing
similar raw materials are situated in close proximity to one another. Adapting this scenario
to this research, the DCA finds a common structure for forklift movements between storage
locations and shop workstations. The algorithm uses the most utilized locations that
forklifts are needed in, and places an X in the respective column. Through a series of
column and row changes, a resulting matrix will provide a suggestion for proper machinery
grouping and improved routing to and from storage locations. An example of a resulting
DCA matrix is in Figure 2-2.
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Figure 2-2 DCA Results Matrix

2.7.3

From-to Charts and Heat Maps

Heat maps are visual tools that are used to compare usage rates and storage location
utilization. Heat maps are color-coded to represent the level of utilization. In this research
red highlighting means a storage location that is frequently used, and green is a storage
location that is not used very often. Oftentimes, heat maps are overlaid on top of an existing
facility layout diagram to aid in the interpretation of the data. The usefulness of this tactic
is being able to visually identify patterns of material movements and target inefficient
routings. Another, perhaps more popular approach that can use a similar color-coding
scheme, is the from-to chart. These charts can display the number of material handling trips
between two locations (Nahmias, 2005). An example of this type of graph is seen below in
Figure 2-3.
Figure 2-3 From-To Chart with Heat Map Color-Coding
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2.7.4

Slotting Guidelines

Slotting is a methodology that allows for efficient storage location utilization, as well as
reducing the average travel distance between common origin and destination locations for
material movements. Organization’s existing slotting guidelines can be observed through
from-to charts or heat maps. For this research, slotting guidelines are used primarily in
reducing the average travel distance between origin and destination locations.

2.8

Conceptual Model

Figure 2-4 shows the proposed model for a visual management board (VMB) to direct
material movements at an organization. The functionalities of this VMB are overlaid on
top of an existing facility layout. Steps 1-5 identify the logic that is used in the visual
management board. Figure 2-4 consists of 4 components: 1) dedicated forklift storage
locations, 2) pre-planned material movements, 3) slotting guidelines, and 4) location
labeling. Each of these components is explained in depth in section 4.5.
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Figure 2-4 Conceptual Model for a Visual Management Board

The logic behind this conceptual model is that a single operator will plan each material
movement on the VMB before it occurs. The operator, called the VMB controller,
populates the board with figures that represent the current status of real materials at the
organization. In this way, the VMB controller can move materials on the board to preplan/test movements before they occur, to ensure materials are being handled and stored
in the most effective, efficient, and efficacious way.
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Chapter 3
3

3.1

Methodology

Introduction

This chapter’s purpose is to provide a summary of the methodology that was used in this
research. This research contains four tasks that test one general hypothesis.
3.2

Research Design

The design employed in this research was based on the D.M.A.I.C. approach (Define,
Measure, Analyze, Improve, and Control, respectively). Table 3-1 clarifies this general
structure, with the exception of the “control” phase, as that was reserved for postimplementation- which is outside the scope of this research.
Table 3-1. Research Design Steps
Phase

Comments

Define

-Defining common sources of wastes in in-house
material handling systems.
-Develop a methodology to quantify material
handling waste levels and measure current
performance of the baseline system.
-Develop a baseline simulation model to represent the
current system. Analyze wastes present in the system,
and identify their root causes.
-Construct an improved material handling system,
informed by analysis conducted in the Analyze phase;
that specifically addresses material handling wastes.
Incorporate solutions into an altered version of the
simulation model, and re-measure wastes to quantify
the potential improvement that the solutions offer.
-Reserved for post-implementation period, which is
not covered in this research.

Measure

Analyze

Improve

Control

Structure
Chapter 2
Task 1

Task 2 and 4

Task 4

-
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The literature review defined three common in-house material handling wastes, adapted
from Goldsby and Martichenko’s (2005) seven logistics wastes. Targeting these three
wastes, Task 1 presents a data gathering methodology to understand current patterns of
material movements, as well as quantifying material handling wastes. A baseline
simulation model was created in Task 2, informed by data gathered in Task 1. Analysis of
the data and simulation results yielded solutions to the three material handling wastes,
which was incorporated into the design of an operational visual management model in Task
4. A comparison of the baseline model to the altered model developed in Task 4 provides
the potential effectiveness of visual management as a waste reduction tool. Tasks 1, 2, and
4 are performed in a case study organization and validated in two alternate scenarios to
determine the effectiveness of visual management as a waste reduction tool. Task 3 yielded
the two alternate scenarios that are used to validate the case study results, and provide a
sensitivity analysis. Table 3-2 contains the three scenarios that were used in this research.
Table 3-2. Scenarios
Route Complexity

Route Distribution

Comments

Scenario 1

Fixed

Fixed

Scenario 2

Fixed

Altered

Scenario 3

Altered

Altered

Case study organization
Same product routes as
Scenario 1, with altered
route proportions
Increased number of
routes, with altered
proportions

3.2.1

Scenario 1: Case Study

The visual management system was tested in an SME characterized by high product variety
and low volume. This case study organization has three shops that perform different
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processing operations. Oftentimes, product routing requires transfers between all three
shops. The facility layout contains four raw material (RM) storage locations and one
finished goods (FG) storage location. Three forklifts are employed to move material
between these shops and storage locations. Tasks 1, 2, and 4 will be completed in this
environment, to test the complete application of the suggested methodology. However, data
presented in this research is masked to allow anonymity of the case study organization. The
operational visual management simulation model resulting from Task 4 was compared to
the baseline model from Task 2 to determine the potential level of waste reduction that this
tool can offer. Table 3-3 displays the model parameters for Scenario 1.
Table 3-3 Scenario 1: Case Study Model Parameters
Scenario 1
Model
Raw material
storage locations
Finished material
storage locations
Processing shops
Forklifts
Potential routes

3.2.2

4
1
3
3
15

Scenarios 2 and 3

The results of Task 3 yield two scenarios that were used to validate the results from the
case study organization. Scenarios 2 and 3 represent two alterations to the case study
organization from Scenario 1, and serve as a sensitivity analysis for this research. The
facility layout as well as the number of forklifts remain unchanged in these scenarios, as
portrayed in Table 3-4. Route complexity and route proportions were the variables of
interest for these altered scenarios. Route complexity refers to the potential number of
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routes that entities could travel in the material handling system, whereas route proportions
are the percentage of entities that travel a specified route. Table 3-4 displays the
characteristics of each scenario.
Table 3-4 Scenario 2 and 3 Model Parameters

Raw material
storage locations
Finished material
storage locations
Processing shops
Forklifts
Potential routes
Route proportions

3.2.3

Scenario 2
Model

Scenario 3
Model

4

4

1

1

3
3
15
Altered

3
3
20
Altered

Type of Research

This research is based on the D.M.A.I.C approach as presented in Table 3-1. Wastes were
defined according to the re-categorization of Goldsby and Martichenko’s (2005) logistics
wastes. Data gathering is employed to measure the level of wastes in each system. From
the data, a baseline simulation model was developed, and validated, to represent the current
state material handling system. Analysis methods were used to identify root causes of these
wastes. Solutions to these root causes were incorporated into an improved material
handling system design, which was simulated and compared against the baseline model to
quantify the potential level of improvement that can be gained.
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3.2.4

Research Focus

The focus of this research lies in understanding the characteristics that make visual
management an effective waste reduction tool for in-house material handling systems.
Furthermore, this research provides an example of how solutions to material handling
wastes can be used as mechanisms in the design of a visual management system to direct
material movements.

3.2.5

Research Hypotheses Restated

The general hypothesis is re-stated below, with three sub-hypotheses that isolate the wastes
that are targeted in this research.

General Hypothesis: Visual management is an effective tool to reduce in-house material
handling wastes in SMEs characterized by a high mix and low volume of products.

Sub-Hypothesis 1: Visual management is an effective tool in reducing operator
search time for products and machinery.
Sub-Hypothesis 2: Visual management is an effective tool in reducing the
frequency that materials are handled inappropriately.
Sub-Hypothesis 3: Visual Management is an effective tool in improving forklift
routing efficiency.

30
These sub-hypotheses will be tested using a comparison of values and confidence intervals
from Arena’s output reports, and is seen in Table 3-5.
Table 3-5 Testable Hypotheses
Testing
Measure

General
Hypothesis

Variable of Interest

Testing Method

βxy= Confidence interval
limit for processing time per
entity, where:

Comparison of:

x=1 for baseline metric, and
2 for metric after simulated
changes
y=U for upper confidence
limit, and L for lower
confidence limit

Baseline Data
Confidence Interval
= {𝛽1𝐿 , 𝛽1𝑈 }
Altered Scenario
Confidence Interval
= {𝛽2𝐿 , 𝛽2𝑈 }
Comparison of:

Operator search time:
SubHypothesis
1

SubHypothesis
2

x= Baseline average search
time
y= average search time after
simulated changes

Proportion of total processed
entities that encounter
inappropriate handling:
a=baseline proportion
b=proportion after simulated
changes

Baseline Value
x
Altered Scenario
Value
y

Comparison of:
Baseline Value
a
Altered Scenario
Value
b

Success Criteria

Statistically significant
reduction in total
processing time if:
𝐻0 : 𝛽2𝐿 ≥ 𝛽1𝑈
Ha : 𝛽2𝐿 < 𝛽1𝑈

Reduction in search time
if:
H0 : y ≥ x
Ha: y <x
If
y < x = 46-53% present
y < x = 54-62% successful
y < x = 62.5-up% very
successful
Reduction in inappropriate
handling if:
H0 : b ≥ a
Ha: b <a
If
b<a = 60-64%
improvement, present
b<a = 65-69%
improvement, successful
b<a = 70-up%
improvement, very
successful
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Testing
Measure

SubHypothesis
3

Variable of Interest

Testing Method

µxy= Confidence interval
limit for travel time, where:

Comparison of:

x=1 for baseline metric, and
2 for metric after simulated
changes
y=U for upper confidence
limit, and L for lower
confidence limit

Baseline Data
Confidence Interval
= {𝜇1𝐿 , 𝜇1𝑈 }
Altered Scenario
Confidence Interval
= {𝜇2𝐿 , 𝜇2𝑈 }

Success Criteria

Statistically significant
reduction in travel time if:
𝐻0 : 𝜇2𝐿 ≥ 𝜇1𝑈
Ha : 𝜇2𝐿 < 𝜇1𝑈

Sub-Hypothesis 1 and 2 contain a measure of effectiveness as well as whether the null
hypothesis is rejected or accepted. The level of effectiveness of each of these options was
determined from a pessimistic, moderate, and optimistic level of results in the case study
organization, and will be further explained in Chapter 4. The goal of these additional
metrics is to determine the range of potential results that are possible. Furthermore, in
testing sub-hypothesis 1 and 2, the inputs for the simulation model were inputted directly,
so it was necessary to have a level of effectiveness to provide a range of results.

3.3

Collection and Treatment of Data
3.3.1

Data Collection

Primary data collection was recorded manually by forklift operators. Table 3-6 displays a
description of the categories on the data collection sheet. Table 3-7 shows the actual data
sheet that forklift operators used to collect this data. One data sheet is required per forklift,
and audits were completed to ensure data is being recorded. Additionally, forklift operators
only needed to record some of the data categories, because some data was already collected
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by the organization. Furthermore, the distances between storage locations and shops will
be required, however, this was available through computer-aided-design (CAD) files and
facility layout diagrams. Upon completion of primary data collection, the summarized data
was presented to management and material handlers for validation of the baseline metrics.
Data validation is complete when the collected data is determined to be an accurate
representation of the current state material handling system by the reviewers.
Table 3-6. Data Collection Categories
Category
Department of
Material Handler
From Location

Description
-Record the department of the operator that is conducting the
material movement.
-Record the starting location of the material that is being moved.
-Record the destination location of the material that is being
To Location
moved.
Time Spent
-Record an estimation for the amount of time the operator spends
Searching for
searching for the appropriate machinery to conduct the material
Machinery
movement.
Elapsed Time for -Record an estimation of the total time required to move the
Movement
product from origin location to destination location
-Record a YES or NO here if the forklift did not have a load on
Empty Movements
the way to the origin location.
Forklift ID#
-Record the Forklift ID#
Operator Initials -Record material handler operator initials

Table 3-7 Data Collection Sheet
Forklift: XX
From
To
Location Location
Department
(Map on (Map on
Back)
Back)

Time Spent
Searching
for Forklift

Estimated
Elapsed Time
(From Arrival at
Starting
Location to
Departure at
Destination)

Put an "X"
here if at
least one Operator
movement Initials
was
empty
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Quantitative data, such as “Time Spent Searching for Machinery” and “Elapsed
Time for Movement” were estimations from forklift operators, and thus were tested for
reliability and normality. Additionally, further distribution fitting was required when data
appeared to be non-normal. Quantitative data was also analyzed for reliability between
material handling operators using Tukey’s method and a comparison of boxplots.

3.3.2

Scenario 2 and 3 Data Transformation

Scenario 2 and 3 utilize the same data that was gathered in the case study organization,
with two alterations. Namely, Route Complexity and Route Proportions were the variables
in these scenarios. Route Complexity refers to the number of possible pre-determined
routes that entities can take through the system. Route Proportions refer to the percentage
of total entities that travel a particular route. For Scenario 2, route proportions were altered
while keeping the same route complexity that was in the case study organization. In
Scenario 3, route complexity was manually altered by adding additional routes to the
simulation model that match the current state flow patterns. These additional routes also
effect the proportion of entities that are assigned to the baseline routes, thus it is impossible
to hold route proportions constant, while measuring the difference in route complexity.

