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ABSTRACT
Two separate and very distinct approaches to research related to factory control
have been pursued – automatic control and man-machine interactions. In spite of the
significant work conducted in both areas, very limited crosscutting research has been
conducted in this important integration area. It is still true that human integration into
highly automated manufacturing environs can be cumbersome and result in system
anomalies (crashes and illogical transitions). Research in this critical integration area has
likely been limited due to the nature and tools used in these two areas. The focus of the
proposed research is to develop formal models and controllers that utilize previous work
in both of these critical areas in order to create a comprehensive framework for controller
modeling and development containing both automatic and human components.
The proposal offers a vision of how a human can fit within a computer-control
framework so that the system can take full advantage of tasks and activities that humans
do well, and those that computers perform more effectively. The specific classes of
human activities addressed herein include: 1) dynamic decision making and 2) physical
material handling. The environment that is modeled is one that contains CNC machines,
robots, automatic storage systems, and humans.
To address the central issue of the proposed work, an automata-based system
control model is used to control flexible automated equipment on the shop-floor. Hooks
for integrating the human into the controller are modeled by creating a descriptive model
using finite state methods where a set of possible human activities is developed. An
operator function model characterizing the behavior of human in the various shop-floor
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roles is developed so that a logical partition of activities can be created. Transition
methods and software tools that allow the human and computer system to interact
seamlessly are developed for a general class of automata and operator function models.
It is critical to identify how parts are handled in a system so that a system
controller for the human-automation cooperative system can consider possible situations
caused by a human operator. For this reason, the impact of human activities on the
control complexity from a part states’ view is addressed. The number of possible part
flows at a certain state is used to measure the control complexity.
Finally, a structure specification of a human-automation interaction and a formal
approach to describe the operational features of the structure are presented from a
control-theoretic perspective.
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Chapter 1
INTRODUCTION

This chapter presents an introduction and background of the research on humaninvolved complex systems focusing on manufacturing systems.

The importance of

human in manufacturing systems is described, and the human integration into the systems
is discussed. Research motivation, objectives, problem statement, and research strategies
are also presented.
The remainder of this chapter is organized as follows. Section 1.1 presents the
background for the research in terms of the system integration point of view. Research
motivation and objectives are presented in Section 1.2 and Section 1.3, respectively. The
problem statement for the research is discussed in Section 1.4. Section 1.5 provides the
research strategies that are employed in this research. The overview of the dissertation is
then presented at the last section of the chapter.
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1.1 Background

1.1.1 System Integration

Integration is one of the most important problems facing the manufacturing
industry today. It is mostly related with a variety of components composing of a system
that partly include multiple pieces of automated equipment, operation procedures and
data, information flow, and a large number of hardware and software components. While
it is still believed that Computer Integrated Manufacturing (CIM) can have a major
positive impact on manufacturing system integration and high productivity, sophisticated
control software requires long development time.
A major problem in system integration is the difficulty involved in incorporating a
variety of software and hardware together with internal and external information into a
smooth running system. The reason is that these components are typically developed and
supplied by a variety of vendors, and a formal model structure for most manufacturing
activities does not exist. The result is that components from one vendor are seemingly
impossible to integrate with others from a different vendor, because the integration hooks
are not formally defined. To achieve system integration in a systematic manner, a formal
model to specify and describe system activities and the integration “hooks” need to be
developed.
The hooks referred to here fall into two categories: functional and control
specifications. Consider the example of factory control (execution systems) and
scheduling. Clearly, integration of these is essential in every factory. There are, in fact,
numerous products available today which claim to perform these two functions.
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However, few execution systems perform exactly the same functions, and the situation is
worse for scheduling systems. Furthermore, the input/output and control requirements
can vary dramatically from one product to another. This includes software (content and
format), hardware (communication protocols and capabilities), and database content and
representation. Implementing schedules into shop-floor control systems has also created
significant problems for both manual and automated systems. The details of the
schedules, as well as the interactions of activities within factory resources, still appear to
be a poorly understood problem.
The underlying integration problem is both architectural and technological in
nature. Without a detailed architecture, vendors and researchers do not know what
functionality and interfaces to provide in their products and what technologies to use to
build those products. Consequently, they provide a range of both. In terms of the earlier
example, this means that vendors provide several different products all claiming to do
factory control and scheduling.

In reality, these products can have vastly different

capabilities using a wide variety of technologies at varying costs.

1.1.2 Manufacturing Systems Integration

Manufacturing systems typically consists of a variety of physical resources that
include: material processors (MP) such as CNC machines, material handlers (MH) such
as robots or people, Automated Guided Vehicles (AGVs), conveyers, and other passive
components such as buffer storage, and fixtures that are required to produce a product.
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To operate a system while achieving high productivity and reliability, all of the resources
should be controlled in an efficient and effective way.
Automation has been considered a key factor in realization of system integration.
Automated manufacturing operations have been sought as a means to realize ideal
integrated system. For this purpose, significant research has been conducted in order to
develop a variety of automated equipment. Flexible intelligent equipment and
instrumentation that can adapt to dynamic requirements that are caused by dynamic
situation have been developed.
On the other hand, much of research has also put emphasis on control and
integration of them within manufacturing systems with the goal to realize highly
automated systems while remaining flexible and intelligent at the same time. For this
reason, programmable process control and reconfigurable machine tools and their
reconfigurable controllers have received much attention.
Despite the abundance of work that has been done in automation, controls, and
integration, it appears virtually impossible or at least impractical to implement fully
automated “lights-out” manufacturing systems, void of humans and operated by a
computerized controller (Brann et al., 1996). Thus, it is difficult to find manufacturing
systems which exist without human interaction today. This is in part due to the dynamics
of manufacturing systems, the economics of preparing tooling and instructions for small
batches, and other technological limitations.
More importantly, a human frequently plays an important role in manufacturing
systems by performing tasks, which require extremely flexible and complex procedures.
A human improvises procedures when congestion occurs, reasons inductively to avoid
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deadlock and bottlenecks, manages faults, and exercises judgment concerning critical
activities by perceiving patterns. For instance, when a computer scheduler or a controller
issues an improper task command, a human operator can modify the original plan based
on system information and know-how gathered from experience. In this case, a human
can be considered a supervisor while performing tasks that are issued by a controller. For
this reason, human operators still play a crucial role even in highly automated
manufacturing systems.
In spite of the fact that human resources are one of the most important
components in manufacturing systems, most research on system integration has only
considered the set of physical components being controlled. Therefore, integrating
humans into a manufacturing control system is a critical aspect of CIM systems.

1.1.3 Material Handling Process and Human

Modern advanced manufacturing systems (AMSs) are characterized by highly
automated equipment and complex control. Among manufacturing activities, material
handling plays an especially important role for the efficient operation of manufacturing
systems because control of a system (state transitions) is directly affected by flows of
parts handled by the material handling equipment. For this reason, design and control of
material handling equipment has received much attention.
This type of resource can be classified into two sets: material handlers (MH) and
material transporters (MT) (Joshi et al., 1995). Material handlers in manufacturing
systems refer to devices that move or transfer a part between pieces of processing
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equipment or load or unload a part to or from buffers and processing equipment. Typical
examples of MH equipment are industrial robots and conveyors. They are usually
associated with interactions between processing equipment that are located in close
proximity. When a part needs to be moved from one workstation to another workstation
in another area of the facility, material transporters are used. Automated guided vehicles
(AGVs), conveyors, fork trucks, humans, etc. are examples of this type of equipment.
A human can perform material handling tasks and provide increased flexibility
due to the unique characteristics of humans. As long as a certain level of safety is
guaranteed, a human can perform multiple tasks in several facilities with minimal
constraints on access to equipment and special tooling, such as end-effecters for robots
and jigs for conveyors.
The human also brings non-determinism and intrinsic variability into the system.
Within a manufacturing system, a human is usually a task-performing agent as well as a
supervisor, which makes a human distinctive when compared to other equipment that
passively receives commands with finite and predefined functions. Autonomous
judgment, decision-making, and improvising actions are unique characteristics of
humans. As such, a part flow and the system status may not change in a deterministic
way if a human material handler is involved within the system. Therefore, aiding or
guiding a human, while considering the self-regulatory property of human, is desired in
order to achieve effective control of a system where a human operator performs material
handling tasks.
No longer is the human operator strictly a manual laborer. Instead, the modern
operator must monitor the status of a system, supervise the operation of a system, or
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detect, identify, and recover system errors. Therefore, the human operator should be
recognized as a critical component within a manufacturing control system.
As a high degree of automation is achieved with rapid development of computer
technologies, the way a human works in a system has drastically changed. While
automation relieves humans of burdensome tasks, it also imposes other constraints and
overhead on a system. Also, control of a highly automated system becomes more
complicated in that the mechanisms for such systems operation become more complex
and sophisticated.

1.2 Motivation

Two separate and very distinct approaches to research related to complex system
control have been pursued – automatic control and human-machine interactions. In spite
of the significant work conducted in both areas, very limited crosscutting research has
been conducted in the important integration area.