3.3.3

Simulation

Arena was used to create a representation of the current state system in Task 2 and a
representation of the system after visual management changes have occurred. The model
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used inputs from the primary data collection procedures, and was validated against the
same data. Confidence intervals were chosen as the validation method, calculated using
Evans, Gor, and Unger’s (1996) approach. However, due to this research targeting highly
variable material handling systems, a 99% confidence interval was used instead of 95%.
Confidence intervals validated the following: 1) proportion of entity arrivals to each shop,
2) proportion of entities arriving to each storage location, 3) average search time for
machinery, and 4) average elapsed time for a material movement. When the simulation
outputs for each of these categories fall within the confidence interval of the baseline data,
the model is validated.

3.3.4

Treatment of Data

Primary data acquired from the case study organization was masked to allow anonymity of
the case study organization. Specifically, the distances between storage locations,
workstations, and forklifts were transformed by an equal factor. The patterns of material
flow, quantification of wastes, and general facility layout were not altered. The data from
the case study organization was altered in such a way to not impact general patterns of
material flow, and common sources of wastes.

3.4

Methodological Issues
3.4.1

Reliability

Reliability is provided in this research primarily through Task 1, in determining the
effectiveness and efficaciousness of visual management as a waste reduction tool in a real-
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world scenario. Testing two alterations to this case study environment will also provide
reliability to the potential level of improvement that it can offer towards different
organizations. Furthermore, each simulation run represents over 77 weeks of operation
time with ten replications, and an adequate warm-up period. These model parameters
provide reliability to the Arena output results. Operator reliability analysis was performed
on the quantitative data that was gathered from the case study organization, to ensure the
data was reliable.

3.4.2

Validity

Validation of primary case study data is performed through a review of the collected data
with managers and material handlers. Validation is complete when managers and material
handlers determine the data is a complete and accurate representation of the current state
system. Baseline simulation model validation compares Arena outputs to the primary
collected data through confidence intervals as suggested in section 3.3.4. Results of the
simulated visual management system is compared to the baseline simulation model using
the guidelines presented in Table 3-5. The results of the visual management model will
also be validated via two altered scenarios.

3.4.3

Replicability

The goal of replicability is for any other researcher to arrive at the same conclusions when
given the same data, while using the same methods. In this research, replicability will be
addressed by providing guidelines to accomplish each task. Guidelines provide data
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gathering methodologies, arena process tools, arena inputs, warm-up time calculations,
analysis tools, and comparison methods.

3.4.4

Bias

Bias in this research is seen in only using one case study organization to test the
effectiveness of visual management as a waste reduction tool. In this research, the case
study organization was assumed to be representative of SMEs characterized by high
product variety and low volume, however it is not representative of all SME organizations.
To address this bias, Task 3 yielded two alternate scenarios to use in validating the results
from the case study organization. Bias is also present in the simulation model, as
condensing an entire facility’s operations into one model may over-simplify the nature of
the work being done. This bias was addressed by performing model validation for the arena
models. Bias in data collection is seen in operators providing estimations for time spent
searching, as well as elapsed time to conduct a material movement. This bias was addressed
through performing operator reliability analysis to determine if the collected data was
impacted by this bias.

3.4.5

Representativeness

This research targets in-house material handling systems in SMEs characterized by high
product variability and low volume, and uses a case study that adequately represents this
scenario.
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3.5

Research Constraints

The research scope targets only SMEs characterized by high product variety and low
volume. Furthermore, this research does not present a possible solution to the entirety of a
material handling system, just in-house material movements.
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Chapter 4
4

4.1

Results

Introduction

This chapter’s purpose is to display the results from completing Tasks 1, 2, and 4 in a case
study organization. These tasks are re-worded as follows: 1) collect data to quantify
material handling wastes, 2) create a baseline simulation model that is representative of the
current state, and validate the model, and 4) analyze the data from task 1 and develop
solutions to material handling wastes, while incorporating them into a visual management
system to direct material movements; which is simulated and compared to the baseline
model.

4.2

Case Study Description

The case study organization meets the requirements of an SME characterized by a high
mix and low volume of products, however, will remain anonymous in this research. Figure
4-1 contains a rough layout of the case study organization. This organization produces
products that are heavy, burdensome, and highly variable. Because of this, forklifts were
the primary means of moving material between storage locations and shops. In particular,
there were three forklifts that were employed in the current state material handling system.
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Figure 4-1 Case Study Layout

In Figure 4-1, raw material storage zones are abbreviated as “RM”, and finished goods
storage locations are abbreviated “FG”. In the current state scenario, each of these storage
zones have several individual storage locations within them, however, unlike Figure 4-1,
they are un-labeled in the current state and are oftentimes un-organized and cluttered. The
products that are produced in this environment are highly variable, because each product
usually requires processing in all or most of the shops. Not only that, but many jobs are
unique and will never be repeated; thus, standard work is non-existent for this organization.

4.3

Data Collection and Analysis
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Task 1 served the purpose of describing the current state material handling scenario at the
case study organization, and quantifying the level of material handling wastes that the
system has. Material handling wastes that are targeted in this research are seen in Table 41. Material movements at the organization use forklifts, so data collection was targeted to
define forklift movements.
Table 4-1 Material Handling Wastes
Type of Waste
1.
Operators
Searching for Forklifts
2.
Inappropriate
Material Handling
Movements
3.
Inefficient
Forklift Routing

Definition
Defined as the time an operator spends locating
an available forklift
Inappropriate material handling movements are
double handling products and empty
movements.
Defined as using inefficient slotting guidelines,
or inefficient planning of forklift movements

Chapter Section
4.3.2
4.3.3
4.3.4

Data collection was completed in two phases over the course of four months,
totaling 704 data points. Forklift operators recorded these material movements on
clipboards that were attached to each forklift. The categories of data that were collected in
each phase are seen in Table 4-2.
Table 4-2 Primary Data Collection Categories
Category
Description
1. Department of Material -Record the department of the operator that is conducting the
Handler
material movement. (Phase 2)
2.
-Record the starting location of the material that is being moved.
From Location
(Phase 1 and 2)
3.
-Record the destination location of the material that is being
To Location
moved. (Phase 1 and 2)
4.
-Record an estimation for the amount of time the operator spends
Time Spent Searching
searching for the appropriate machinery to conduct the material
for Machinery
movement. (Phase 1 and 2)
5.
Elapsed Time for
-Record an estimation of the total time required to move the
Movement
product from origin location to destination location (Phase 2)
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6.
7.
8.

Empty Movements
Forklift ID#
Operator Initials

-Record a YES or NO here if the forklift did not have a load on
the way to the origin location. (Phase 2)
-Record the Forklift ID# (Phase 1 and 2)
-Record material handler operator initials (Phase 2)

Among the data that was collected, some data points were either left blank, or
illegible. Illegible categories in each data point were removed. However, removing one
category of the complete data point did not affect the other seven categories, so the
remaining portion of the data point was still used. Table 4-3 shows the number of usable
data points from each of the eight categories of the primary data collection.
Table 4-3 Usable Data Points

3
5
8

Usable Data
Points
701
699
696

3

701

1
4
1
20

374
371
374
355

Removed
Forklift
From Location
To Location
Time Spent Searching for Lift
(SEC)
Department
Elapsed Time (MIN)
Empty Movement
Operator Initials

4.3.1

Current State Material Flows

Categories two and three in the table above were the primary data used in determining the
current state material flows at the case study organization. In particular, summarizing this
data into a from-to chart that is color coded based on frequencies is an adequate
representation of the patterns of material flows.
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Origin Location

Destination Location

Forklift
Movement
s
RM 1
RM 2
RM 3
RM 4
FG
Shop 2
Shop 3
Shop 1

RM 1

RM 2

2

RM 3

RM 4

2

2

2
3
3
3

2

3

2

3
13
13
2
7

FG

Shop 2

2

20
5
23
18
63
101
15
10

5
43
140
196
56
135

Shop 3

Shop 1
25

2
12
25
8
2

20

10
3

Figure 4-2 From-To Chart for Material Flows

Figure 4-2 shows the material flows from the primary data collection, normalized to 1000
data points for ease of analysis. Additionally, storage locations were consolidated into
storage zones. Row and column labels describe the starting and ending storage zones for
each recorded movement. A red box indicates a highly utilized route, yellow signifies
medium usage, and green is low utilization. For example, the data show the highest usage
route was from Shop 2 to FG, with 196 movements. With a total of 1000 movements, this
means 19.6% of all material flows can be categorized by this routing. Figure 2 can also be
read using the columns and rows as well. For example, the Shop 2 column shows the
number of parts that arrive to this shop from each storage zone. The data show the majority
of parts arriving to Shop 2 (101 movements) are also originating in Shop 2. Additionally,
a heat map can display a more general outline of where materials are needed. Figure 4-3
displays the frequencies that each storage location requires a material handling service,
color-coded in a similar fashion as Figure 4-2.
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Shop 1

RM 2

161

5

RM 1

50

RM 3

65

55

RM 4

350

Shop 2

FG
231

Shop 3

83

Figure 4-3 Case Study Heat Map for Location Usage

As seen in this figure, Shop 2 represents the processing department where most of the
material transfers occur, and RM 4 represents the highest utilized raw material storage
location. This heat map displays both material pick-ups and drop-offs, and is helpful to
visualize the forklift routing and storage location utilization.

4.3.2

Waste #1- Operator Search Time for Forklifts

The time a worker spends searching for a forklift to move material is non-value added, and
was quantified through category four on the data collection sheet. Observe in Figure 4-4
how the majority of movements did not have a search time, however, when there was a
search time it was a significant value; occasionally reaching more than 30 minutes. The
data show workers search for machinery an average of 80.2 seconds per material handling
movement, with a standard deviation of 283.7 seconds.
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Figure 4-4 Operator Time Spent Searching for a Forklift

Since this particular data category was an estimation of search time by the forklift operator
that recorded the movement on the data sheet, analysis was needed to determine the validity
of data between different operators. Tukey’s method was used to address the reliability of
this data, and the results are seen in Table 4-3. The majority (81%) of data points were
recorded by three members of the Shipping and Receiving (S/R) department, namely,
Operators 1, 2, and 3. The remaining data points were recorded by members of departments
that were not associated with the S/R team, and are displayed as “Other Operators” in Table
4-3.
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Table 4-4 Tukey’s Method Results
Forklift Operator
Operator 1
Operator 2
Operator 3
Other Operators

Sample Size
159
76
55
66

Mean
39.2
139.7
20.5
229.1

Grouping
B
A and B
B
A

The results of the Tukey method identify if any operator consistently recorded values that
were different than other members of the organization. Means that do not share a similar
grouping are significantly different. In particular, Operators 1, 2, and 3 all belong to
Group B, meaning their means are not significantly different. However, Operator 1 and 3
have significantly different results than the “Other Operators”. Observing the values in
the boxplot in Figure 4-5, note several outliers in Operator 2 and Other Operators plots.

Figure 4-5 Boxplot for Operator Search Time
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These outliers present a reason for Operators 2 and Other Operators belonging to Group
A. These outliers were retained in the data set so as to not introduce bias when analyzing
the data. Furthermore, the individual boxes for each operator grouping shows a similar
result, thus it was concluded that reliability between operators was sufficient for the
needs of this research.
Table 4-5 shows the values of search time, elapsed time, and proportions of empty
movements characterized by department. The data suggests when non-S/R operators
move materials, they are searching 212% longer to operate the machine for 43% less
time. Table 4-5 also indicates non-S/R personnel encounter empty forklift movements
more often. To summarize, waste in operators searching for a forklift is encountered by
both the material handling team and other departments as well.
Table 4-5 Summary Statistics by Department

Shipping/Receiving
NonShipping/Receiving
Percent Difference

4.3.3

Search Time (min)
1.02

Elapsed Time (min)
16.4

Empty Movements
67%

3.19

9.2

73%

212%

-43%

9%

Waste #2- Inappropriate Material Handling Movements

Table 4-4 shows the proportion of material movements that encounter empty travels.
Sixty-seven percent and 73% for S/R and non-S/R personnel, respectively, represent the
probability that each will have an empty forklift for a portion of time when moving
material in the current state. These empty movements are a significant portion of waste
that can be categorized as inappropriate material handling movements.
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Recall Figure 4-6 below. This figure represents the case study organization’s
current forklift routing and storage location utilization. The current forklift routing in this
from-to chart leaves prime storage locations under-utilized. For example, the RM2
storage location is almost never used, even though it is in close proximity to both Shop 1
and Shop 2. Additionally, data show there are transfers from one raw material storage
location to another raw material storage location. This inappropriate material handling
habit results in double-handling materials. For example, data show 2 transfers from RM 1
to RM 3, and 2 transfers from RM 4 to RM 3. Similarly, data show the same scenario is
present in the FG storage location. 140 movements were from one area of the FG storage
location to another area of the FG storage location.
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Forklift
Movement
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RM 1
RM 2
RM 3
RM 4
FG
Shop 2
Shop 3
Shop 1

RM 1

RM 2
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2

2
3
3
3

2

3

2

3
13
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2
7
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2
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5
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15
10

5
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Shop 3

Shop 1
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2
12
25
8
2

20

10
3

Figure 4-6 From-To Chart for Material Flows
Unlike search time in section 4.3.2, data in this category does not require an estimation or
a judgement by the material handler that is recording the movement on the data sheet. Thus,
operator reliability was assumed adequate for quantifying inappropriate material handling
wastes.
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4.3.4

Waste #3- Inefficient Forklift Routing

This section contains a slotting analysis of forklift movements and storage locations.
Slotting is defining the appropriate storage locations for items and is primarily based on
frequencies that storage locations are used. The current state scenario of the case study
organization’s routing can be seen in Figure 4-6. One of the main goals in slotting is
placing storage locations in close proximity to their common destinations, to improve
forklift travel routes. The case study organization uses a similar tactic in defining material
storage locations. Raw material is stored in zones close to the input of the shop that it is
most used at, and finished goods locations are placed in areas that are not in close
proximity to where raw materials are consumed. This section outlines the current slotting
guidelines that the sample of 704 data points show, and identifies areas for opportunity in
the current state forklift routing. Table 4-6 displays Tukey’s method grouping and
descriptive statistics for the total elapsed time for conducting a material movement in the
current state scenario. Operator 3 appears to be in a separate grouping (Group A) than
other operators, meaning the mean travel time recorded by this operator was significantly
different, namely, higher than other operators. However, this is representative of the
current state scenario because Operator 3 is the truck unloader, which is a task that takes
significantly longer to finish than the normal material transfers that other operators
conduct. The boxplot in Figure 4-7 shows this abnormality for Operator 3.
Table 4-6 Summary Statistics for Travel Time
Sample Size
Operator 1
Operator 2

159
76

Mean Travel
Time (min.)
11.74
13.51

Standard
Deviation
78.95
9.90

Tukey’s
Grouping
Group B
Group A and B
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Sample Size
Operator 3
Other Operators

55
64

Mean Travel
Time (min.)
34.36
7.84

Standard
Deviation
31.14
4.90

Tukey’s
Grouping
Group A
Group B

Figure 4-7 Boxplot for Elapsed Time

4.3.4.1 Slotting RM 1 Storage Location
RM 1 consists of three sections of bunks. The sample data in Figure 4-6 show that RM 1 most
frequently supplies Shops 1 and 2, respectively. The current guidelines of placing raw materials
for these shops in RM 1 is a good tactic based on proximity, and Table 4-7 shows the current state
guidelines as well as the values of movements that the sample data show.
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Table 4-7 RM 1 Slotting Guidelines
Storage Location
A1-A3
B1-B3
C1-C3

Total Material Movements
11
5
16

Slotting Guidelines
2nd Choice
3rd Choice
1st Choice

A1-A3 denote the closest bunks to the infeed of Shop 1 and Shop 2, making it a prime
location in this zone. Progressing further south through the B and C bunks, there is longer travel
distances to reach the infeed of Shop 1 and Shop 2, making these storage locations sub-par to
bunk A. Bunk C has the highest storage utilization with 0.5 in the current state. More efficient
forklift routes, and less travel distance would result if Bunk A was utilized the most, Bunk B the
second most, and Bunk C the least.

4.3.4.2 Slotting RM 3 Storage Location
Similar analysis was done in the RM 3 storage location, which represents the area
north of Shop 2. D1 and D2 (refer to Figure 4-1 for location labels) are more feasible
storage locations for providing raw material to shops on the East side of the facility (Shop
1 and 2), whereas D3 and D4 are better storage locations for providing raw materials to
shops on the West end of the facility (Shops 2 and 3). Table 4-8 shows the usage of these
storage locations from the data as determined from the data gathered in Task 1. The color
coded from-to chart in Figure 4-6 also displays the common destination for material that
resides in the RM 3 storage location. D2 represents the highest usage rate, followed by
D3 and D4. In summary, the storage area that is used the most is located in the center of
this zone, which yields more forklift travel time for raw materials than if the highest
usage location was at the edge of this zone, such as in D1 or D4. Similar to RM 1, the
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current state forklift routing shows an area for opportunity in forklift routing to RM 3.
Table 4-8 RM 3 Slotting Guidelines
Storage Location
D1
D2
D3
D4

4.3.5

Total Material Movements
3
16
7
7

Steady State Probability
4th Choice
1st Choice
nd
2 and 3rd Choice
2nd and 3rd Choice

Data Validation

Following data validation procedures set in section 3.3.1, a summary of recorded data was
brought to the material handling and management staff at the case study organization to
determine if it was an accurate representation of material movements at the facility. Data
was validated, without concerns from the case study organization.

4.4

Baseline Simulation Model

Following Task 1, Task 2 developed a baseline Arena simulation model to represent the
current state material handling system. Assumptions and model inputs are displayed in
Table 4-9. Ten replications of 77.5 weeks were simulated, with a warm-up period of 1000
hours. This warmup period was sufficient for the model to be in steady state, based on a
graph of entities disposed vs. time in Figure 4-7. Refer to section 2.7.1 for further direction
in the process of creating the model.
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Table 4-9 Baseline Simulation Model Inputs
Inputs and Assumptions

Value

1. Potential Routes

15

2. Number of Forklifts

3

3. Number of Shops
4. Number of Raw
Material Storage Locations
5. Number of Finished
Goods Storage Locations

3

6. Interarrival Rate
7. Distance Between
Storage Locations
8. Search Time for Forklift
9. Waste Routes

4
1
3.1 Jobs/hr.

~DISC(.706,0,.844,100,
.952,200,.953,300,1,400)
8

Comments
-Potential routes are the possible material routing
sequences through the facility. For example, one
potential route would be: RM1-Shop1-Shop2FG. These routes are labeled as sequences in the
advanced transfer project bar. Each route should
be given a percentage, based on data from Task
1, that determines the proportion of job arrivals
that follow that route. Use the decide module for
assigning these proportions.
-Total number of forklifts available at the
facility.
-Total number of shops at the facility.
-Number of raw material storage locations at the
facility.
-Number of finished goods storage locations.
-The rate of job arrivals to the facility. Inputted
into the create module
-Assumed accurate from CAD facility file
provided by the organization. Distances are
labeled in the distances tab on the advanced
transfer project bar.
-Distrubution of search times recorded in Task 1.
Inputted as a delay in leave modules.
-Similar to Input 1, these alternate routes
incorporate planned waste informed by data
recorded in Task 1.

10. Shop 1 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module

11. Shop 2 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module

12. Shop 3 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module
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System Behavior

Products Produced
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Figure 4-8 Warm-up Period Analysis

4.4.1

Distribution Fitting for Operator Travel Time

In the creation of the baseline simulation model, a distribution for operator search time
(input 8 in Table 4-7) was needed. The data was inputted into Arena’s input analyzer to
determine an appropriate distribution fit. A Kolmogorov-Smirnov test in the input analyzer
showed operator search time was not normally distributed (p-value < 0.01), rejecting the
hypothesis that the data can be adequately fit to a normal distribution. Arena’s input
analyzer suggested the best fit for this data set was an exponential distribution. However,
the Kolmogorov-Smirnov test for fitting the exponential distribution was un-successful (pvalue < 0.01). To address this, the baseline simulation model uses the discrete function
for specifying a distribution for search time. This function allows the model to specify
individual values and probabilities to match those of sample data. The form of this inputDISC(P 1, V 1, P 2, V 2, . . . P x, V x,)- requires the value of search time, accompanied by its
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cumulative probability. Figure 4-10 shows the discrete function inputs, derived from the
data gathered in Task 1, that are necessary to create this function in arena. Thus, search
time can be inputted into the baseline simulation model as: DISC(0.706 , 0 , 0.844 , 100 ,
0.952 , 200 , 0.953 , 300 , 1 , 400).
Table 4-10 Discrete Function Inputs

471

1-100
sec
91

101-200
sec
72

201-300
sec
1

301+
sec
31

0.706

0.137

0.108

0.002

0.047

0.706

0.844

0.952

0.953

1.000

Bin

0 sec

Number of Occurrences
Proportion of Total
Occurrences
Cumulative Probability Values

4.4.2

Model Validation

Model results were compared to the baseline data that was gathered in Task 1 to determine
if the simulation adequately represented the current state system. Namely, 99% confidence
intervals were used from data in Task 1, and their validation metrics are presented in Table
4-11.
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Table 4-11 Baseline Model Output Validation
Output
RM1 Usage
RM2 Usage
RM3 Usage
RM4 Usage
Shop1 Usage
Shop 2 Usage
Shop 3 Usage
FG Usage
Forklift Travel
Time
Proportion of
Waste Movements

Original Data
Results
2.66%
0.42%
3.57%
5.15%
10.96%
30.32%
6.56%
40.37%

99% Confidence
Interval
[1.3% - 4.02%]
[0% - 0.99%]
[2.01% - 5.13%]
[3.30% - 7.00%]
[8.37% - 13.55%]
[26.52% - 34.22%]
[4.49% - 8.63]
[36.32% - 44.42%]

Simulation
Results
3.86%
0.74%
4.75%
6.60%
12.12%
29.64%
4.53%
37.75%

14.8 min

[7.69 – 22.05] min.

14.9624

10%

-

10%

The usage rates in the first 8 categories in Table 4-11 characterize the proportion of total
material handling movements that are required by the storage location or shop. For
example, the original data show that 2.66% of the recorded material pick-ups and drop-offs
occurred at the RM1 station. All of the model outputs were within the 99% confidence
intervals. As such, the model was determined to be a valid representation of the current
state scenario of the case study organization.

4.5

Proposed Visual Management Solution

The proposed material handling system is presented in this section. The solution is a visual
management board (VMB) that has four components. Each component targets wastes that were
identified from data in Task 1. Table 4-12 describes each of the four components of the VMB, and
the waste(s) that were targeted by the component. Additionally, a description of each component
will be given. Finally, the VMB, complete with the four components, will be presented and
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reviewed.

Table 4-12 VMB Components
Targeted Waste
-Operator Searching Time
-Inefficient Forklift
Routes
-Inappropriate Material
Handling Movements
-Inefficient Forklift
Routes
-Inappropriate Material
Handling Movements
-Inefficient Forklift
Routes
-Operators Search Time

4.5.1

Component
1. Dedicated Forklift
Storage Locations
2. Pre-planned
Movements

3. Slotting Guidelines

4. Location Labeling

Description
-Two dedicated forklift storage
locations are placed according to
the DCA results and simulation
-Movements from one finished
goods storage location to another
finished goods location will be
reduced
-Slotting guidelines place material
closest to the most common
destination for that type of material,
minimizing travel distance
-Labeling storage locations and
materials allows operators to locate
materials faster and easier

Dedicated Storage Locations

Data from Task 1 showed material handlers search for a forklift an average of 1 minute
and 20 seconds per material movement. This search time is non-value added, and is the
primary focus of this component of the VMB. To combat this waste, a Direct-Clustering
Algorithm (DCA) was employed. This algorithm suggests two primary zones of forklift
activity in the case study environment. One on the East end of the facility, and one on the
west end. These zones are shown in green and blue, respectively, in Figure 4-9. These
zones of forklift activity are the proposed areas for dedicated storage locations for forklifts,
to reduce the time material handlers spend searching for the appropriate machinery. In this
scenario, a material handler would know right where to look for a forklift depending on
which side of the facility they are on. Additionally, dedicated storage locations assist in
improving forklift routing, to ensure machinery is stored in an easily accessible location
that is close to storage locations that need that particular lift.
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Figure 4-9 DCA Results
Forklift
Forklift 1
Forklift 2
Forklift 3

4.5.2

RM1
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RM 3
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Storage Location
RM 4 Shop 1 Shop 2 Shop 3
X
X
X
X
X
X

FG
X
X

Pre-planned Movements

This VMB component targets waste in inappropriate material handling movementsspecifically, in double handling material. Figure 4-10, highlighted with black circles
shows these double handles. This figure identifies the waste in moving material from one
finished goods location to another finished goods location. Material that is finished
should not be moved between storage locations after it has already been placed in its final
storage location. Additionally, Figure 4-10 identifies transfers between raw material
storage locations, which also represent double handling of materials.
Figure 4-10 From-To Chart for Material Flows
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The data from Task 1 show that this type of material handling activity accounts for 10%
of all recorded movements at the case study organization. A solution to the issue of
double handling is to pre-plan material movements. The current state material operators
moved raw and finished materials without a set structure or standard work. Pre-planning
material movements will create visibility, awareness, and transparency of inefficiencies in
forklift routes and inappropriate handling of materials.