Furthermore, as the interaction

between humans and automated systems becomes complicated, the importance of control
of a system and human behaviors within the system has been emphasized.
It is still true that human interactions into highly automated manufacturing
environments are cumbersome and frequently result in system anomalies (e.g. crashes
and illogical transitions). Research in this critical integration area has likely been limited
due to the nature and tools used in these two areas. Even though several researches have
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suggested guidelines and frameworks for automation design in consideration of humans,
they tend to be slightly abstract and lack formal and concrete control mechanism.
Recently, significant inroads toward automated system control have been made
using automata-based modeling. Fully automatic manufacturing systems have had the
software system for control execution automatically generated for them (Smith et al.,
2003, Son et al., 2002).

Unfortunately, these software constructs are based on

“deterministic finite state machine” models, and adding a human to this environment is a
very difficult activity. Since few manufacturing systems exist without human interaction,
the software shows potential but lacks a critical component – integrating the human into
the manufacturing control system.
This research is important for supporting the required research to bring humanassisted CIM to the shop-floor, because it is a critical aspect of manufacturing that the
Japanese have identified as jidoka or autonomation (in Toyota parlance, automation with
a human touch). Autonomation normally refers to semi-automatic processes where a
machine and human work as a well planned system.
Developing a formal model for control and analysis of manufacturing systems
where a human is incorporated is difficult, but highly desirable from a system integration
perspective. It requires building a model of human functional specifications in executing
various tasks that are issued by a computerized controller. In addition to this, a formal
framework of human-automation interaction needs to be developed.
The focus in the proposed research is to develop formal models and controllers
that utilize previous work in both of control and human factors engineering in order to
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create a comprehensive framework for controller modeling and development containing
both automatic and human components.

1.3 Research Objectives

The objective in this research is to develop a formal model (and the related
software) of how a non-deterministic human operator can effectively fit within an
automata-based control system so that the system can take full advantage of tasks and
activities that humans do well, and those that computers perform more effectively. Put in
another way, the primary goal of the formal model described in this dissertation is to aid
in design and development of control schemes by providing a scientific framework of
systems that are operated by both humans and automated equipment. The model will
provide the hooks for Human-involved Computer Integrated Manufacturing Systems (HiCIMS), where the following specific objectives are identified:
1. develop a formal model of computer integrated manufacturing systems that
contains both a human operator as well as automated equipment,
2. identify and assess the impact of a human operator’s tasks and errors on the
control of a system, and
3. generate control software for the computer integrated control of a system as
well as a Graphical User Interface (GUI) that aids a human operator to
collaborate with the control system and the automated equipment.
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1.4 Problem Statement

1.4.1 Scope

The specific classes of human activities addressed include:
1) dynamic decision making and
2) physical material handling.
The environment that the proposed model is used is one that contains CNC
machines, robots, automatic storage systems, and a human. To address the central issue
of this work, an automata-based system control model is used to control flexible
automated equipment in the shop-floor.

1.4.2 Research Questions

In light of the research objectives as outlined in the previous section, the
following questions will be investigated within the context of a development of an
effective controller for the Human-involved Computer Integrated Manufacturing
Systems.
1. What kind of a communication protocol between the human and the
computerized system controller should be utilized?
2. How can an integrated controller for the computer human integrated
manufacturing systems be developed?
3. How does the control of computerized manufacturing systems change when a
human operator is considered a task-performing agent?
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These research questions are evaluated through development of a controller and
emulation in a shop floor in which a human operator and automated equipment are
integrated to produce discrete parts.

1.5 Research Strategy

In this research, a strategy is proposed to establish a formal human model and
incorporate with a formal automata control model for the purpose to construct an
integrated shop floor control system. The following approaches are taken:
1. Creation of a human-task model,
2. Classification of human errors,
3. Incorporation human with an automatic shop floor controller,
4. Investigation of part flow brought by human involvement, and
5. Development of a human-automation interaction model.

1.5.1 Human Task Model

In this research, establishment of an unambiguous and effective communication
between a human operator and the controller is critical. To establish a communication
protocol between a formal automata-based controller and a human, a human task model is
constructed. The human task model serves as a language that the controller can
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understand and recognize human tasks as shown in Figure 1-1. The interactions between
a human and the controller are described in terms of human tasks that are performed by a
human within the system.

Automata-based
Controller

Communication

Human
Human Task Model

Figure 1-1: The Role of Human Task Model

In the human task model, how a human material handling task is represented in a
formal manner in relation with a part and locations and how it affects the system running
are described. A human task is considered an ordered set of human actions that are
elementary human activities in the manufacturing systems. A human’s non-deterministic
manner in performing a task is also discussed in the human task model.

1.5.2 Classification of Human Errors

Human errors are important to describe a human task-performing process since
human tasks may not be performed in the same way as a computerized controller does.
While a human performs a task, there can be a variety of errors that are caused by a
human. The human errors that are identified and classified in this research play an
important roll in constructing an extended controller and in investigating the part flow.
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Figure 1-1 is revised to include the role of human errors in performing human
tasks as shown in Figure 1-2. Outcome of human tasks should be transmitted to a
controller in consideration of impact of human errors.

Human
Automata-based
Controller

Communication

Human Task Model
Human Errors

Figure 1-2: The Role of Human Errors

Although there can be a number of human errors in the manufacturing systems in
terms of supervisory and operational errors, a methodology for the human operational
error classification is proposed. The methodology considers human errors in terms of a
task type. Depending on a task type that is defined based on the human task model, the
type of human errors is also defined.

1.5.3 Incorporation Human with an Automatic Shop Floor Controller

The principle part of this research is to incorporate a human into an automatabased shop floor controller as shown in Figure 1-3.

For this purpose, an extended

controller model is proposed to integrate the automata-based controller and a human. It
should be constructed to recognize the processes and results of the human involvement as
well as the events of original controller. The extended controller is modeled based on the
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original automata-based controller and the human task model in consideration of human
errors.

Extended Shop Floor Controller
Communication
Automata-based
Controller

Communication
Human
Human Task Model
Human Errors

Figure 1-3: Incorporation Human with a Controller

1.5.4 Investigation of Part Flow in the Human Integration System

The decisions on a task made by the human affect both operations of an execution
controller and flow of a part produced in the system. Whenever a human intervenes by
performing a certain task or making human errors when the system runs, the states of
every component which is involved in the human tasks should be changed correctly so
that other tasks can be assigned properly to run a system efficiently.
To develop a model that can accommodate various events caused by different
sources which include a human and the controller, it is desirable to understand how the
system state is affected by the events. In this research, it is assumed that the system state
is modeled by part states within the system.

Therefore, the impact of the human
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involvement in the system is measured by changes of part flow. The number of paths in
which a part can be moved to be completed in the system is examined in terms of human
tasks and human errors.

1.5.5 Human-Automation Interaction Model

A human operator needs to be provided with the system status from the controller
to identify available tasks that he or she can choose to perform. This information can be
displayed with a graphical user interface, or other multimedia technologies, based on the
information the controller can provide. This functionality should be implemented in the
controller.
Without some guiding principle of organization, a large-sized application can
become difficult to understand and impossible to maintain. Modular system design and
building is one way of managing the complexity. Based on this notion, the extended
controller is reorganized as shown in Figure 1-4 for development of control software.

message

Automation

operation

Interface

message

monitor
&
report
Physical
System

Human

task

Figure 1-4: Human-Automation Interaction Model
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This framework can be applied to other human-automation interaction process
that is controlled by message passing mechanism.

A formal approach based on a

modified communicating finite state machine is taken to model the interface. Functional
and operational requirement of the interface is specified in the model that is proposed in
the human-automation interaction model in this research.

1.6 Dissertation Overview

This chapter presented background, motivation, objectives, problem statement,
and research strategy. The remainder of this dissertation is organized in the following
manner. Chapter 2 reviews literature in the related fields that include the formal
description techniques, automatic shop floor control, Human-Machine Interaction, and
Human-Centered System.
In Chapter 3, a human task model is presented. This model provides a basis of the
research by describing how a human material handler performs tasks in a system. A
hierarchical structure model is discussed in terms of human involvement with an
automatic controlled system. This chapter also explores human errors that a human
material handler may make during performs tasks.
Based on the human task model and the human error classification, Chapter 4
presents an extended controller model that incorporates a human into the original
controller model. In addition to this, an evaluation framework of the human involvement
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is developed in this chapter. A simple application example is provided to illustrate the
human task model and the evaluation framework.
The impact of a human material handler on a part flow within a system is
examined in Chapter 5.

More specifically, part flow complexity is investigated in

consideration of human tasks and errors.
Chapter 6 presents a human-automation interaction model. The model is built
from two perspectives: structural and operational.

Automation and a human are

considered agents that cooperate to achieve given goals by exchanging messages. An
interface model is also developed to coordinate exchanged messages and to provide
appropriate information to a human operator.
An implementation of a shop floor control system based on the proposed
framework in this research is presented in Chapter 7. This chapter also provides the
complexity analysis of control system in terms of the number of human trials for a task.
Finally, Chapter 8 concludes the dissertation by providing the contribution and
impact of the research. Possible extensions of this work are also discussed in this chapter

Chapter 2
LITERATURE REVIEW

This chapter reviews literature in the related fields that include formal description
techniques, automatic shop floor control, human task model, and human-automation
interaction. For the human-automation interaction, literature review is presented from the
two aspects: Human-Machine Interaction (HMI) and Human-Centered Systems (HCS)
and Computer Human Integrated Manufacturing Systems (CHIMS).