4.5.3

Slotting Guidelines

This VMB component reduces unnecessary forklift travel distance through improved
forklift routing. Data shows the current slotting guidelines attempt to place raw material
in zones that are nearest to their destination, and can be observed in the from-to chart in
Figure 4-10. For example, the data shows the most common storage locations for pieces
that need processed in Shop 1 is RM 1 with a frequency of 25. This slotting strategy
shows the case study organization places material in a storage location close to the shop
that it is consumed at. Although this is a good strategy, the guidelines can be improved to
slot pieces within the zones as well. This component offers improved slotting guidelines
for storage zones, as well as slotting guidelines within storage locations.
Table 4-13 Slotting Guidelines for Storage Zones
Shop Where Material is
Needed
Shop 1
Shop 2
Shop 3

1st Choice Raw Material
Storage Location
RM 1
RM 3
RM 3

2nd Choice Raw Material
Storage Location
RM 2
RM 4
RM 4
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Table 4-14 Slotting Guidelines for Individual Storage Locations in RM 1
Current State Guidelines

Future State Guidelines

Bunk A

2nd Choice

1st Choice

Bunk B

3rd Choice

2nd Choice

Bunk C

1st Choice

3rd Choice

Table 4-15 Slotting Guidelines for Individual Storage Locations in RM 3
Current State Guidelines

Future State Guidelines

th

D1

4 Choice

1st Choice

D2

1st Choice

3rd Choice

D3

2nd and 3rd Choices

4th Choice

D4

2nd and 3rd Choices

2nd Choice

The strategy behind the guidelines in Tables 4-13, 4-14, and 4-15 is to place raw material
closest to the shop that it will be used at. The alterations to the current guidelines force
material towards prime storage locations in each zone. For RM 1, this translates to an
emphasis on product storage in Bunk A. For RM3, this translates to placing emphasis on
product storage on either end of the zone- D1 and D4.
4.5.4

Location Labeling

This VMB component simply places a label on each storage location, to create a more
transparent and visually communicative workplace. The goal in this component is to reduce
the time operators spend searching for products in storage locations.

4.5.5

Proposed Visual Management Board

This section covers the recommended solution for the case study organization- a VMB
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that contains the components in sections 4.5.1-4.5.4. Table 4-16 shows that the VMB is a
comprehensive solution for the organization, as it targets all of the wastes that were
identified in Task 1.

Table 4-16 Waste Categorized by Component
Targeted Waste
Search
Time
for
Forklift
Dedicated Forklift Storage
Locations
Pre-planned Movements
Slotting Guidelines
Location Labeling
Visual Management Board

Double
Handling
Materials

Forklift
Travel
Distance

Search
Time for
Parts

X
X
X

X
X

X
X

X

X

The organization needs a system that is capable of handling the complexity of the current
state material flows. Studies in other industries such as Warehousing, Air-Traffic Control,
and Aircraft Carriers show that this type of environment where structure is vital lends
itself to utilizing Visual Management Boards (VMBs) to direct operations. Literature
suggests the following functionalities make Visual Management successful in this
scenario.
1. Data Representation- The information conveyed on the Visual Management
Board needs to be formatted in a way that the necessary information can be
grasped from a quick glance. Utilizing figures that represent real-time
materials is largely beneficial.
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2. Controller of Information- A controller of information is vital to structure
material movements. It is important for this controller to be knowledgeable in
how to store material efficiently and effectively. This controller structures the
forklift routes, and directs which material is stored in each storage location,
and has a working knowledge of where materials are at all times.

3.

Central Hub of Information- A central hub of information is necessary to
ensure the controller of information has all of the data he/she needs to make
an informed decision for planning a material movement.

4. Open Communication Channel between Central Hub and Shop WorkersThere must be a means of communication between the controller and the
material handlers. Communication allows the controller to indicate part
locations to material handlers and to communicate which storage locations the
materials should be placed in.

4.5.5.1 Visual Management Board
At the case study organization, large parts need to be stored in a select number of storage
zones, and communication channels need to be available for workers to know where the
materials they need are currently at, and where they will be needed downstream from their
workstation. The material handling system needs to be capable of handling the high mix
and variety of materials that are stored at the organization. This complexity lends itself to
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the VMB that is seen in Figure 4-11, which was tailored specifically for this case study
organization. Individual steps are shown on the figure to display a general structure for
how the VMB will be used at the organization. Table 4-17 shows how each component
described in sections 4.5.1-4.5.4 is present in the proposed VMB.

Figure 4-11 Proposed Visual Management Board
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Table 4-17 VMB Components

Component

VMB Functionality
Step Step Step Step Step VMB
1
2
3
4
5
Icon
Dedicated Storage
Locations
Location Labeling
Pre-planned Movements
Slotting Guidelines

X
X
X

X
X
X

X
X

X
X

4.5.5.2 VMB Functionalities
This visual management board is equipped with the following functionalities:

1. Forklift Availability- The VMB displays the dedicated forklift storage
locations that were presented in section 4.5.1. Green color codes represent
forklifts that are available. Red shows a forklift that is currently in use and not
at the storage location. This real-time knowledge of forklift availability helps
to reduce operator search time for machinery.

2. Part Numbers for Materials- The boxes on the upper left side of the board
represent the jobs that are currently being processed at the organization.
Yellow parts show materials that are being used in different workstations, and
they are moved by the VMB controller to the shop or storage location where
they are located. Gray parts are materials that have not arrived, or have
already been completed and shipped. Additionally, a part that is being
processed in a shop shows as a red color. Part labeling allows S/R personnel
to know where materials are located at all times, and reduce the time S/R
personnel spend searching for appropriate parts. This real-time knowledge of
where material is at all times improves the organization and structure of
material movements.
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3. Empty Locations- Planning where material is to be stored is easier with this
board, due to the controller’s complete awareness of real-time storage location
availability. The white coloring represents a vacant storage location.

A primary controller will be needed to organize the storage and flow of materials.
This controller will utilize radio communication with the material handling personnel to
direct the transfers of materials to and from storage zones. Implementing this visual
management board is expected to capitalize on the improvements that each component will
provide. The VMB incorporates solutions to the wastes that were identified in the current
state, as forklift and storage location availability is readily available to all workers, and
each material movement will be planned by an educated VMB controller to ensure efficient
and effective handling of material.

4.5.5.3 How to Use the VMB
For example, say the case study organization is currently unloading a truck and moving a
finished part from Shop 2 at the same time; which translates to Steps 1 and 2 on Figure 49. To accomplish these movements the following chronological tasks need to be done,
and are explained in Figures 4-12 and 4-13. These figures show how the VMB would
change with each chronological task.
1. The truck unloader communicates to the VMB controller that he is unloading
and inventorying the material on the truck. Notice how the VMB shows a red
color at the unloading zone to indicate that work is being done on material at
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this station (the material handler is checking in/inventorying material).

2. A material handler communicates to the VMB controller the part that needs to
be transferred from Shop 2. The VMB shows this location as red to notify the
workers that this workstation has Piece 1 from Job #1001. The upper left end
of the VMB shows Job #1001 with a yellow indicator to signify the
organization is working on 1 of the 6 pieces that it requires before being
completed.

3. The VMB controller determines the most feasible storage locations for Piece 1
from Job #001 is in FG 1. The white color on each storage location shows that
it is vacant. In this example all storage locations are vacant in Figure 13 to
show how the VMB changes with each step of the process.
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Figure 4-12 VMB Steps 1-3

1
3

2

4. The controller radios the material handler to move the finished goods to the
FG 1 storage location, and also moves the figure (Piece 1) on the VMB to
show that the movement has been done. The material handler can then move
Piece 1 to storage location FG 1.

5. VMB controller determines the destination locations for the parts that were on
the truck, according to the slotting guidelines in section 4.5.3.

6. VMB controller radios the storage locations to the truck unloader and also
moves the figures on the VMB to represent the movements that are taking
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place. The upper left end of Figure 4-13 shows that the truck had Pieces 1, 3,
and 5 from Job #003 on it. These pieces all went to RM 1 storage zone
between Shop 1 and Shop 2. When the controller decides where each piece
goes, the storage location on the VMB changes to a gold color to show the
storage location is no longer vacant. Notice how the controller placed these
three pieces according to the slotting guidelines that are presented in section
4.3, with more pieces stored in Bunk A than Bunks B and C.

Figure 4-13 VMB Steps 4-6

6

5

6

4

4

Figures 4-10 and 4-11 show a real-time example of how the VMB would change as
material is moved at the case study organization. In order to use the VMB to its full
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potential, it relies on an open form of communication between material handlers and the
controller. Radio communication is the suggested form of communication due to its lowcost and simplicity. The controller will need to be educated in the proper slotting rules as
outlined in section 4.5.3, and be knowledgeable on how to ensure the actual slotting
guidelines are as close to the suggested guidelines as they can be. It is also suggested to
have a short standing meeting with the material handling team at the start and end of
every shift to ensure everyone is aware of the current state scenario of material
movements at the organization. These audit meetings ensure each member of the team is
aware of the work that is planned for the rest of the day, and also troubleshoot issues that
were encountered in previous shifts. This assures that the material handling system will
be a continuous improvement project and adapt to future needs that the organization
might have. The proposed board will add more structure to the material handling system
at the case study organization, and will create a culture where employees in every
department are actively thinking about how to move materials efficiently and effectively.

4.5.5.4 Visual Management Board General Discussion
The waste reduction tool that is proposed in this research is a visual management board
comprised of four components that target in-house material handling wastes. However,
there are several nuances that deserve discussion in the proposed visual management
board design. How storage locations are labeled and the color coding for each part of the
board should be re-evaluated by members of the organization that will utilize the board in
their daily operations. As such, the material handlers in each organization will be the ones
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designing the tool that will structure their daily operations. The standing meetings
proposed in section 4.5.5.3 should be used as a continuous improvement effort to
troubleshoot issues in material handling, as well as improving the functionality of the
board itself. A radio will need to be put on each forklift to allow communication with the
VMB controller. The controller will need to be trained in the slotting guidelines that were
presented in section 4.5.3, and should understand how slotting can be used in all storage
locations at the facility, and not just the raw material locations that were the subject of the
solution in the case study organization.

4.5.6

Simulated Results

Table 4-18 shows the model inputs that were used in determining the effectiveness of the
VMB board. Route proportions were also altered to reflect the change in slotting rules,
however are not represented in Table 4-18. Most model inputs remained static, such as the
number of forklifts, shops, raw material and finished goods storage locations, and shop
processing times. However, search time was reduced according to the average walking
distance to and from each shop to the dedicated storage locations. Additionally, waste
routes were reduced to reflect the pre-planned routes component which targeted double
handled materials.
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Table 4-18 VMB Simulation Model Inputs and Assumptions
Inputs and Assumptions

Value

Comments
-Potential routes are the possible material routing
sequences through the facility. For example, one
potential route would be: RM1-Shop1-Shop2-FG.
These routes are labeled as sequences in the
advanced transfer project bar. Each route should
be given a percentage, based on data from Task 1,
that determines the proportion of job arrivals that
follow that route. Use the decide module for
assigning these proportions.

1. Potential Routes

15

2. Number of Forklifts

3

-Total number of forklifts available at the facility.

3. Number of Shops
4. Number of Raw Material
Storage Locations
5. Number of Finished
Goods Storage Locations

3

-Total number of Shops at the facility.
-Number of raw material storage locations at the
facility.

6. Interarrival Rate
7. Distance Between
Storage Locations

8. Search Time for Forklift

9. Waste Routes

4
1
3.1 Jobs/hr.

-

~UNIF(24,36) seconds

0

-Number of finished goods storage locations.
-The rate of job arrivals to the facility. Inputted
into the create module
-Assumed accurate from CAD facility file
provided by the organization. Distances are
labeled in the distances tab on the advanced
transfer project bar.
-Distribution of new search times with dedicated
forklift storage. Inputted as a delay in leave
modules.
-Similar to Input 1, these alternate routes
incorporate planned waste informed by data
recorded in Task 1.

10. Shop 1 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module

11. Shop 2 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module

12. Shop 3 Processing Rate

~UNIF(15,20) minutes

-Sieze Delay Release module

The simulation model was run for the same time period: 77.5 weeks of operation time, a
warm-up period of 1000 hours, and ten replications.
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4.5.6.1 General Hypothesis: Visual Management is an effective tool to reduce in-house
material handling wastes in SMEs characterized by a high mix and low volume of
products
Table 4-19 re-states the hypothesis testing procedures that were identified in section 3.2.5
for testing the general hypothesis, and provides the results from the simulation model. For
this scenario, confidence intervals are used. Confidence intervals were recorded from
Arena’s output results, and have sufficient data points to assume normality.

Table 4-19 Testing the General Hypothesis
Testing
Measure

General
Hypothesis

Testing
Measure
General
Hypothesis

Variable of Interest

Testing Method

βxy= Confidence interval
limit for processing time
per entity, where:

Comparison of:

x=1 for baseline metric,
and 2 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit
Baseline Metric
{𝛽1𝐿 , 𝛽1𝑈 }=
{78.26 – 78.66}
Mean=78.46

Baseline Data
Confidence Interval
= {𝛽1𝐿 , 𝛽1𝑈 }
Altered Scenario
Confidence Interval
= {𝛽2𝐿 , 𝛽2𝑈 }
VMB Solution
Metric
{𝛽2𝐿 , 𝛽2𝑈 }=
{73.47 – 73.79}
Mean=73.95

Success Criteria

Statistically
significant reduction
in total processing
time if:
𝐻0 : 𝛽2𝐿 ≥ 𝛽1𝑈
Ha : 𝛽2𝐿 < 𝛽1𝑈

Meets Success
Criteria?
Ha : 73.47 < 78.66
Reject Null, 6%
Improvement
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The simulated results show a 6% potential reduction in mean processing time required by
entities in this scenario. It is of importance to note that this total processing time represents
the impact of this solution on the entire organization, not just specific to in-house material
handling. This is because total processing time encompasses both material handling time,
and product processing time in each shop.