2.1 Overview

This research is conducted from an interdisciplinary point of view that involves
formal methods, system control issues, and human factors. Formal methods, especially
the finite state automata (FSA) theory and the communicating automata provide basic
foundations for the control aspects and the human-automation interaction framework,
respectively.
Issues of the human factors considered in this research include task analysis and
human errors. Literature review in those areas is provided to develop a human task
model.
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The automatic shop floor controller is presented in Section 2.3. The controller is
important since it is employed as an initial control model in this research. The definition
and control scheme is discussed in detail.
This chapter also reviews literature related with general human-automation
interaction research field. Several research areas associated with human-automation
interaction are reviewed and the importance of human in manufacturing systems is
emphasized.

2.2 Formal Description Techniques

A formal functional characterization of manufacturing systems with a human
operator is highly desired to be addressed since a system controller needs to be developed
as a generic model if it is to be integrated with other systems in a systematic way.
Furthermore, a formal approach for developing a control system should be addressed
with consideration of both of manufacturing engineering and human factors.
Formal models provide rigorous analytic and descriptive tools based on
mathematical expressions and manipulations (Clarke and Wing, 1996). It enables an
effective building of implementation specification. In addition, it provides tools for an
unambiguous specification of a system and verification and validation for a system.
In computer communication systems, voluminous technical literature on formal
description techniques can be found that deal with protocol design and verification
(Bochmann and Sunshine, 1980, King, 1991). Furthermore, the concept of architectural
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and behavioral models of communication has been widely adopted to identify,
characterize, and compare different systems in terms of their technical features and
application (COST, 1987). King (1991) presents a classification of formal description
techniques as shown in Figure 2-1.

Formal Techniques

Model-Oriented

State-Oriented

Finite Nets Programming Abstract
Languages
Model
State
Methods
Machine

Transition-Oriented

Property-Oriented

Algebraic
Methods

Modal
Logics

Axiomatic
Methods

Process Traces Grammars
Algebras

Figure 2-1: Classification of Formal Description Techniques (King, 1991)

Formal modeling techniques have been widely used in manufacturing systems
control.

Since Ramadge and Wonham (1987) offered a supervisory control theory,

voluminous literatures can be found in terms of control schemes in the context of discrete
event systems. A modeling formalism using a manufacturing game concept is proposed
by (Nayor and Maletz, 1986). Extensions of their work for developing control software
are presented in (Chaar et al., 1991, Nayor and Volz, 1987). Readers can refer to
(Castillo and Smith, 2002) for an in-depth survey of formal methodologies in
manufacturing systems control.
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Among the formal description techniques, the Communicating Finite Automata
(CFA) has been primarily adopted in the analysis of communication protocols (Brand and
Zafiropulo, 1983). It is a formal model of a process that accepts input messages, changes
its state by making a transition to a new state, and generates output messages.
The CFA has been also used to model processes that contain distributed,
autonomous modules of computation. Casavant and Kuhl (1990) proposed a model for
performance analysis of distributed decision making process using CFA. Recently, a
framework of the global behavior of e-services in which individual e-services is
represented by the Mealy machine has been proposed in Bultan et al. (2003).

A communicating finite state machine is defined as a quadruple as follows:
C=
•

•

•

•

Qi

N
i =1

, q0i

N
i =1

, Σ ij

N
i , j =1

, δ , where:

N is a positive integer representing the number of processes,

Qi

N
i =1

are N disjoint finite sets where Q i represents the set of states of process i,

q0i ∈ Q i represents the initial state of process i ,
Σ ij

N
i , j =1

are N 2 disjoint finite sets with Σ ii empty for all i where Σ ij

represents the messages that can be sent from process i to process j ,
•

δ is a partial function mapping for each i and j ,

•

Q i × Σ ij → Q i and Q i × Σ ji → Q i , and

•

δ ( q, m ) = q′ represents a state transition after a process in state q transmits or
receives message m .
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2.3 Automatic Shop Floor Control – The MPSG Controller

A formal model for control of manufacturing systems that is called the Messagebased Part State (MPSG) model based on the Deterministic Finite Automata (DFA) has
been developed by Smith et al. (2003). In the MPSG, control is exercised by passing
messages between controllers and by performing controller tasks. The set of messages
coming into and going out of a controller along with the set of controller tasks are
collectively referred to as a set of controller events.
Furthermore, a processing protocol for a part is defined as a sequence of
controller events required to process the part within the scope of a controller. The MPSG
provides a formal description of the processing protocol (Joshi et al., 1995, Wysk and
Smith, 1995). As such, the MPSG describes the behavior of a controller from the parts'
point of view, and each part within the domain of the controller is in a particular state as
described by the MPSG for that controller. Therefore, the system state can only be
determined as a function of all of the individual part states in the MPSG model. Given a
part in a particular state, the MPSG determines which controller events are legal with
respect to that part and how to transition when one of these legal events occurs.
The MPSG controller extends the DFA by incorporating two input streams and
modifying the transition function. Two input streams include the controller
communications module and the task list.

The communications module receives

incoming messages from the supervisory and subordinate controllers, and the task list is
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the communications medium between the execution and scheduling modules or the
decision-maker within the controller. The transition function is revised to allow the
simultaneous performance of controller tasks with the state transition.

The MPSG M is defined as following (Smith et al., 2003):

M = QM , q0M , FM , Σ Μ , AM , PM , δ M , γ M , where:
•

QM is a finite set of part states,

•

q0M ∈QM is an initial or start state,

•

FM ⊆ QM is a set of final or accepting states,

•

Σ Μ is a finite set of controller events and serves as the input alphabet for the
DFA. Additionally, Σ Μ is partitioned into a set of input messages ( Σ ΙΜ ), a set
of output messages ( ΣΟΜ ) and a set of controller tasks ( ΣΤΜ ),

•

ΑM is a finite set of controller actions, where each α ∈ AM is an executable
function which performs some controller action,

•

PM is a finite set of physical preconditions for controller actions. PM is
partitioned so that for each α ∈ AM there is a corresponding ρα ∈ PM , where

ρα is a function that returns either true or false,
•

δ M : QM × Σ Μ → QM is a state transition function. It is represented by a graph
where each vertex represents a part state and each edge represents a transition.
An edge label represents the controller event, and
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•

γ M : QM × Σ Μ → AM is a controller action transition function.

A conceptual representation of the MPSG control flow is depicted in Figure 2-2.

Material Handler (MH) controller
i

task

task_bh

i+1
task_ok_hb

MH Tasks
•assign/unassign
•pick
•move
•put
•clear, etc.

BigE

task_bp
j

task_ok_pb
task

j+1

Material Processor (MP) controller

MP Tasks
•assign/unassign
•download NC code
•grasp
•cycle start/stop
•process
•release, etc.

Figure 2-2: Conceptual Representation of MPSG Control Flow

As can be observed in Figure 2-2, tasks for each equipment controller (MH and
MP) are specified. The supervisory controller called BigE, which is abbreviated from
Big Executer, then exchanges messages related with tasks with the equipment controllers.
For example, if the BigE controller sends the message task_bh to the material handler
(MH) controller, the MH controller performs the task specified in the message and sends
the result of the task via the message task_ok_hb. The BigE then the next task command
to the next equipment which is connected to the BigE controller. It should be noted that
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the MPSG controller assumes that the system is run in a fully automated manner and that
all equipment are computerized-controlled.
An important characteristic of DFA is that there are known methods for
automatically constructing recognition programs, called lexical analyzers, based on the
DFA. A lexical analyzer recognizes the same set of strings as the DFA and allows
external software modules to be executed upon recognition of individual symbols in a
string. By modifying the structure of the DFA to accommodate a description of the
processing protocol for a controller, these automatic generation techniques can be
adapted for use in shop floor controller generation.

2.4 Human Task Model

2.4.1 Task Analysis

Task analysis within a work system that is primarily related with human-machine
interactions has become a critical issue and much research has been conducted. Landau
et al. (1998) presents a task analysis from the organizational aspect. Job analysis as a
task analysis is presented and a number of task analysis procedures are reviewed in
(Brauchler and Landau, 1998). The authors suggest that a task is characterized by five
elements which include: actions, objects, work aids, locations, and time from
organizational perspectives. Furthermore, an organizational task is broken down into
subtasks that comprise of other subtasks recursively to achieve a given goal. A wide
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range of the practical task analysis techniques are presented in (Kirwan and Ainsworth,
1992). Readers can refer to (Luczak, 1997) for task analysis related with several issues
such as temporal and structural aspects. Schlick et al. (2002) report a dynamic task
network to assess several attributes of a task in work processes within autonomous
production cells.
Although a significant amount of research has been conducted on task analysis of
a human, they have primarily focused on the descriptive model of tasks and the
development of an abstract framework for human interaction.

2.4.2 Human Error

By analyzing various types of human errors, one can identify the requirements of
a control system to collaborate with a human operator. This classification will also
define the level of autonomy, capability, and preference of the human operator in
performing tasks. Research on human errors in automated system has been conducted
from a variety of perspectives.
Aviation control system design is considered one of the most active research areas
including several safety-critical system design areas. Bes (1999) reports the analysis of a
human error based on his case study in implementing dynamic task allocation principle in
air traffic control system. Leveson and Palmer (1997) suggest a design guideline for
aircraft automation based on mode confusion analysis in aircraft.
Vineyard et al. (1999) report, based on empirical analysis from the U.S.
manufacturing plants, that human failures caused by improper action by human account
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for 40% of all the failures. This is more than any other failure types, including software
failures, electrical failures, mechanical failures, hydraulic failures, and electronic failures.
For manufacturing systems, taxonomy of system disturbances is suggested by Luczak et
al. (2003) to assess the impact of human error on the system reliability in flexible
manufacturing systems.

2.5 Human-Automation Interaction

The advances of computer control methodologies have brought a variety of
solutions as well as difficult problems to the engineering of oversight and control
software for complex systems. One estimate for the software control system suggests
that 80% of the software development time and cost are used to manual work and linkage
for human operators. Bringing humans into complex systems can make the systems far
more flexible but can also make control far more difficult. For this reason, considerable
research has been conducted to integrate humans into automation.

2.5.1 Human-Machine Interaction and Human-Centered System

The human operator is an integral part of manufacturing systems, especially for
complex decision making and material handling operations that are processed by both
humans and industrial robots. Therefore, significant research efforts have been conducted
for the human-robot interaction for material handling tasks (Aigner and McCarragher,
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1996, Laengle et al., 1997, Nakauchi et al., 1992). Adams et al. (1995) designed and
implemented a cooperative material handling system in which a human supervises the
agents’ actions by providing a human with display control buttons. Nakauchi et al.
(1992) proposed a human-robot interface architecture for mobile material handling robots
with an extended multi-agent model. Kawamura et al. (2003) propose an agent-based
architecture for interaction between a human and robot by providing the human with a
graphical user interface. A human-supervised multiple mobile robot system is reported in
Nakamura et al. (2002).
In Human-Machine System research, the function allocation between human and
machines is a critical issue. Rubin et al. (1988) have suggested an operator function
model (OFM), which is a methodology to model operator actions and tasks in complex
systems and it has been used as a design tool for user-centered manufacturing systems
(Bodner et al., 1995). Kraiss and Hamacher (2001) classify functions in an automated
system into two categories, automatic functions and assistant functions.

Automatic

functions that put a human into an out-of-the-loop mode must be transparent, which
means that the operator can understand the status of system behavior (Jones and Mitchell,
1990, Thurman and Mitchell, 1995). Thurman and Mitchell (1995) suggest that assistant
functions should provide a human with only the necessary information about the state of
a system. Four types of information are suggested which include: informing, advising,
commanding, and intervening assistants.
Decision support for human operators is also one of the active research areas in
human-machine systems. Recognition of the human as a supervisor that can handle a
variety of tasks, as either a decision-maker or a problem-solver, has resulted in a large
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amount of work done for supporting human decision-making processes (Narayanan et al.,
1992, Narayanan et al., 1994, Narayanan et al., 1993). Armstrong and Mitchell (1991)
present a distributed decision-making support model for complex systems. Bodner et al.
(1995) propose a control modeling approach with a reference model based on a
simulation and the OFM methodology. This model can be used to test different control
logics and decision-making tasks allocated between human and computerized controllers.
However, it is primarily concerned with performance measurement rather than for realtime control of systems.
As computer technology advances, attaining a high level of system automation
has been one of the hottest issues in almost every field. The initial intent of most
automation is to hide a complicated process from a human operator and to enable an
automated system to perform repetitive and tedious, or dangerous tasks in order to
achieve high reliability and a safe work environment.
As the degree of automation increases, a large number of topics have become
critical in terms of misunderstanding and miscommunication between human and
machine systems (Thurman et al., 1997). Woods (1997) reports a comparison between
the expected benefits and the reality of automation. He warns of clumsy automation and
points out the importance of observability. Observability refers to the critical cognitive
work needed to extract meaning from available data. Lack of understanding may cause
automation surprises that occur mainly when a mismatch between the operator’s
expectation and the actual behavior of the automated system occurs (Sherry et al., 2000,
Woods and Sarter, 2000).
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Beyond the specific task-oriented human-machine interaction, consideration of
human factors in a complex system where human and automation collaborate has brought
the concept of human-centered automation (Kaber et al., 2001, Kraiss and Hamacher,
2001). Recognizing that reducing human errors is important and that efficiency and
effectiveness of a system can be affected by the human element has also contributed to
the human-centered system (Daouk and Leveson, 2001). This concept led to work on
integrating human into automation (Crow et al., 2000). Its overall objective is to achieve
seamless collaboration of human and machines/computers by facilitating human
inspection, comprehension, intervention, repair, and maintenance (Brann et al., 1996). de
Figueiredo and Lai (2000) emphasized that human-centered system (HCS) has a
significant impact on the emerging technologies such as neural network, fuzzy logic,
evolutionary networks, and multimedia technologies. Several human-centered system
design methodologies have been reported in literature. Aviation automation is one of the
most active human-centered system application fields (Hooey et al., 2002, Smith et al.,
1998). Other active fields include traffic control, power production, communication,
motor vehicles, airplanes, and space and military applications (Bushman et al., 1993,
Kraiss and Hamacher, 2001, Ren and Sheridan, 1995).

2.5.2 Computer Human Integrated Manufacturing Systems

A wide range of problems concerning the automation or Advanced Manufacturing
System (AMS) have been reported, and several studies can be found which report that
neglect of human factors mainly contributes to letdown of AMS (Choi and Kim, 2000,
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Kidd, 1990, Kochan, 1988, Sun and Frick, 1999, Voss, 1988, Yang and Lee, 1996).
Billings (1997) claims the common attributes for failure in automation and humanautomation interaction and suggests design principles.

Furthermore, Sun and Frick

(1999) report a shift from Computer Integrated Manufacturing (CIM) to Computer
Human Integrated Manufacturing (CHIM) based on empirical evidence. The authors
suggest a tool that is called the Compute-Human Map (C-H Map) to illustrate the three

Human

paradigms in manufacturing systems as shown in Figure 2-3.

Human
Integrated
Manufacturing
(HIM)

Conventional
Mfg. system

Computer
Human
Integrated
Manufacturing
(CHIM)

Computer
Integrated
Manufacturing
(CIM)

Computer

Figure 2-3: Three paradigms of integrated manufacturing

The roles of a human operator vary according to the level of automation
(Parasuraman et al., 2000). Narayanan et al. (1993) classified the research on the human
role in manufacturing systems into four categories which are social science studies,
conceptual design-oriented research, laboratory studies, and field studies, and described
the contributions and limitations of each category. Choi and Kim (2000) propose a
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virtual manufacturing system architecture, which aims to support human decision-making
via a monitoring and a simulation.
To build an effective control system for computer-human integrated
manufacturing systems (CHIM), it is essential to understand, model, and represent it in a
formal framework. Although, a number of research projects have been conducted for a
human operator in automation systems, many of them focused on suggesting an
automation design guideline or a conceptual/abstract framework. Akesson and Ferreira
(2002) propose an approach to model hybrid human-computer supervision based on the
Finite Automata (FA) and Supervisory Control Theory (SCP) in which a computer and
human share priority over the plant according to a specified schedule. The authors put
focus on synthesis of computer supervision and assume no human operator model. They
illustrated the application of their framework by an example of interaction between an
AGV and a manually operated forklift. However, the formal modeling and analysis of a
manufacturing system with a human operator as a whole has not received much attention.

2.6 Chapter Summary

This chapter presented the literature review that is related with this dissertation.
The formal description techniques were briefly reviewed. The automatic shop floor
control was presented based on the MPSG shop floor control system that is employed as
a basic controller in this work. The formal definition and operation of the MPSG
controller was discussed.
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To develop a human task model, the area of task analysis and human errors was
reviewed. It was pointed out that much of work related with the human task analysis has
been conducted in an abstract and descriptive manner.
Human-Machine Interaction (HMI) was discussed as a part of the humanautomation interaction. Human-robot interaction that has been one of the most active
research areas in the HMI was presented and related applications that have been
developed were provided. The importance of functional allocation between human and
machine and decision support for human were also discussed. To facilitate humanmachine collaboration in a seamless way while reducing human errors, the concept of
human-centered systems has been pursued. It plays an important role in a variety of
arrears that partly include Air Traffic Control (ATC), power production, communication,
and so on.

In manufacturing engineering area, the importance of human has been

understood based on reports on letdown of the advanced manufacturing systems. As a
result, the concept of computer-human integrated manufacturing systems (CHIM) has
been reported.
In spite of much work, a formal approach to design and control of a
manufacturing system in consideration of human has received very limited attention.
Specifically, a formal framework that specifies principal system components and design
methodologies as well as a control scheme is highly desirable.
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Chapter 3
HUMAN TASK MODEL

In this chapter, a formal functional specification of human material handling tasks
is presented in a hierarchical framework. This is used as a basis for building a model for
control and analysis of a system where a human material handler is integrated. In
addition to a human task model, human errors associated with material handling tasks are
defined and classification methodologies of human tasks and errors are presented.