4.5.6.2 Sub-Hypothesis 1: Visual management is an effective tool in reducing operator
search time for products and machinery
In this sub-hypothesis, y was determined from an average walking time to each of the
individual forklift storage locations. The average time was 30 seconds, however, in the
simulation model, a safety factor of 20% was used to account for variability in walking
speeds between operators. Thus, data from the VMB solution model in Table 4-20 show a
potential 63% reduction in waste in the form of search time, which was determined to be a
very successful improvement. Effectiveness measures for this sub-hypothesis were
determined from pessimistic, moderate, and optimistic values (see Table 4-21) of walking
speeds to arrive at the dedicated forklift storage locations. In the case of this case study
organization, the ideal case scenario was chosen, thus a 62.5% reduction in search time
was seen.
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Table 4-20 Testing Sub-Hypothesis 1
Testing
Measure

Variable of Interest

Testing Method

Success Criteria
Reduction in search time
if:
H0: y ≥ x
Ha: y <x

Comparison of:
Operator search time:
Subx= Baseline average search
Hypothesis
time
1
y= average search time
after simulated changes

Testing
Measure
SubHypothesis
1

Baseline Metric

x=
80.2 seconds

Baseline Value
x

If
y < x = 46-53% present
y < x = 54-62%
successful
y < x = 62.5-up% very
successful

Altered Scenario
Value
y

VMB Solution
Metric

Meets Success Criteria?
Ha: 30 sec < 80.2
Reject null (62.5%
reduction), very
successful

y=
30 seconds

Table 4-21 Search Time Effectiveness
Current State Future State
73
73
Total Movements per Day
18980
18980
Total Movements per year
Search Time Per
1.3
0.5
Movement (min)
Total Search Time Per
24674
9490
Year (min)

Improvement per Year
(min)
Percent Improvement

Optimistic

Moderate

Pessimistic

15184

13286

11388

62%

54%

46%
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4.5.6.3 Sub-Hypothesis 2: Visual management is an effective tool in reducing the
frequency that materials are handled inappropriately.
Table 4-22 Testing Sub-Hypothesis 2
Testing
Measure

SubHypothesis
2

Testing
Measure
SubHypothesis
2

Variable of Interest

Proportion of total
processed entities
that encounter
inappropriate
handling:
a=baseline
proportion
b=proportion after
simulated changes

Baseline Metric
a=
0.10

Testing Method

Comparison of:
Baseline Value
a
Altered Scenario
Value
b

VMB Solution
Metric
b=
0.0

Success Criteria
Reduction in inappropriate
handling if:
H0: b ≥ a
Ha: b <a
If
b<a = 60-64% improvement,
present
b<a = 65-69% improvement,
successful
b<a = 70-up% improvement,
very successful

Meets Success Criteria?
Ha: 0.0 < 0.10
Reject null (100% reduction),
very successful

In pre-planning material movements, the VMB solution will allow a visual representation
of storage location availability. Furthermore, it requires a VMB controller to personally
strategize each material movement before it occurs, to actively reduce double handling of
materials at the facility. Because of this, the VMB simulation model results in Table 4-22
shows b having a value of zero, to represent zero percent of total processed entities
encountering inappropriate handling waste. However, since human operators are not
infallible, a real world application would most likely not yield a complete elimination of
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inappropriate handling. This simulation did not account for human error, rather considered
the ideal state scenario. For this reason, effectiveness measures in Table 4-23 outline the
potential improvement with a pessimistic, moderate, and optimistic level of
implementation.
Table 4-23 Inappropriate Handling Effectiveness
Current State
8-10%
Inapp. Movements (% of total)
Total Material Movements per
18980
Year
1898
Total Inapp. Movements
Hours per Year for Inapp.
468.2
Handling

Improvement per Year (hours)
Percent Improvement

Optimistic
327.7
70%

Future State
2-3%
18980
569
140.5
Moderate
304.3
65%

Pessimistic
280.9
60%
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4.5.6.4 Sub-Hypothesis 3: Visual management is an effective tool in improving forklift
routing efficiency
Table 4-24 Testing Sub-Hypothesis 3
Testing
Measure

Variable of Interest
µxy= Confidence interval
limit for travel time,
where:

SubHypothesis
3

Testing
Measure
SubHypothesis
3

x=1 for baseline metric,
and 2 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit
Baseline Metric
{𝜇1𝐿 , 𝜇1𝑈 }=
{14.90 – 15.02}
Mean=14.96

Testing Method

Success Criteria

Comparison of:
Baseline Data
Confidence Interval
= {𝜇1𝐿 , 𝜇1𝑈 }
Altered Scenario
Confidence Interval
= {𝜇2𝐿 , 𝜇2𝑈 }
VMB Solution
Metric
{𝜇2𝐿 , 𝜇2𝑈 }=
{14.33 – 14.45}
Mean=14.39

Statistically
significant reduction
in travel time if:
𝐻0 : 𝜇2𝐿 ≥ 𝜇1𝑈
Ha : 𝜇2𝐿 < 𝜇1𝑈

Meets Success
Criteria?
Ha : 14.33 < 15.02
Reject Null, 4%
Improvement

In this sub-hypothesis, µxy did not include forklift search time. This was done to not
measure forklift search time in sub-hypothesis 1 and sub-hypothesis 3. Instead, µxy includes
only forklift travel time after the product is picked up until it reaches its destination
location. In doing so, a better judgement can be made on determining the effectiveness of
visual management in targeting forklift routing. Simulated results in Table 4-24 show a
potential 4% decrease in travel time, which translates into an equal reduction in the distance
traveled between common origin and destination locations in the case study organization.
Similar to the general hypothesis, the confidence intervals used in this sub-hypothesis were
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generated from Arena’s output results, which show sufficient data points to assume
normality.

4.6

Sensitivity Analysis

Two alternate scenarios were also simulated for the same length of operation time as a
means of performing a sensitivity analysis and validating the results from the case study
organization. Facility layout, number of raw and finished material storage locations,
number of forklifts, and shop processing times remain static in these scenarios. Route
complexity and route proportions were the variables of interest in the sensitivity analysis
and are re-stated in Table 4-25. A review of each hypothesis test is shown for Scenarios 2
and 3 in the following sections. Additionally, route proportions and route complexity can
be seen in detail in Appendix B.
Table 4-25 Scenario 2 and 3 Model Parameters

Raw material
storage locations
Finished material
storage locations
Processing Shops
Forklifts
Potential Routes
Route Proportions

Scenario 2
Model

Scenario 3
Model

4

4

1

1

3
3
15
Altered

3
3
20
Altered
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4.6.1

General Hypothesis: Operational Efficiency Validation
Table 4-26 Scenario 2 and 3 General Hypothesis Testing

Testing
Measure

General
Hypothesis:
Scenario 2

Variable of Interest

Testing Method

βxy= Confidence interval
limit for processing time
per entity, where:

Comparison of:

x=1 for baseline metric,
and 2 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit
βxy= Confidence interval
limit for processing time
per entity, where:

General
Hypothesis:
Scenario 3

Testing
Measure
General
Hypothesis:
Scenario 2
General
Hypothesis:
Scenario 3

x=3 for baseline metric,
and 4 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit

Baseline Metric
{𝛽3𝐿 , 𝛽3𝑈 }=
{78.19 – 78.53}
Mean=78.36
{𝛽5𝐿 , 𝛽5𝑈 }=
{76.39 – 76.97}
Mean=76.68

Baseline Data
Confidence Interval
= {𝛽3𝐿 , 𝛽3𝑈 }
Altered Scenario
Confidence Interval
= {𝛽4𝐿 , 𝛽4𝑈 }

Success Criteria

Statistically
significant reduction
in total processing
time if:
𝐻0 : 𝛽4𝐿 ≥ 𝛽3𝑈
Ha : 𝛽4𝐿 < 𝛽3𝑈

Comparison of:
Baseline Data
Confidence Interval
= {𝛽5𝐿 , 𝛽5𝑈 }
Altered Scenario
Confidence Interval
= {𝛽6𝐿 , 𝛽6𝑈 }
VMB Solution
Metric
{𝛽4𝐿 , 𝛽4𝑈 }=
{70.24 – 70.76}
Mean=70.5
= {𝛽6𝐿 , 𝛽6𝑈 }
{72.85 – 73.11}
Mean= 72.98

Statistically
significant reduction
in total processing
time if:
𝐻0 : 𝛽6𝐿 ≥ 𝛽5𝑈
Ha : 𝛽6𝐿 < 𝛽5𝑈

Meets Success
Criteria?
Ha : 70.76 < 78.19
Reject Null, 10%
Improvement
Ha : 73.11 < 76.39
Reject Null, 5%
Improvement

Similar to the case study model that was presented in section 4.5.6.1, Table 4-26 displays
the testing procedures for the general hypothesis in Scenario 1 and Scenario 2. The general
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hypothesis determines the level of operational efficiency improvement that visual
management can offer. In both cases, positive results can be observed; ranging from a five
percent reduction in overall processing time, to a ten percent reduction in processing time.
The results from this sensitivity analysis provide empirical evidence that visual
management is an effective tool to reduce waste in these two alternate scenarios as well.

4.6.2

Sub-Hypothesis 1: Operator Search Time Validation

This sensitivity analysis validates the reduction of operator search time. The testing criteria
in these two scenarios were targeted at route complexity and route proportions. Because of
this, the impact on operator search time for products and machinery is minimal. The results
show the same level of improvement as the simulation model for the case study
organization in section 4.5.6. Table 4-27 show the testing procedures for validating SubHypothesis 1 in Scenarios 2 and 3.
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Table 4-27 Scenario 2 and 3 Sub-Hypothesis 1 Testing
Testing
Measure

Variable of
Interest
Operator search
time:

SubHypothesis
1: Scenario 2

x= Baseline
average search
time
y= average search
time after
simulated changes
Operator search
time:

SubHypothesis
1: Scenario 3

Testing
Measure
SubHypothesis
1: Scenario 2
SubHypothesis
1: Scenario 3

4.6.3

x= Baseline
average search
time
y= average search
time after
simulated changes

Testing Method

Success Criteria

Comparison of:

Reduction in search time if:
H0: y ≥ x
Ha: y <x

Baseline Value
x
Altered Scenario
Value
y

Comparison of:
Baseline Value
x
Altered Scenario
Value
y

Baseline Metric

VMB Solution
Metric

x=
80.2 seconds

y=
30 seconds

x=
80.2 seconds

y=
30 seconds

If
y < x = 46-53% present
y < x = 54-62% successful
y < x = 62.5-up% very
successful
Reduction in search time if:
H0: y ≥ x
Ha: y <x
If
y < x = 46-53% present
y < x = 54-62% successful
y < x = 62.5-up% very
successful

Meets Success Criteria?
Ha: 30 sec < 80.2
Reject null (62.5%
reduction), very successful
Ha: 30 sec < 80.2
Reject null (62.5%
reduction), very successful

Sub-Hypothesis 2: Inappropriate Handling Validation

The proportion of double handled movements remained constant from the case study
organization, so Scenario 2 and 3 showed similar improvements as section 4.5.6.3. Table
4-28 show the testing procedures for validating Sub-Hypothesis 2 in Scenarios 2 and 3.
Similar to section 4.5.6.3, the results consider the ideal case scenario, and do not account
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for the human error. A real-world implementation would not likely yield a 100% reduction
in inappropriately handled material.
Table 4-28 Scenario 2 and 3 Sub-Hypothesis 2 Testing
Testing
Measure

SubHypothesis
2: Scenario 2

SubHypothesis
2: Scenario 3

Testing
Measure
SubHypothesis
2: Scenario 2
SubHypothesis
2: Scenario 3

Variable of
Interest
Proportion of total
processed entities
that encounter
inappropriate
handling:
a=baseline
proportion
b=proportion after
simulated changes

Proportion of total
processed entities
that encounter
inappropriate
handling:
a=baseline
proportion
b=proportion after
simulated changes

Testing
Method
Comparison
of:
Baseline
Value
a
Altered
Scenario
Value
b
Comparison
of:
Baseline
Value
a
Altered
Scenario
Value
b

Baseline Metric

VMB
Solution
Metric

a= 0.1

b= 0.0

a= 0.1

b= 0.0

Success Criteria
Reduction in inappropriate handling
if:
H0: b ≥ a
Ha: b <a
If
b<a = 60-64% improvement, present
b<a = 65-69% improvement,
successful
b<a = 70-up% improvement, very
successful
Reduction in inappropriate handling
if:
H0: b ≥ a
Ha: b <a
If
b<a = 60-64% improvement, present
b<a = 65-69% improvement,
successful
b<a = 70-up% improvement, very
successful

Meets Success Criteria?
Ha: 0.0 < 0.10
Reject null (100% reduction), very
successful
Ha: 0.0 < 0.10
Reject null (100% reduction), very
successful
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4.6.4

Sub-Hypothesis 3: Forklift Travel Time Validation

Table 4-29 show the testing procedures for validating Sub-Hypothesis 3 in Scenarios 2 and
3.
Table 4-29 Scenario 2 and 3 Sub-Hypothesis 3 Testing
Testing
Measure

Variable of Interest
µxy= Confidence interval
limit for travel time,
where:

SubHypothesis
3:
Scenario 2

SubHypothesis
3:
Scenario 3

Testing
Measure
SubHypothesis
3:
Scenario 2
SubHypothesis
3:
Scenario 3

x=1 for baseline metric,
and 2 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit
µxy= Confidence interval
limit for travel time,
where:
x=3 for baseline metric,
and 4 for metric after
simulated changes
y=U for upper confidence
limit, and L for lower
confidence limit

Testing Method

Success Criteria

Comparison of:
Baseline Data
Confidence Interval
= {𝜇3𝐿 , 𝜇3𝑈 }
Altered Scenario
Confidence Interval
= {𝜇4𝐿 , 𝜇4𝑈 }

Statistically
significant reduction
in travel time if:
𝐻0 : 𝜇4𝐿 ≥ 𝜇3𝑈
Ha : 𝜇4𝐿 < 𝜇3𝑈

Comparison of:
Baseline Data
Confidence Interval
= {𝜇5𝐿 , 𝜇5𝑈 }
Altered Scenario
Confidence Interval
= {𝜇6𝐿 , 𝜇6𝑈 }

Statistically
significant reduction
in travel time if:
𝐻0 : 𝜇6𝐿 ≥ 𝜇5𝑈
Ha : 𝜇6𝐿 < 𝜇5𝑈

Baseline Metric

VMB Solution
Metric

Meets Success
Criteria?

{𝜇3𝐿 , 𝜇3𝑈 }=
{15.02 – 15.18}
Mean=15.09

{𝜇4𝐿 , 𝜇4𝑈 }=
{14.51 – 14.63}
Mean=14.57

Ha : 14.63 < 15.02
Reject Null, 3%
Improvement

{𝜇5𝐿 , 𝜇5𝑈 }=
{14.47 – 14.65}
Mean=14.56

{𝜇6𝐿 , 𝜇6𝑈 }=
{14.05 – 14.15}
Mean=14.10

Ha : 14.15 < 14.47
Reject Null, 3%
Improvement
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From the results of the sensitivity analysis, similar improvements can be observed
in Scenario 2 and 3, ranging from 3% to 4% decrease in travel time between origin and
destination locations.

4.6.5

Sensitivity Analysis Summary

Table 4-30 shows the potential improvements that visual management can offer in each of
the three scenarios. The general hypothesis and the three sub-hypotheses each show a
reduction in material handling wastes over the baseline in the case study organization, and
in both of the sensitivity analysis scenarios. Thus, it can be concluded that the results from
the case study organization appear to be valid for this application.

Table 4-30 Simulated Results Measured by a Comparison to the Baseline Metric.
Testing
Measure

VMB Case
Study

Scenario 2

Scenario 3

General
Hypothesis

6%
Improvement

10%
Improvement

5%
Improvement

63.5%
Improvement

63.5%
Improvement

63.5%
Improvement

100%
Improvement

100%
Improvement

100%
Improvement

4%
Improvement

3%
Improvement

3%
Improvement

SubHypothesis
1
SubHypothesis
2
SubHypothesis
3
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Chapter 5

5

5.1

Conclusion

Features of this Research

This research presents preliminary findings that support the effectiveness of visual
management as a material handling waste reduction tool. The proposed methodology
addresses the unique resource constraints that many SMEs face. Furthermore, the
methodology is designed to utilize non-complex and inexpensive problem solving tools to
create solutions to the material handling wastes.
This research impacts engineering managers in SMEs by providing them with a
potential low-cost and simplistic solution to reduce material handling costs in their
organization. The value of this solution is that it does not require skilled analysts or
elaborate software to implement, as the analysis techniques and visual management
components are simplistic and cost-effective, which specifically address SMEs unique
characteristics. The visual management tool presented in this research provides a new
application of visual management for in-house material handling that has not seen much
focus in recent literature. Additionally, this research provides a methodology that
engineering managers can use in developing a visual management system to direct their
material handling operations and is summarized in Figure 5-1. This addition to the body of
knowledge can provide insights into the type of scenarios where visual management can
be beneficial. Furthermore, although there are many waste reduction tools that are available
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to engineers in targeting material handling wastes, this research provides evidence that
visual management can be added to the material handling waste reduction toolkit. As a
result of this research, a paper will be published in the 2016 proceedings of the American
Society for Engineering Management and a draft is attached in Appendix A.
Figure 5-1 Proposed Methodology for SME Managers

Start

Design Data
Collection
Methodology
(1)

Does Data Quantify all
Material Handling Wastes
(2)

No

Yes

Collect Data
(3)

Validate Data
(4)

Is Data
Valid?
(5)

No

Yes
Analyze Wastes
to Find
Solutions
(6)

Incorporate
Solutions into a
VMB Design
(7)

Does the Design
Incorporate Solutions
to all Wastes?
(8)

No

Yes

Implement
VMB Solution
(9)

End
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Parentheses in Figure 5-1 correspond to the Step number in Table 5-1.
Table 5-1 Methodology Steps
Step

Description
1.
In this task, the practitioner should develop a methodology to
measure the following set of metrics for every material movement:
Design Data
1) department of material handler, 2) origin location, 3) destination
Collection
location, 4) time spent searching for machinery, 5) elapsed time for
Methodology
movement, 6) empty movements, 7) machinery identifier, 8)
material handler initials.
2.
This decision module is designed as an error-proofing step in order
Does Data
to assure the data gathering methodology is capable of quantifying
Quantify all all of the material handling wastes in the organization. In order to
Material
assure the wastes can be quantified, it is recommended to employ
Handling
the data collection for a small period of time to generate sample
Wastes?
data. In this way, the sample data can be analyzed to determine if it
can quantify all material handling wastes at the organization.
3. Collect Data Employ the data collection methodology to collect data.
4.
Summarize the collected data, and present it to material handlers
Validate
and management at the organization for approval. Data is valid
Data
upon a consensual agreement that the data is representative of the
organization.
5.
This step is included to direct practitioners after the validation
Is Data
phase. If data was validated in step 4, proceed to step 6. However,
Valid?
if data was not validated, practitioners should rewind to step 1.
6.
This step involves several sub-tasks:
1. Perform the Direct Clustering Algorithm (DCA) to
determine efficient storage locations for machinery
2. Create a From-To chart for analyzing patterns in material
flows and determining where inappropriate handling
Analyze
procedures occur most frequently
Wastes to
3. Utilize the From-To chart to determine where slotting
Find
improvements can be made in the existing storage locations
Solutions
4. Perform any additional analysis necessary to understand the
causes of the material handling wastes.
The dashed line provides a path back to data collection in order to
allow practitioners the option of collecting additional data for use
in developing solutions to the wastes.
7.
In this step, the visual management board (VMB) design will be
Incorporate
developed. In this step, material handlers and members that will
Solutions
utilize the VMB will work in conjunction to determine the best way
into a VMB
to incorporate the solutions from step 6 into the board. It is
Design
recommended to use color coding where appropriate, and to
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Step

8.
Does the
Design
Incorporate
Solutions to
all Wastes?
9.

5.2

Implement
VMB
Solution

Description
display only information that is vital to the organization, so as not
to clutter the visual display.
Step 8 is a decision module that is used as an error-proofing step to
ensure the VMB solution is a workable model that addresses each
waste in the organization. It is recommended that a prototype board
be used in the organization for a short period of time as a test run.
From the prototype, managers and material handlers at the
organization can address issues in the usability of the board, and
improve the design before final implementation.
The final step in the Methodology involves implementing the final
design of the visual management board, complete with any
alterations from step 8 where appropriate.

Findings from this Research

The results of this research provide evidence that a visual management system can be
designed to effectively structure in-house material movements in SMEs characterized by
high product variability and low volume. Furthermore, results show that a reduction in inhouse material handling wastes, namely, reducing wastes of search time, inefficient forklift
routing, and inappropriate handling of materials, is a result of this application. In particular,
through simulating a visual management application in a case study organization and two
alternate scenarios, an 8-13% reduction in total processing time per job was observed.
Additionally, a 63% reduction in operator search time, and 3-4% reduction in forklift travel
time was observed.

5.3

Future Research Needs

The findings in this research can serve as a basis for future research in the following areas:
1. Further Investigation of Visual Management Board Design
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a. Investigate display guidelines for visual management boards in material
handling scenarios, to ensure the right information is being displayed, in a
legible way. Focus should be placed on incorporating the human operator
into the design of the visual management board. For example, future
research could investigate the most effective method to display forklift
availability to material handlers, or how the visual management board
controller can effectively utilize slotting guidelines. These investigations
will yield a visual management board that will ease operator training,
smooth the implementation period, and provide a better visual management
system.
b. Future work should place emphasis on understanding individual employee
roles in the creation of the visual management board. Management,
operator, controller, and material handlers all have vital roles in ensuring
the visual management board is used to its full potential in an organization.
2. Visual Management Board Functionalities
The components of the visual management board consist of solutions to target inhouse material handling wastes. However, future work could hone these
components further and provide additional functionalities, or even introduce new
components, to capitalize on further waste reduction opportunities.
3. Application of Proposed Methodology
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Although the results of this research show empirical preliminary evidence that
visual management can be an effective waste reduction tool, a full implementation
of the suggested methodology in an actual organization would provide better
validation to the proposed methodology and visual management system.
Furthermore, if an actual implementation is not possible, further studies in
simulated environments would still provide value and validation to the proposed
methodology.

4. Incorporating Additional Metrics into the VMB Design
This research suggests that visual management can be an effective tool in reducing
wastes in SMEs characterized by a high-mix and low volume of products. Future
research could place emphasis on how to incorporate other metrics into the board,
to direct operations in more than just the material handling department. For
example, the visual management board could display an estimated remaining
processing time for products in each shop. This type of information will facilitate
planning of labor and work in an organization, and presents a more holistic
application of visual management in SMEs.
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An Application of Visual Management to Reduce Wastes in In-house Material Handling
Systems in Small and Medium-Sized Organizations
Abstract ID: ASEM_2016_42
____________________________________________________________________________________________

Abstract
Small and medium-sized enterprises (SMEs) that are characterized by high-mix and low-volume operations, often
present high product variability, which can result in unstructured material movement processes that are prone to
material handling wastes. These sub-optimal material handling systems are oftentimes a result of an SME’s limited
resources, whether financial or human. In this research, the authors theorize that visual management presents an
efficient and effective approach to reduce wastes in in-house material handling operations with high product
variability. Visual management is useful to improve organizational structure and material flows, while remaining costeffective and simplistic. However, the guidelines to aid companies in developing a visual management system that is
tailored for their organization are few and far in between. In this research, the authors propose a tool capable of
reducing material handling wastes in SMEs through utilizing a visual management system. The methodology is
illustrated via a case study organization, and the results show an ad-hoc visual management system capable of
increasing the efficiency of in-house material movements. The resulting framework is expected to assist SME
managers in reducing in-house material handling wastes using visual management systems.

Keywords
Waste Reduction, Material Handling, Visual Management

Introduction
SMEs (small and medium-sized enterprises) are often faced with many challenges when competing with multinational organizations. These challenges commonly stem from an inadequate supply of resources- both financial and
human. A survey of 100 SMEs showed the most agreed upon statement was, “it is difficult to compete with large
companies since we operate with limited financial resources” (Weinrauch, Mann, Robinson, & Pharr, 1991). The
consequences of the lack of resources creates a scenario where SMEs are inclined to implement sub-optimal solutions
to issues that arise in their workplace (Weinrauch et al., 1991), and material handling systems are not an exception.
These sub-optimal solutions are often low-cost, inefficient systems that are more prone to waste. Additionally, SMEs
have a disadvantage with the amount of workers and managers that can contribute to problem solving and innovation.
Human resource limitation leads to issues when attempting to manage new/existing technology (Eden, Levitas, &
Martinez, 1997). These two considerations are often cited as the major obstacles faced by SMEs; and there is a lack
of formal research done to address these specific challenges that SMEs face when attempting process improvements,
especially in material handling systems (Lee, Lim, & Tan, 1999).
In SMEs, material handling and transportation costs consume a large amount of organizational resources,
and are considered non-value added activities (Goldsby & Martichenko, 2005). Since the 1950’s, the Toyota
Production System (TPS) has provided methods for eliminating these non-value added activities and their 7 associated
wastes (Womack & Jones, 2003). However, in applying these methods to other industries some have found that the
original 7 wastes that were identified in the TPS were not directly transferable to their industry (Bauch, 2004). For
example, Goldsby & Martichenko (2005) suggested the original 7 wastes lack the level of detail and granularity to
adequately describe a logistics systems. Instead, they proposed a list of alternate wastes that are tailored to logistics
activities. Logistics wastes are more commonly rooted in transportation and inventory than the manufacturing
direction that TPS had been designed for. Furthermore, a correlation exists between material handling operations at
the site-level and the management of material at the network-wide logistics level (Goldsby & Martichenko, 2005).
This correlation suggests that waste elimination activities in in-house material handling systems- defined as moving
product between two facility locations on the same floor or different floors (Mulcahy, 1999)- could benefit from using
an adaptation of Goldsby & Martichenko’s (2005) characterization of logistics wastes. Particularly, the wastes that
are directly transferable to in-house material handling systems are: 1) Time, 2) Available Facility Space, and 3)
Transportation and Routing. Literature also suggests a 4th waste that is present in in-house material handling systemsinappropriate handling of materials (F. T. S. Chan, IP, & Lau, 1999; Chow, Choy, Lee, & Lau, 2006; Goldsby &
Martichenko, 2005). Elimination of these in-house material handling wastes would be beneficial towards improving
material handling flows in SMEs. However, the solutions that current literature suggest (Automatic Guided Vehicles,
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Automatic Storage and Retrieval Systems, and Powered Conveyors, etc.) are often costly, and do not specifically
address the resource limitations that SMEs possess (Allegri, 1991; Mulcahy, 1999).
Visual management is a simplistic, low-cost management approach that uses visual aids and stimuli to create
transparency and communication in organizations (Brady, Tzortopoulos, Rooke, & Formoso, 2005; Ho & Cicmil,
1996; B. A. Tezel, Koskela, & Tzortzopoulos, 2009); and presents a potential solution for SMEs to improve the
efficiency of material flows and reduce wastes in their facility. In this research, it is theorized that visual management
will be an efficient, efficacious, and effective waste reduction tool for SMEs characterized by high product variety
and low volume. Visual management has been successful in many other industries such as construction, warehousing,
air-traffic control, and air-craft carriers (Chapanis et al., 1951; Jaca, Viles, Jurburg, & Tanco, 2013; B. Tezel, Koskela,
& Tzortzopoulos, 2010), and its applicability as a waste reduction tool for SME managers has not been tested in recent
literature, and is such the aim of this research.