3.1 Overview

By modeling the behavior of a system in which automated equipment and human
operators cooperate, one can better predict the effect of changes in the system. The
changes may include roles of human operators, control strategies of equipment,
objectives of a system, and so on. In turn, this understanding enables system designers
to better allocate tasks between human operators and machines
From both the controller’s and the human factors’ points of view, different
consideration needs to be taken in accordance with the level of the human activities. For
this reason, human activities as a material handler within a manufacturing system are
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investigated and modeled with a hierarchical framework to represent different aspects of
the relation between human and the system. A four-layered structure that consists of the
human actions, tasks, interactions, and involvement is proposed as shown in Figure 3-1.

Human Involvement
Human Interaction
Task

Action
Action

human
part

Information

location
physical
system

Figure 3-1: Human Involvement Structure

As can be observed in the figure, human actions and tasks are associated with a
part and its location. They are collectively used to describe a processing protocol for a
part in the MPSG in terms of human activities. The relationship between the human
actions or tasks and the system status is modeled by the human interaction. Thus, it
considers both the human and the system information. The human involvement refers to
a set of human interactions.
Human activities related with the material handling process can be considered
from two points of view: operational and supervisory. Operational activities, the main
focus of this dissertation, are mostly related with human physical behavior dealing with a
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part in accordance with commands from a computerized controller. Although human
supervisory activities such as monitoring, reporting, or dynamic decision-making play an
important role in a system’s functioning and need careful consideration, they are beyond
the scope of this research.

3.2 Human Activities and Part States

Before a human task model is constructed, it is necessary to specify how a human
activity is viewed and its impact is evaluated.

Human operational actions can be

considered those that are closely related with objects or equipment in a system. More
specifically, human operational activities change states of objects or equipment subject to
those activities.
Consider a case where a human drives a vehicle. The steering wheel can be
considered a piece of equipment of which states are changed depending on the human’s
driving operations. If a distance from a current location to a destination is viewed as an
object that is subject to the driver’s activities, the state of the object is also continuously
changed as the human drives. In a similar way, when a human performs a paper work in
an office, human operational activities can be consider those related with a document that
can be considered an object of human activities.
Based on this notion, human operational actions and tasks are described with
regard to an object being handled. Therefore, in this research, human material handling
activities are described in terms of a part’s state within a system.
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In the MPSG controller scheme, a part-state graph of a part ( G ) is used to specify
a part state and it is composed of a set of vertices (V ) and a set of edges ( E ) such that
G = V , E . A vertex v ∈V , denoted by an integer, represents a part position in the part-

state graph and an edge e ∈ E is a message associated with the part. A simplified partstate graph is shown in Figure 3-2.

i

message i

i+1

message i+1

i+2

message i+2

i+3

Figure 3-2: Part-state Graph Format

A part state q ∈ QM changes as a message is processed. When a message m is
processed by the MPSG, a changed state of a part q′ is obtained by a state transition
function of the MPSG, δ M , such that q′ = δ M ( q, m ) .
To construct a human material handling task model, a part state needs to be
extended to include a physical location of a part within a system. This argument is based
on the observation that material handling tasks usually move parts to a different location.
Thus, a vertex number of a part in a part-state graph and a physical location of the part
within a system are used to describe a part state, and the original definition of a part state
is extended to include a location of a part.
A new set of part states QME is defined by including a location of a part within a
system such that QME = V × L , where V represents a set of vertices defined in the original
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part-state graph and L is a location set of a system. Therefore, a state of a part q ∈ QME is
represented as, q = ( v, l ) where v ∈V is a vertex number in a part-state graph and l ∈ L
is a location of the part in the system. A location is associated with a place of an
individual piece of equipment, such as a machine, a robot, or a buffer. For example, if a
part is loaded on a machine that is denoted as MP1, the location of the part is also
specified as MP1.

3.3 Hierarchical Human Involvement Model

3.3.1 Human Action Model

3.3.1.1 Structure of Human Action Model

In developing a formal model of a discrete manufacturing process in
consideration of a human material handler, the human actions play a role as basic work
elements of human involvement framework in the system. In turn, they compose human
tasks.
A state of a part changes as a human action is executed on the part. In this
research, human actions are considered elementary input symbols to the system. They
are similar to the input alphabets in the automata theory. In other words, human actions
correspond to input messages to the finite state automata control system.
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A model of human actions is defined formally as a five-tuple:

H A =< QME , q0M , FME , Σ Η , λH , δ HA > , where:
•

QME is a finite set of part states that is extended from QM to include parts’
location,

•

q0M ∈ QME is an initial state of a part,

•

FME ⊆ QME is a set of final or accepting states of a part,

•

Σ H is a finite set of human actions serving as the input messages,

•

λH : QME → Σ1Η is an output function of a state mapping each state to the output
that corresponds to executable actions at each state, where Σ kH represents the
set of actions in which each element consists of k consecutive actions, and

•

δ HA : QME × Σ H → QME is a state transition function of a human action.

An initial state of a part q0M ∈ QME should be ( v0 , l0 ) if the part-state graph begins
with v0 and the part is stored in a buffer l0 where raw stocks are stored. If the part
arrives at a final storage place after the last operation has been completed, it is considered
to be in the final state FME .
Even though there can be a significant number of human activities that are
defined within the context of a particular facility, the fundamental actions associated with
material handling tasks can be classified into two types of actions: operational and
supervisory.

For the purpose of this dissertation, only the operational actions are
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considered, and the set of human actions Σ H is assumed to include only operational
actions.
The operational actions related with material handling can be taken in accordance
with commands issued from a computerized controller based on a state of parts in a
system. For example, when there is a part that has been processed at a certain machine,
the controller recognizes its state and issues a command to remove the part from the
machine. A human material handler then can carry out the physical operational action to
remove the part.
Given a part that is in state q M = ( v, l ) ∈ QME , a changed state of the part q′M ∈ QME
as a result of a human action aH ∈ ∑ Η can be obtained by a transition function of a

(

)

human action. It is expressed as q′M = δ HA q M , aH = δ HA ( ( v, l ) , aH ) = ( v′, l ′ ) .
The output function of a state λH specifies feasible human action(s) at each part
state. For example, if a machine has completed the last operation for a part that is in state
q M = ( vi , li ) and li = mp , human actions such as move or put a part to the mp are not

feasible. Instead, actions such as a pick a part from mp can be feasible that is obtained
by the function λH such that λH ( vi , li ) = { pick } .
The human action model in this work is viewed as a process that manipulates a
part state from an initial state to a final state by taking human operational actions as the
input alphabets.
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3.3.1.2 Representation of Human Action

To describe a specific human material handling action, a part being handled and a
location(s) related with the action are used. As such, a human action ( aH ) is expressed
in the following form:

aH ( p, l ) , for aH ∈ ∑ H , where:
•

p is a part subjected to action aH , and

•

l is a location set that contains the ordered location(s) related with action aH

such that
l ∈ L,

L = {l1 , l2 ,… , ln } ,

li = {l j | j = 1, 2,… , ni } ,
where ni is the number of the locations associated with action aHi .

For example, a load action that requires a human operator to load part p1 on
machine mp1 can be expressed as aH ( p, l ) = load ( p1 , {mp1 }) . In a similar way,

aH ( p, l ) = move ( p3 , {mp1 , mp2 }) refers to a move action that a human operator moves
part p3 from machine mp1 to machine mp2 .
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Since a material handling operational action that changes a part state is closely
related with a location of the action, the number of locations associated with an action is
used to classify the human operational actions as following:

Σ H = Σ[H] ∪ Σ[H ] , where Σ[H] represents a set of human actions of which each
1

•

2

i

element is associated with i location(s), i=1, 2.

It should be noted the difference between Σ iH and Σ[H] . The first notation Σ iH
i

represents a set of which each element consists of a series of i human actions and the
second Σ[H] corresponds to a set of human actions that are associated with i locations.
i

Give a set of human actions Σ H = {aH1 , aH2 } ,
where aH1 ( p, {mp1} ) , and aH2 ( p, {mp1 , mp2 } ) ,
Σ 1H = {aH1 , aH2 } , Σ 2H = {aH1 ⋅ aH1 , aH2 ⋅ aH2 } ∪ {aH1 ⋅ aH2 , aH2 ⋅ aH1 } ,…
Σ*H = ∪ i Σ iH ,
Σ[H1] = {aH1 } , and Σ[H2 ] = {aH2 } .
Some exemplar material handling actions related with one location partly include
a load, an unload, a pick, or a put action. On the other hand, actions that require a human
to change his or her location partly include a move or a transport action.
Based on the representation scheme of actions, the following can be inferred:
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⎧Σ[H1]
⎪
aH ( p, l ) ∈ ⎨
⎪Σ[H2]
⎩

for l = 1
for l = 2

3.3.2 Human Task

3.3.2.1 Definition of Human Tasks

A human task is defined as a finite sequence of human actions that deal with a
same part through the actions. A task which is composed of n actions is expressed as an
ordered concatenation of those actions such that

t H = aH1 ⋅ aH2 ⋅

⋅ aHn , where

aHi ( p, li ) ∈ Σ H and p is same for all aHi , i = 1, 2,… , n .