Proposed Methodology
The proposed methodology is comprised of 3 tasks to test the applicability of visual management as a waste reduction
tool. Exhibit 1 displays these research tasks, and provides a description of each. Application of this methodology is
designed for organizations with highly variable product routing, and low volume. Oftentimes this scenario involves
an organization with several processing buildings, and multiple raw material and finished product storage locations.
An example of this type of scenario is presented in the results section, via a case study organization meeting these
criteria.
Exhibit 1. Research Tasks.
Task
Task 1

Task 2
Task 3

Description
-Develop a methodology to measure: 1) operator search
time, 2) frequency of inappropriate handling of materials,
and 3) inefficient forklift routes, and validate the results.
-Develop a baseline simulation model that is representative
of the data gathered in Task 1.
-Develop an operational visual management model that
incorporates solutions to the 3 wastes specified in Task 1.
Validate the effectiveness of these solutions via simulation.

Task 1- Data Collection
The four wastes that were specified from a review of literature and an adaptation of Goldsby and Martichenko’s (2005)
logistics wastes were: 1) time, specifically, operator search time, 2) available facility space, and 3) transportation and
routing, and 4) inappropriate handling of materials. In this task, a methodology is developed to identify and quantify
each of these wastes in an SME organization to develop a baseline measurement. Particularly, two methods of data
collection are employed.
Primary Data Collection. The primary means of data collection is recorded manually by forklift operators. Exhibit
2 displays a description of the categories that each data collection sheet requires. Each forklift should contain one of
these data collection sheets, and audits should be completed to ensure accurate data is being recorded. The data sheet
should be filled out for every material movement that a forklift is required for. Additionally, some of the data
categories might already be collected by the organization, so the actual data sheets will consist of only information
that is not currently available. Furthermore, the distances between storage locations and shops will be required,
however, this is typically available through computer-aided-design (CAD) files or facility layout diagrams. Upon
completion of primary data collection, the summarized data should be presented to management and/or material
handlers for validation of the baseline metrics. Data validation is complete when the collected data is determined to
be an accurate representation of the current state material handling system by the reviewers.

Exhibit 2. Data Collection Categories.
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1.
2.
3.
4.
5.

Category
Department of Material
Handler
From Location
To Location
Time Spent Searching for
Machinery
Elapsed Time for
Movement

6.

Empty Movements

7.
8.

Forklift ID#
Operator Initials

Description
-Record the department of the operator that is conducting the material
movement.
-Record the starting location of the material that is being moved.
-Record the destination location of the material that is being moved.
-Record an estimation for the amount of time the operator spends searching
for the appropriate machinery to conduct the material movement.
-Record an estimation of the total time required to move the product from
origin location to destination location.
-Record a YES or NO here if the forklift did not have a load on the way to
the origin location.
-Record the Forklift ID#
-Record material handler operator initials.

Task 2 Creating a Baseline Model
The data gathering methodology presented in Task 1 yields the information necessary to create a simulation model to
portray the general patterns of in-house material movements. Arena was chosen as the modeling tool for this research.
Arena is a relatively expensive tool, and was used in this research because actual implementation of the methodology
was not possible. SME managers that wish to implement this methodology need not utilize simulation to validate the
results before implementation. The transporter module was used to create routes that can utilize any number of forklifts
to move entities from one process module to the next. Additionally, routes are generated primarily from data categories
2 and 3 in Exhibit 2; as these categories show the patterns of movements in the current state. Routes were inputted
into the sequence module, and assigned to entities as they entered the model to display the common flows of materials
through the facility. The decide module was used to regulate the proportion of entities that were assigned to each
potential route in the model. Enter and leave modules were used to represent the pick-up and drop-off locations for
each movement. An appropriate warm-up period should be chosen based on when the model is in steady state. A graph
of entities disposed vs. time is capable of determining when the system is in steady state, and an example is shown in
Exhibit 3.
Exhibit 3. Warm-up Period

Simulation Model Validation. Following the creation of a baseline simulation model, it is validated against the raw
data collected in Task 1. Confidence intervals were chosen as the validation method, similar to Evans, Gor, and
Unger’s (1996) approach. However, instead of a 95% confidence interval, a 99% was chosen due to the scope of the
research targeting highly variable product lines. Confidence intervals were used to ensure the following metrics
matched the raw data from Task 1: 1) proportion of products arriving to each shop, 2) proportion of products arriving
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to each storage location, 3) proportion of routes that encounter waste, 4) average search time for machinery, and 5)
average elapsed time for a material movement.
Task 3- Develop an Operational Visual Management Model with Waste Solutions
The operational visual management model that is the end product of this research requires engrained solutions to the
wastes that were identified in Task 1. In this task, several analysis methods are used to determine appropriate solutions
to these wastes. In particular, from-to charts, heat maps, direct clustering algorithm, and slotting analysis are used.
From-to Charts and Heat Maps. Heat maps are visual tools that are used to represent usage rates and comparisons
of storage locations. Typically heat maps are overlaid on top of an existing facility layout diagram. For the nature of
this research, the heat map displays each storage location that is present at the facility, as well as the shop locations
that require materials. Categories 2 and 3 from Exhibit 2 provide the necessary data to inform the usage rates of each
of these storage locations. The most utilized storage locations and workstations would appear red on the heat map,
and locations with lower utilizations are green. Heat maps are helpful to visualize forklift routing and storage
utilization, and provide a general understanding of the structure and flow of materials. Another, perhaps more popular
approach, is the from-to chart. These charts can display the number of material handling trips between two locations
(Nahmias, 2005). Exhibit 4 shows an example of a from-to chart with a similar color-coding scheme.
Exhibit 4. From-To Chart with Heat Map Color-Coding.
Destination Location

Origin Location

Forklift
Movements
A

A

B

1

C

D

1

E

F

1

28

B
1

D

3

E
F
H

H
21

4

C

G

G

1

1

1
1

3

3

4

20

37

16

1

3

61

18

1

11

142

63

18

1

48

13

7

6

115

9

1

17

9
3

Direct Clustering Algorithm. The direct clustering algorithm (DCA) is an algorithm that was used by Chan & Miller
in 1982 for forming groupings of machinery in cellular manufacturing (H. M. Chan & Milner, 1982). The algorithm
structures a manufacturing environment so that machines utilizing similar raw materials are situated in close proximity
to one another. Adapting this scenario to this research, the DCA finds a common structure for forklift movements
between storage locations and shop workstations. The algorithm uses the most utilized locations that forklifts are
needed in, and places an X in the respective column. Through a series of column and row changes, a resulting matrix
will provide a suggestion for proper machinery grouping and improved routing to and from storage locations. An
example of a DCA is seen in Exhibit 9.
Slotting Guidelines. Slotting is a methodology that allows efficient storage location utilization, as well as reducing
average travel distance between common storage and destination locations. A common approach to slotting is
turnover-based slotting, defined as storing high-turnover material in the most desirable locations, based on distance
between common destinations (Pohl, Meller, & Gue, 2010). Using from-to charts created from the data in Task 1
provides the necessary metrics for determining if proper slotting guidelines are being used.

Case Study
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The methodology presented in the previous section is illustrated via a case study based on an organization that meets
the charactersitics of this research: a SME with high product variety and a low volume of products. Data has been
masked to allow the case study organization to remain anonymous. The results of each task will be presented, as well
as the effectiveness of the final visual management solution. Exhibit 5 shows the layout of the case study that was
used in this research. Raw material storage locations are abbreviated by RM, and finished goods materials are
abbreviated by FG. This particular organization has three shops that contain different processing methods. However,
many products required processing in all three shops before proceeding to the finished goods storage. Additionally,
the case study organization has three forklifts.
Exhibit 5. Case Study Layout.

SHOP 1

RM
2

RM 1
RM 4
RM 3
SHOP 2

FG
SHOP 3

Task 1- Data Collection
Data was collected according to the procedures described in Task 1, and was validated by managers and material
handlers in the case study organization. This section will review the data that was gathered, as well as identifying the
key wastes. 704 data points were collected, and is a good representative sample to determine baseline metrics in this
organization. Primary data collection showed the average time that operators spend in searching for the necessary
machinery had a mean of 80.2 seconds. This measurement quantified waste in the form of operator search time. Data
also showed that 10% of all recorded forklift movements occurred when transferring material from one finished goods
location to another finished goods station. This type of movement is categorized as inappropriate material handling
movements, as it is double handling products. Furthermore, these extra material movements represent waste in
inefficient forklift routes. The average elapsed time per material movement was found to be 14.8 minutes. Distances
between storage and shop locations were made available by the organization, so manual measurements were not
necessary.
Task 2- Creating a Baseline Model
The baseline simulation model was developed following Task 1. Assumptions and model inputs are displayed in
Exhibit 6. Ten replications of 77.5 weeks were simulated, with a warm-up period of 1000 hours. This warm-up
period was determined sufficient based on a graph of entities disposed vs. simulation time. Outputs of the model are
validated using a 99% confidence interval from the original data gathered in the case study organization. These
validation metrics are in Exhibit 7.

Exhibit 6. Model Inputs and Assumptions.
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Inputs and Assumptions

Value

1. Potential Routes

27

2. Number of Forklifts
3. Number of Shops
4. Number of Raw Material
Storage Locations
5. Number of Finished
Goods Storage Locations

3
3

6. Interarrival Rate
7. Distance Between Storage
Locations
8. Search Time for Forklift
9. Waste Routes
10. Shop 1 Processing Rate
11. Shop 2 Processing Rate
12. Shop 3 Processing Rate

4
1
3.1 Jobs/hr.
~DISC(.706,0,.844,100,
.952,200,.953,300,1,400)
8
~UNIF(15,20) minutes
~UNIF(15,20) minutes
~UNIF(15,20) minutes

Comments
-Potential routes are the possible material routing
sequences through the facility. For example, one
potential route would be: RM1-Shop1-Shop2-FG.
These routes are labeled as sequences in the advanced
transfer project bar. Each route should be given a
percentage, based on data from Task 1, that
determines the proportion of job arrivals that follow
that route. Use the decide module for assigning these
proportions.
-Total number of forklifts available at the facility.
-Total number of shops at the facility.
-Number of raw material storage locations at the
facility.
-Number of finished goods storage locations.
-The rate of job arrivals to the facility, inputted into
the create module
-Assumed accurate from CAD facility file provided
by the organization. Distances are labeled in the
Distances tab on the advanced transfer project bar.
-Distrubution of search times recorded in Task 1,
inputted as a delay in leave modules.
-Similar to Input 1, these alternate routes incorporate
planned waste informed by data recorded in Task 1.
-Sieze Delay Release module
-Sieze Delay Release module
-Sieze Delay Release module

Exhibit 7. Model Output Validation.
Output

Original Data Results

Simulation Results

2.66%
0.42%
3.57%
5.15%
10.96%
30.32%
6.56%
40.37%
14.80 min

99% Confidence
Interval
[1.3% - 4.02%]
[0% - 0.99%]
[2.01% - 5.13%]
[3.30% - 7.00%]
[8.37% - 13.55%]
[26.52% - 34.22%]
[4.49% - 8.63]
[36.32% - 44.42%]
[7.69 – 22.05] min.

RM1 Usage
RM2 Usage
RM3 Usage
RM4 Usage
Shop1 Usage
Shop 2 Usage
Shop 3 Usage
FG Usage
Forklift Travel Time
Proportion of Waste
Movements

10%

-

10%

3.86%
0.74%
4.75%
6.60%
12.12%
29.64%
4.53%
37.75%
14.96 min.

The usage rates in the first 8 categories in Exhibit 7 characterize the proportion of total material handling movements
that are required by the storage location or shop. For example, the original data show that 2.66% of the recorded
material pick-ups and drop-offs occurred at the RM1 station. All of the model outputs were within the 99% confidence
intervals. As such, the model was determined to be valid.
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Task 3. Develop an Operational Visual Management Model with Waste Solutions. The solution presented in this
section is a visual management board (VMB) that has four components. Each component targets wastes that were
identified in Task 1. Exhibit 8 describes each of the four components of the VMB, and the waste(s) from Task 1 that
were targeted by the component.
Exhibit 8. Visual Management Model Components
Targeted Waste

Component

-Operator Searching for
Forklifts
-Inefficient Forklift Routes
-Inappropriate Material
Handling Movements
-Inefficient Forklift Routes
-Inappropriate Material
Handling Movements
-Inefficient Forklift Routes
-Operators Searching for
Parts

Description

5.

Dedicated
Forklift Storage
Locations

6.

Pre-planned
Movements

7.

Slotting
Guidelines

8.