A human task t H is described with a part and a location set related with the task
as the same way as in representing a human action as following:
t H ( p, l ) = ∏ i = j ⎡⎣ aHi ( pi , li ) ⎤⎦, j ≤ n < ∞ , where:
n

•

aHi ( p, li ) ∈ Σ H , i = j , j + 1,… , n. ,

•

p is same for all aHi , i = j , j + 1,… , n. ,

•

l = ∪ i= j li , and

•

aHi +1 ∈ λH δ HA q M , aHi

n

( (

) ) , i = j, j + 1,…, n. ,
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In this representation, a location set of a task is composed of a union of location
sets of action elements in the task. It should be noted that there is no restriction on the
number of actions within a task as long as it is finite. The last condition specifies that an
action should be executable at a certain part state that is reached by a previous action.
Given a certain ordered set of human actions and a first action element of the
tasks, the maximum number of tasks with those actions can be calculated.

{

For example, if there is an ordered set of human actions AH = aH1 , aH2 ,… , aHn

(

}

)

that must be taken in that order such that λH δ HA ( q, aHi ) = {aHi +1 } , i = 1,.., n − 1 and a first
action of a task is aHk , 1 ≤ k ≤ n , a set of possible tasks is obtained as follows.

{

}

T = tH t H = ∏ i = k aHi , for k ≤ l ≤ n
l

= {aHk , aHk ⋅ aHk +1 , aHk ⋅ aHk +1 ⋅ aHk + 2 ,… , aHk ⋅ aHk +1 ⋅

⋅ an } ,

T = n− k +1.

Furthermore, in a case that a human operator is assumed to be able to handle only
one part at a time, if a human performs actions that are associated with n different parts
for a certain period of time, the human should have performed at least n tasks during that
time. For example, if there are four consecutive actions, aH1 ( p1 , l1 ) , aH2 ( p2 , l2 ) ,

(

)

aH3 ( p3 , l3 ) , and aH4 ( p4 , l4 ) , with the constraint λH δ HA ( q, aHi ) = {aHi +1 } , i = 1, 2, 3 and

actions from aH1 to aH3 deal with a same part ( p1 = p2 = p3 = p ) and action aH4 is related
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( p4 ≠ p ) , there can be at least 2 tasks,

with other part

(

)

3

t H1 p, ∪ i=1 li = aH1 ⋅ aH2 ⋅ aH3 and

t H2 ( p4 , l4 ) = aH4 .

If all actions composing a task t H ( p, l ) take place in one location

(l

= 1) , the

task is also related with only one location without moving to other location. Any number
of actions that a human executes across different locations can constitute one task as long
as all the actions deal with a same part. This means a part is a critical parameter to
characterize a task, which is similar as in the MPSG control scheme.
In this research, a human operator is allowed a certain degree of autonomy to
compose a task by combining possible human actions. Thus, the number of actions
comprising a task is based on the decision of a human.
A human may perform only one action based on a command from a controller.
Alternatively, a human operator may continue to perform a subsequent operational action
following the previous action that is incurred by the controller as shown in Figure 3-3.

i

message i

i+1

message i+1

ttHii ==aai Hi
aaHi i

aai +Hi +11

i+2

message i+2

i+3

tiHi++11 == aaiHi ⋅ a⋅ ia+H1i +1

aaHii++22

Figure 3-3: Human Decision on Task Composition

tti +i +22 ==aai i⋅ a⋅ia+1i +⋅1a⋅ia+ 2i + 2
H
H
H
H
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For example, a human material handler may pick up a part that is stored in buffer
storage to process it in a certain machine when the controller issues the pick command.
In this case, the human may finish a task by completing only the pick action and wait for
the next proper command such as a move, a transport or a load action. On the other
hand, if a human decides to perform a feasible subsequent action such as a move, that
action is also included in the task that is initiated by the pick action. As long as there
exists at least one feasible action at a certain part state, a human can execute the action
for the part without a direct command from the controller. In this case, the controller
should monitor the part state and update it according to the human task.

3.3.2.2 Classification of Human Tasks

Based on the number of actions within human tasks, the tasks are classified into
two different categories that include a basic task set and an extended task set. A basic
task set denoted as T B refers to a set of tasks each of which is composed of only one
action. Therefore, it can be inferred that T B is a subset of Σ1H . A basic task t H ∈T B is
usually in a form of t H = aHi for any i . If there are n human actions that deal with a
same part, there can be up to n basic tasks with each task composed of one action. Basic
task is usually performed in response to a command issued by a controller.
If a human performs a task by taking at least two consecutive actions that deal
with a same part, the task is included in an extended task set denoted as T E .
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An extended task t H ∈T E can be expressed as follows:

(

)

t H = ∏ i = j aHi and j < n < ∞ and aHi +1 ∈ λH δ HA ( q M , aHi ) , i = j , j + 1,… , n − 1.
n

In case of a basic task ( t H ∈T B ) that is composed of one action aH , a changed
state of a part as a result of the task is attained by the transition function of the action aH .

δ HT ( q M , t H ) = δ HA ( q M , aH ) ,where
δ HT ( q, t H ) is a transition function of the task t H , given a part is in state q M .
An extended task t H ∈T E that is composed of multiple actions has an extended
transition function δ HT that describes a state change of a part when a human operator
takes a sequence of actions on a part. It is defined in a recursive way:

(

)

δ HT ( q M , t H ) = δ HA δ HT ( q M , tH′ ) , aH , where t H = t H′ ⋅ aH .

In addition to the classification of the basic task set and the extended task set,
another categorization of tasks is proposed based on the number of locations associated
with a task. They are an on-the-spot task set (T O ) and an around-the-system task set

(T A ) .
The on-the-spot task set includes tasks that a human can complete without
changing a location within a system. For example, tasks such as pick a part, put a part,
fix a chuck, or close a machine door are included in the on-the-spot task. The human can
perform this type of tasks at the fixed position where he or she is currently working.
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On the other hand, if a task requires a human to move to at least one location in a
system to complete the task, it is classified as an around-the-system task. Tasks such as
move or transport a part from one location to other destination can be considered an
around-the-system task.
This classification can be expressed as follows:

(

)

For t H ( p, l ) = ∏ i = j aHi , aHi +1 ∈ λH δ HA ( q M , aHi ) , i = j , j + 1,… , n − 1. ,
n

⎧T O
⎪
tH ∈ ⎨
⎪⎩T A

for l = 1
for l ≥ 2

Based on the two classifications, human tasks in a system can be divided into four
categories as shown in Figure 3-4. The horizontal axis and the vertical axis are related
with the number of actions constituting a task and the number of locations to complete a
task, respectively.

T E ∩T O

T E ∩T A

T B ∩T O

T B ∩T A

Basic tasks

Type 4

Extended tasks

Type 3

Type 1
On-the-spot tasks

Type 2
Around-the-system tasks

Figure 3-4: Task Classifications
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In order to identify a task and a transition function of the task, the output of each
human action needs to be clearly detected. They can be usually transparent to a
computerized controller since a part state can be used to track a human operational action
by means of signals sent from a variety of sensors installed in equipment and on the floor
of a system.
Checking a previous vertex number of a part in a part-state graph when the part
arrives in a certain location can determine which state it was in a part-state graph for the
part since a part-state graph specifies state changes of the part whenever it is processed or
handled in the system. Therefore, if a part reaches state i from state i − 1 by a human
operator without any human errors, the human task should be a basic task. Otherwise, it
is considered an extended task.

3.3.3 Human Interaction

A human is neither a completely controllable object nor a perfectly-behaving
agent.

For this reason, an interaction between a human and a system needs a

sophisticated consideration.

In this research, a valid interaction between a human

material handler and the controller is a part of a human-machine collaborative process
that changes a part state from an initial state to a final state.
A human interaction starts from a point when a human begins a task with a part in
equipment and it ends at a point when a vertex number of a part in a part state graph is
changed while the part is released from the human.
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During the process, the status of either the part or the human material handler is
dynamically changed and monitored. Tasks, pre-conditions, and post-conditions are
considered basic components of an interaction. The conditions refer to a physical system
state and effect of an interaction. Before and after the interaction, the part subjected to a
task should be located in equipment and a vertex number of the part needs to be changed
if the interaction is to be valid.
Besides a change of the part state, a change of the human state needs to be
considered an important factor in an interaction. For example, when a human material
handler carries a part and performs a task that involves a move action, he or she may fail
to move to the correct location with the part. In this case, although the location of the
part is changed, the vertex number is not changed. This interaction is invalid from a partstate graph point of view. From a human’s perspective, this interaction, however, can
have an impact on human tasks that may be performed by the human since the possibility
that human revisits the same location for the current task can be reduced.
In addition to this, the impact of an interaction needs to be represented
quantitatively to evaluate the interaction. The evaluation of an interaction is dependent
on whether the interaction is related with either a progression of a part to reach a final
state or increased possibility that a human succeeds in completing a proper task. As such,
even though a part is not directly moved to the next vertex in a part-state graph by an
interaction, a change of a human state needs to be considered to determine the effect of
the interaction. Thus, the effect of a human task on a part and a human state play an
important role in defining a human interaction.
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If a part state is moved to the next proper state in a part-state graph as a result of
an interaction, the interaction is considered successful. When a human operator performs
a task that is composed of only proper actions, the task within an interaction contributes
for reaching a part state to a final state.
Even though a human fails to complete a task at one trial during an interaction,
the interaction is evaluated as useful if the probability that a human can complete the task
at the next trial is increased. For example, if a human fails to locate a correct destination
of a part and moves it to the wrong equipment, he or she would have a smaller search
space for a correct location at the next trial since a well-behaved human would not try a
previously visited location. This argument is based on the assumption that the increased
time caused by human errors has no impact to the control of the system. Also, the human
is assumed to be well-motivated to try to correct an error intelligently once it is detected.

A system of human interactions is defined as the octuple:
H I = QME , QH , q0M , q0H , FME ,T , λH , δ HI , where
•

QH is a finite set of human states,

•

q0H ∈ QH is an initial state of a human before beginning of a task,

•

T

is a set of human tasks constructed by actions as described in the previous

section,
•

δ HI : ( QME × QH ) ×T → ( QME × QH ) is a state transition function of the
interaction, and the remaining tuples are the same as in the model of a human
action.
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Note that the state transition function of the human interaction δ HI considers both
a part state and a human state. Thus, representation methods for the two types of states
are needed. The first type of state q M ∈ QME that is associated with a part is represented
as the previous way using a vertex number in a part-state graph and a location of the part.
A human state, q H ∈ QH , is represented with the number of operational errors that are
described in the following section.

3.3.4 Human Involvement

Human involvement during system operation can be described as a set of human
interactions. It consists both of operational interactions and supervisory interactions
although only the operational framework of human involvement is considered in this
research.
The degree of human involvement is illustrated quantitatively by checking a part
state path. In the MPSG control scheme, every part has its unique predetermined route
determined by the operations routing, and in this case is handled only by automated
material handling equipment.

Human involvement in a system changes the

predetermined path by performing tractable human material handling tasks. As such, it is
possible to compare the changed part path with a predetermined part path. The difference
between two paths can be used to evaluate the degree of human involvement from the
system control’s aspect as explained in Chapter 4.
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It should be noted that time spent by the human operator is a critical factor in the
evaluation of human involvement. Human task performing time and increased time due
to human errors contribute toward the variation in system running time that is typically
deterministic in the case of an automated controlled system. In particular, the temporal
issues concerning the delayed tasks by a human operator are dependent on a context of a
system under investigation. The data concerning the time and quality of produced part
need to be considered for evaluate impact of human involvement which is, however,
beyond the scope of this research.

3.4 Human Error

Human errors in a human-involved system are important from a control point of
view because system status can be significantly affected by the human errors. It is well
known that there are a number of topics to be addressed in terms of human errors. In this
research, important human operational errors concerning the human material handling
tasks are considered and an aggregate classification methodology is proposed to model a
system and to assess the impact of human errors on system control. They are also used to
describe a state change of a human operator that is employed in a human interaction
model. An operational error is defined as an action during a human operational task that
causes a situation in which a desired process is delayed or halted.
The scope and the classification of human errors depend on system context. In
this work, only human operational errors that are directly related with physical material
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handling tasks are considered. An expanded set of potential errors is outside of the scope
of this research.
When a human operational error in a process of performing a task occurs, the next
operation for the task can not be started until the controller checks preconditions for the
operation of the task – such as the existence of a required part or availability of a piece of
equipment, a part set-up, etc. Only if all the preconditions are found to be satisfied, the
next operation can be started.
Human operational errors are classified into two separate sets. They are:
1) a location error set ( ER L )
2) an orientation error set ( ERO ) .
This concept can be expanded to include additional errors, such as sensing for the
wrong material where a human pulls raw material for manufacture from stock.

3.4.1 Location Error

Every operational action should be executed at the correct location in a system to
achieve a desired objective. A location error is associated with a location set ( l ) that
characterizes an task with a part as in t H ( p, l ) . A location error may occur when a task
requires a human to find a specific location. More specifically, a human may commit a
location error during performing a task either if there is at least one action that is related
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with two locations ( aH ( p, l ) , l = 2 ) or if there are at least two actions each of which
takes place in different locations within the task ( aH1 ( p, l1 ) , aH2 ( p, l2 ) and l1 ≠ l2 ) .
Put in another way, for a task t H ( p, l ) = ∏ i = j ⎣⎡ aHi ( p, li ) ⎦⎤, j ≤ n < ∞ , and
n

l = ∪ i= j li , human location error(s) can be caused if l ≥ 2 . If a certain action aHi ( p, li )
n

within a task is taken in a location that is not included in li , a location error occurs.
For a simple example, when a human material handler moves to the wrong
machine to load a part, a human location error occurs since the part may not be loaded on
that machine because the human fails to locate proper equipment. This case can be
expressed with the proposed human action model as follows:
Given a part p in state q M ∈ QME , and let aHi = move and aHi +1 = load ,

(

a location error occurs if aHi +1 ∉ λH δ HA ( q M , aHi )

)

The number of the location errors is assumed to be finite because the number of
equipment locations is finite in a system and the human is assumed to recognize the
location that has been visited before. In other words, the human material handler is
assumed to try to find a correct destination among unvisited locations.

Thus, the

maximum number of location errors for a task is equal to one less than the number of
equipment locations which can be accessed by a human. It can be inferred that an on-thespot task does not incur a location error since it is performed in a fixed location.
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3.4.2 Orientation Error

Even when a human operator performs an operational task at the correct location,
he or she may not be able to achieve an intended objective always at one time. For
example, when a human locates a correct machine to load a part on the machine for an
operation and the machine is available, the operation may not be started due to a part
orientation error incurred while the human loads the part.
In this research, it is assumed that an orientation error can be detected by use of
multiple sensors installed in equipment and that an orientation error can be corrected
locally if a human operator tries to resolve it. Therefore, an orientation error can happen
at most once for an action. This assumption refers that the human operator is well-trained
and well-motivated. By definition of an orientation error, it can be caused while taking
an action that is included in set Σ[H1] .

3.4.3 Human Error Detection

Consider a case where, following the checking of preconditions, a piece of
equipment fails to start an operation, and this failure causes the system to stop and wait
for a recovery action. This situation can be caused by two possible error types. The first
type refers to equipment errors and the second one refers to human operational errors.
Every part in the system of this research is in its own unique state that is specified
in a part-state graph and the state of a part is updated at each vertex in the graph with
electronic devices. Thus, it is always possible to keep track of a part in the system up to

57
the current state, and an error source can be determined by checking the previous states of
a part in a stopped piece of equipment.

If the part does not arrive directly from

automated equipment, a human operational error is a root of the problem.
In terms of temporal issues of a human task performing process, a human operator
within a manufacturing system may perform a task in several ways including spending a
different time to complete the task. For example, when a computerized controller issues
a command to put a part in a certain machine, and a human material handler performs a
task that includes the given action, the human operator may start the task and then
perform a preemptive activity, delaying the completion of it. Whether this situation
should be considered as a human error or not depends on how a controller cooperates
with the human operator. In other words, the time allowed for the human operator to
compete a task can be a critical factor to determine a human error. It also affects system
efficiency significantly. The temporal issue, however, is remains future work for this
research.

3.4.4 Human Error and Human State

To describe a state of the human, it is necessary to identify how close a human
operator is to complete a task. In other words, a degree of progress of a human task needs
to be identified. Since the operator is assumed to try to complete a task once he or she is
supposed to perform the task, the number of location errors ( µ EL ) and the number of
orientation errors ( µ EO ) that a human has committed up to a current point of time while
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performing a task are used to describe a state of a human such that q H = ( µ EL , µ EO ) ∈ QH .
These numbers can be interpreted as the number of trials to complete a task.

(

At the start of a task, both values of µ EL and µ EO are set to zero µ EL = µ EO = 0

)

such that q0H = ( 0, 0 ) . Whenever a human makes a location error or an orientation error
while performing a task, the value of µ EL or µ EO increases by one, respectively. Since an
orientation error cannot occur at a wrong location, a value of µ EL remains the same once a
value of µ EO becomes one. It can be inferred that the µ EO takes a value of either zero or
one since an orientation is assumed to be resolved at one time. This argument is based on
the assumption that an operator can make an orientation error only once when he or she
has located the correct destination. Also the operator can make location errors only if he
or she still has not made an orientation error.

3.5 Chapter Summary

In this Chapter, a human material handling functional specification in a form of a
hierarchical architecture from human actions to human involvement in a system was
presented with the automata notation.
Human activities are categorized into two types: operational actions and
supervisory actions. A vertex number of a part in a part-state graph and a physical
location of the part constitute a part state and a human operational action is viewed as an
input symbol with a transition function. Human actions that deal with a same part
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comprise a human task. Depending on the number of action elements in a task, human
tasks are divided into either a basic task or an extended task. The on-the-spot task set and
the around-the-system task set are constructed based on the number of locations
associated with a task.
A human interaction is defined using an octuple that extends the definition of a
human task by including human states and a transition function of human states.
Human operational errors are classified into location errors and orientation errors,
and they are used to represent a human state. As a result of human interaction with a
system, at least one state of the human or the system is changed. Human involvement
that consists of human interactions in a system is placed at the highest level in the
structure of human activities. The whole human involvement structure described in this
chapter is shown in Figure 3-5.
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Figure 3-5: Detailed Human Involvement Structure

equipm
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By building a normative human involvement framework which has a similar
structure as the formal Deterministic Finite Automata (DFA)-based controller, the
capability now exists to investigate the interaction between a human material handler and
a highly automated system.
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Chapter 4
HUMAN TASK MODEL AND SYSTEM CONTROL

This chapter presents a control schema based on the human task model presented
in the previous chapter.