Location
Labeling

-Dedicated forklift storage locations allow
material handlers to know where forklifts should
be at all times.
-Planning movements ahead of time reduces
double handling of products, and unnecessary
transfers of material.
-Slotting guidelines place material closest to the
most common destination for that type of material,
minimizing travel distance.
-Labeling storage locations and materials allows
operators to locate materials faster and easier.

Exhibit 9. DCA Results.

Forklift
Forklift 1
Forklift 2
Forklift 3

RM1
X

RM 2
X

RM 3
X

Storage Location
RM 4 Shop 1 Shop 2 Shop 3
X
X
X
X
X
X

FG
X
X

Exhibit 10. Proposed Slotting Guidelines.
Shop Where Material is Needed
Shop 1
Shop 2
Shop 3

1st Choice Raw Material Storage
Location
RM 1
RM 3
RM 3

2nd Choice Raw Material Storage
Location
RM 2
RM 4
RM 4

Component 1 is developed from the results of the DCA, which are seen in Exhibit 9. The algorithm suggests two
primary zones of forklift activity; one above Shop 2 highlighted in green, and one below Shop 2 highlighted in blue.
Each of these zones of forklift activity are the proposed areas for dedicated storage locations for forklifts, to reduce
the time material handlers spend searching for the appropriate machinery. Additionally, these dedicated storage
locations assist in improving forklift routing to ensure machinery is stored where it is needed. Component 2 involves
pre-planning material movements at the facility. The current state material operators moved raw and finished materials
without a set structure or standard work. Pre-planning these movements will create visibility, awareness, and
transparency of inefficiencies in forklift routes and inappropriate handling of materials. Component 3 proposes slotting
guidelines for the case study organization to use in pre-determining storage locations of materials. Exhibit 10 shows
these guidelines, which reduces the average travel time between common origins and destinations of the products that
are used most. Component 4 labels each storage location with a unique identifier, to aid operators in locating material
to be transferred.
Visual Management Board Solution. Exhibit 11 shows the 4 components merged into the format of a visual
management board. Process steps are overlaid on top of the figure to show the necessary steps that need to be done in
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order for a material movement to occur. Exhibit 12 displays how each component is incorporated into the visual
management board design.
Exhibit 11. Proposed Visual Management Board.

Exhibit 12. Visual Management Board Functions.
VMB Functionality

Component

Step 1
Dedicated Storage Locations
Location Labeling
Pre-Planned Movements
Forklift Routing

Step 2

Step 3

Step 4

Step 5

X
X

X
X

X

X
X
X

VMB Icon
X

X

The functionalities that make this visual management board effective in this application are:
5.

Data Representation- The information conveyed on the visual management board needs to be
formatted in a way that the necessary information can be grasped from a quick glance. Utilizing figures
that represent real-time materials is largely beneficial. For example, FL1, FL2, and FL3 represent the
forklift storage locations, and are color-coded to show their availability. Similarly, storage locations
are displayed with a yellow color when they are occupied and blue when they are vacant.
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6.

7.

8.

Controller of Information- A controller of information is vital to structure material movements. It is
important for this controller to be knowledgeable in how to store material efficiently and effectively
using slotting guidelines. This controller structures the forklift routes, and directs which material is
stored in each storage location, and has a working knowledge of where materials are at all times.
Additionally, each material movement that happens at the facility should also be reflected on the
VMB, providing a real-time snapshot of storage location availability and product locations.
Central Hub of Information- A central hub of information is necessary to ensure the controller of
information has all of the data he/she needs to make an informed decision for planning a material
movement. For example, each active job is displayed on the left side of the VMB, with the number of
pieces that each job has; color coded to identify which pieces are currently being processed.
Open Communication Channel between Central Hub and Shop Workers- There must be a means of
communication between the controller and the material handlers. Communication allows the controller
to indicate part locations to material handlers and to communicate which storage locations the
materials should be placed in.

The simulation was run for 10 replications of 77.5 weeks to determine the effectiveness of this solution in
targeting in-house material handling wastes, and compared to the baseline simulation results that was a result of
Task 2. The model inputs that were altered were: 1) search time for forklift- EXPO(30) which was the average
walking time to the dedicated forklift storage locations, 2) alteration of forklift routing to reflect new slotting
guidelines, and 3) eliminating pre-determined waste routes to reflect a reduction in double-handling materials. All
other model inputs remained constant. Following these alterations, data show a 0.83 minute reduction in average
search time for forklifts. Furthermore, the slotting methodologies incorporated into the visual management board
reduced the average travel time between origin and destination by 0.60 minutes, not accounting for the reduction in
search time for forklifts. To summarize, the simulation model proposes a potential savings of 1.43 minutes, or 10%,
per material movement through a reduction of search time and forklift travel time.

Conclusions
The results of the case study provide preliminary empirical evidence that visual management can be designed to
effectively structure in-house material movements in SMEs characterized by high product variability and low volume.
Furthermore, preliminary results show that a reduction of in-house material handling wastes, namely, reducing wastes
of search time, inefficient forklift routing, and inappropriate handling of materials, is a result of this application. In
particular, through simulating a visual management application in a case study organization, a reduction of 1.43
minutes per material handling movement was observed, which translates to a 10% potential improvement in the
efficiency of material transfers. The implications of this research impact engineering managers in SMEs and provide
them with a potential low-cost and simplistic solution to reducing material handling costs in their organization. The
value of this approach to engineering managers in SMEs is in the simplicity of the solution. The methodology is simple
and cost-effective and does not require specialized knowledge, software, or personnel. Rather, it is tailored to the
unique resource constraints that many SMEs are faced with. The visual management tool presented in this research
provides a new application of visual management and waste reduction that has not received much focus in recent
literature. In future research, focus should be placed on understanding the mechanisms that drive the design of an
effective visual management board, so as to better capitalize on the potential improvements that were seen in this
paper. Furthermore, future work should place emphasis on validating the potential effectiveness of this methodology
through physically implementing the visual management board in SME organizations.
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Appendix B: Route Proportions and Route Complexity

Baseline Scenario

Name
Route
Sequence 1
1
Sequence 2
2
Sequence 3
3
Sequence 4
4
Sequence 5
5
Sequence 6
6
Sequence 7
7
Sequence 8
8
Sequence 9
9
Sequence 10
10
Sequence 11
11
Sequence 12
12
Sequence 13
13
Sequence 14
14
Sequence 15
15
Sequence 16
16
Sequence 17
17
Sequence 18
18
Sequence 19
19
Sequence 20
20
Sequence 21
21
Sequence 22
22
Sequence 23
23
Sequence 24
24
Sequence 25
25
Sequence 26
Sequence 27
Waste 1
13
Waste 2
14
Waste 3
15
Waste 4
16
Waste 5
17
Waste 6
18
Waste 7
19
Waste 8

Step 1
RM1
RM1
RM1
RM2
RM2
RM2
RM3
RM3
RM3
RM 4
RM 4
RM 4
RM 1
RM 2
RM 3
RM 4
RM1
RM2
RM 3
RM1
RM1
RM3
RM4
RM 1
RM1
RM4
RM1
RM 1
RM 2
RM 3
RM4
RM 1
RM 2
RM 3
RM4

Step 2
Step 3
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 3
SHOP 2 SHOP 3
SHOP 2 SHOP 3
SHOP 1
FG
SHOP 1 SHOP 1
SHOP 2
FG
SHOP 2 SHOP 1
SHOP 2 SHOP 3
SHOP 1 SHOP 2
SHOP 1 SHOP 1
SHOP 1
FG
RM 2
SHOP 1
RM 3
SHOP 2
RM 4
SHOP 3
RM 1
SHOP 1
SHOP 1 SHOP 1
SHOP 2 SHOP 2
SHOP 2
FG
SHOP 1 SHOP 3

Step 4
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
FG
FG
FG
FG
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG

Step 5

Step 6

Step 7

Step 8

TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
SHOP 2
FG
TRUCK STATION
FG
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 3
FG
TRUCK STATION
FG
SHOP 3
FG
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
TRUCK STATION
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION

Route
Proportion
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
0
5
26
31
6
6
9
5
0
0
1
1
24
35
25
14
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Appendix B(continued)
Scenario 2

Name
Route
Sequence 1
1
Sequence 2
2
Sequence 3
3
Sequence 4
4
Sequence 5
5
Sequence 6
6
Sequence 7
7
Sequence 8
8
Sequence 9
9
Sequence 10
10
Sequence 11
11
Sequence 12
12
Sequence 13
13
Sequence 14
14
Sequence 15
15
Sequence 16
16
Sequence 17
17
Sequence 18
18
Sequence 19
19
Sequence 20
20
Sequence 21
21
Sequence 22
22
Sequence 23
23
Sequence 24
24
Sequence 25
25
Sequence 26
26
Sequence 27
27
Waste 1
13
Waste 2
14
Waste 3
15
Waste 4
16
Waste 5
17
Waste 6
18
Waste 7
19
Waste 8

Step 1
RM1
RM1
RM1
RM2
RM2
RM2
RM3
RM3
RM3
RM 4
RM 4
RM 4
RM 1
RM 2
RM 3
RM 4
RM1
RM2
RM 3
RM1
RM1
RM3
RM4
RM 1
RM1
RM4
RM1
RM 1
RM 2
RM 3
RM4
RM 1
RM 2
RM 3
RM4

Step 2
Step 3
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 1
FG
SHOP 2
FG
SHOP 3
FG
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 2
SHOP 2 SHOP 3
SHOP 2 SHOP 3
SHOP 2 SHOP 3
SHOP 1
FG
SHOP 1 SHOP 1
SHOP 2
FG
SHOP 2 SHOP 1
SHOP 2 SHOP 3
SHOP 1 SHOP 2
SHOP 1 SHOP 1
SHOP 1
FG
RM 2
SHOP 1
RM 3
SHOP 2
RM 4
SHOP 3
RM 1
SHOP 1
SHOP 1 SHOP 1
SHOP 2 SHOP 2
SHOP 2
FG
SHOP 1 SHOP 3

Step 4
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
FG
FG
FG
FG
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG

Step 5

Step 6

Step 7

Step 8

TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
SHOP 2
FG
TRUCK STATION
FG
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 3
FG
TRUCK STATION
FG
SHOP 3
FG
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
TRUCK STATION
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION

Original
New
Percentage Percentage
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
11
0
13
4
8
15
8
15
15
15
8
15
19
9
7
15
10
0
0
0
0
1
1
1
1
24
24
35
35
25
25
14
14
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Appendix B(continued)
Scenario 3

Name
Route
Sequence 1
1
Sequence 2
2
Sequence 3
3
Sequence 4
4
Sequence 5
5
Sequence 6
6
Sequence 7
7
Sequence 8
8
Sequence 9
9
Sequence 10 10
Sequence 11 11
Sequence 12 12
Sequence 13 13
Sequence 14 14
Sequence 15 15
Sequence 16 16
Sequence 17 17
Sequence 18 18
Sequence 19 19
Sequence 20 20
Sequence 21 21
Sequence 22 22
Sequence 23 23
Sequence 24 24
Sequence 25 25
Sequence 26
Sequence 27
Waste 1
13
Waste 2
14
Waste 3
15
Waste 4
16
Waste 5
17
Waste 6
18
Waste 7
19
Waste 8

Step 1
RM1
RM1
RM1
RM2
RM2
RM2
RM3
RM3
RM3
RM 4
RM 4
RM 4
RM 1
RM 2
RM 3
RM 4
RM1
RM2
RM 3
RM1
RM1
RM3
RM4
RM 1
RM1
RM4
RM1
RM 1
RM 2
RM 3
RM4
RM 1
RM 2
RM 3
RM4

Step 2
SHOP 1
SHOP 2
SHOP 3
SHOP 1
SHOP 2
SHOP 3
SHOP 1
SHOP 2
SHOP 3
SHOP 1
SHOP 2
SHOP 3
SHOP 2
SHOP 2
SHOP 2
SHOP 2
SHOP 2
SHOP 2
SHOP 2
SHOP 1
SHOP 1
SHOP 2
SHOP 2
SHOP 2
SHOP 1
SHOP 1
SHOP 1
RM 2
RM 3
RM 4
RM 1
SHOP 1
SHOP 2
SHOP 2
SHOP 1

Step 3
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
SHOP 2
SHOP 2
SHOP 2
SHOP 2
SHOP 3
SHOP 3
SHOP 3
FG
SHOP 1
FG
SHOP 1
SHOP 3
SHOP 2
SHOP 1
FG
SHOP 1
SHOP 2
SHOP 3
SHOP 1
SHOP 1
SHOP 2
FG
SHOP 3

Step 4
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
FG
FG
FG
FG
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG
FG
SHOP 2
FG
FG
FG

Step 5

Step 6

Step 7

Step 8

TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
TRUCK STATION
SHOP 2
FG
TRUCK STATION
FG
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 2
FG
TRUCK STATION
SHOP 3
FG
TRUCK STATION
FG
SHOP 3
FG
TRUCK STATION
TRUCK STATION
TRUCK STATION
FG
TRUCK STATION
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION
FG
FG
TRUCK STATION

Original
New
Percenta Percenta
ge
ge
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
5
5
8
0
3
1
3
0
3
1
1
1
1
0
0
5
5
22
19
21
21
6
6
6
6
9
9
10
10
5
5
5
5
5
5
5
5
20
20
25
25
21
21
14
14