How the human task model is employed in a computer-

controlled system is demonstrated. System evaluation framework is then presented to
measure a degree of human involvement within a system based on the human task model.
A shop floor control example is then provided to illustrate the proposed modeling
framework.

4.1 Representation of System State

Within a manufacturing system, there are usually several parts being processed
according to a predetermined part-state graph on multiple pieces of equipment which are
installed in different locations. A state of a part can be represented with a vertex in a
part-state graph of the part and a location of equipment associated with an operation of
the vertex as described in the previous chapter.
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4.1.1 Extended Part-State Graph

As described in the previous chapter, a part-state graph G = V , E

for a part

consists of a set of vertices (V ) that represent a part state and a set of edges ( E ) that
specify a proper transition in a form of a message ( Σ M ) . Based on a part-state graph, the
computerized MPSG controller issues a proper action message after it checks
preconditions of a system before generating an action message.
In this research, the original part-state graph is extended to include human action
messages in a part-state graph as shown in Figure 4-1. By doing this, a shop floor
controller can generate instructions for pieces of computer controlled equipment and a
human operator. If a controller provides instruction for a human operator when it issues a
human action command, the instruction can be used to guide a human operator and make
it possible for a human operator to execute a task in more effective way.
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Figure 4-1: Extended Part State Graph
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Human action messages that the MPSG controller provides to a human are
denoted as aH ’s. It should be noted that each human action messages aH ∈ Σ H in the
extended graph satisfy the condition of aH ∈ λH ( q M ) for a part in state q M ∈ QME .

4.1.2 Human State

If the control of a system is considered issuing proper actions based on a system
state, every state should be identified, and preconditions and resulting states of an action
should be specified. Control of a human-involved manufacturing system requires two
principal types of information that include states of the system and states of a human
operator.
In this research, a controller status is described only with a parts’ state. In terms
of a human state q H ∈ QH defined in the human interaction model, human errors are used

(

)

to represent a human state such that q H = µ EL , µ EO as described in the previous chapter.

µ EL and µ EO represent the number of location errors and the number of orientation errors,
respectively. Thus, the initial human state before performing a task is represented as
q0H = ( 0, 0 ) .
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4.2 Extended Control Model

Based on the MPSG controller and the human task model, an extended control
mechanism is constructed. In this control scheme, a human operator interacts with each
automated equipment controller and a supervisory controller that is called BigE through
an interface.

4.2.1 Structure

When the supervisory controller issues a task command to a lower equipment
controller, a human operator can be provided with information about the task if it is
executable by a human. This information corresponds to each human action message

( aH ∈ Σ H )

that is included in the extended part state graph. If a human performs a task,

the outcome of the human task is monitored by an equipment controller and reported to
the supervisory controller so that the supervisory controller can update system states.
This overall process is depicted in Figure 4-2.
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Figure 4-2: Human-involved Extended MPSG Control Scheme

The BigE controller issues a task command message to a controller (e.g., MH
controller). Incoming and outgoing message events contain a suffix (_sd), which defines
the message path. The first character, s , in this suffix represents the source of the
message and the second character, d , is the destination for the message. In Figure 4-2,
the characters, b , h , and p are used to represent the BigE, the material handler, and the
material processor, respectively.
When a task message is passed to an equipment controller, preconditions of the
task are checked. If all preconditions are found to be satisfied, the task is performed by
the controller. After the task is finished, the equipment controller sends an ok message
to the BigE.

If a human performs a task in stead of the equipment based on the

information about feasible tasks provided by the supervisory controller, the equipment
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does not execute the task and monitors the human task. If the task is completed, the
equipment or the human sends feedback to the supervisory controller, BigE.
The BigE controller receives the incoming message and then, issues the next
proper message to an equipment controller or the human. It should be noticed that the
controller state can only be determined as a function of all of the individual part states.
Therefore, given a part in a particular state, the MPSG determines which controller
events are valid with respect to that part, and how to transition when one of these events
occurs.

4.2.2 Incorporation Human with the Controller

It can not be guaranteed that a human performs tasks as automated equipment
does operations in a deterministic manner. Thus, careful consideration should be taken in
designing the extended shop floor controller so that it can accommodate a variety of
human actions and errors.
The extended control scheme has the similar structure as the original MPSG
controller.

However, each tuple is revised so that the extended controller can

accommodate human actions while it can still execute automated operations as specified
in a part-state graph.
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The extended MPSG control model is defined as follows:

M E = QME , QH , q0M , q0H , FME , Σ E , AE , PE , δ E , γ E , where
•

Σ E is a set of finite messages that is union of the controller event set ( Σ M ) and
human task set (T

•

) such that Σ E = Σ M ∪T

,

AE is a set of extended controller actions that includes null action and error

{ } { }

recovery actions such that AE = AM ∪ aMe ∪ aHe ∪ {ε } where aMe and aHe
represent a preinstalled controller error recovery action and a human assisted
error recovery action, respectively,
•

PE is a finite set of physical preconditions for the extended controller actions
such that it checks whether a message is related with a human ( a ∈T

)

or the

controller ( a ∈ Σ M ) as well as the original conditions specified in PM ,
•

δ E : ( QME × QH ) × Σ E → ( QME × QH ) is a state transition function of the extended
controller,

•

γ E : ( QME × QH ) × Σ E → AE is an extended controller action transition function,
and

•

other tuples are remained as the same.

Since the controller should recognize human actions, the set of input events
includes all the events associated with both a human and the MPSG controller such that
Σ E = Σ M ∪T . The modified set of input events directly affects the state transition
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function. The state transition function, δ E , is changed so that human tasks can be
incorporated with other automated operations as following:
For q M = ( v, l ) ∈ QME ,

δE (

⎧(δ M ( v, a ) , l ′ ) if a ∈ Σ M
⎪
q , a = δ E ( ( v, l ) , a ) ⎨
⎪δ HT ( ( v, l ) , a ) if a ∈T
⎩
M

)

In the extended MPSG controller, it is important to note that the set of controller
actions should include the null action, ε , and the error recovery actions, aMe and aHe , such

{ } { }

that AE = AM ∪ aMe ∪ aHe ∪ {ε } . The null action means that automated equipment
does not perform an assigned task. In the original MPSG control scheme that assumes
full automation, equipment should perform at least one action to make a progress in a
part-state graph. However, the human-involved system should consider a situation where
a human performs a task instead of equipment in which case equipment does not perform
a task that a human is performing. For this reason, the null action of the controller is
introduced.
Additional controller actions necessitate changes of the controller action transition
function from γ M : QM × Σ M → AM to γ E : ( QME × QH ) × ( Σ M ∪T

)→ A

E

to be able to

react to human tasks.
It is important to note that the extended controller action transition function can
return a null action if a human task is input, which means that no automated action is
taken to allow a human to perform the task. However, if a human error is detected, this
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function returns an error recovery action depending on availability of an automated error
recovery action aMe . If a human error that is impossible to be resolved by an automated
error recovery action aMe , the controller actions transition function returns a human action
aHe that prompts the human to resolve the error. It should be noted that this controller

action is to prompt a human to fix a detected error through an appropriate interface such
as an alarming sound and instructions for an error recovery action. This type of actions is
closely related with the preconditions ( PE ) in the extended MPSG controller.
Consider a case that a part state is in state q M ∈ QME and event b occurs. The
extended controller action transition function γ E returns a controller action α ∈ AE in
response to event b . If the event is input from a controller ( b ∈ Σ M ) , it is processed as in
the original MPSG controller. If physical preconditions ρα for the action α are found to

(

)

be satisfied, the action α is executed, and the part state is changed to q′M = δ M q M , b .
If event b is a human task ( b ∈T

),

the extended controller assigns the null

action ( ε ) to controller action (α = ε ) so that a human can perform a task associated
with action b . In this case, the human task transition function δ HT is applied in stead of

(

)

the state transition function of the controller δ M such that q′M = δ HT q M , b .
Error recovery actions are taken if an error is detected while a human performing
a task associated event b . At first, an error recovery action of the controller aMe is
executed. If an error recovery action aMe is not available in the controller or it does not
resolve an error, a human is informed of the situation and prompted to take an error
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recovery action. As assumed, a human can resolve an error reported by the controller
action aHe . This control action flow is shown in Figure 4-3.

( (

if b ∈ Σ OM ∪ ΣTM

))

α = γ M ( q, b )
if ( ρα = true)

execute α (

)
q′ = δ M ( q, b )

endif
else if ( b ∈T

)

α =ε
while ( error detected for b )

α = aMe

if ( error not resolved by α )

α = aHe
endif
endwhile
q′ = δ HT ( q, b )
endif
Figure 4-3: The Extended MPSG Controller Process Flow

It should be noted that an error recovery action of the controller and a human , aMe
and aHe , can be specific to actions that can be taken either by a human or an equipment
controller. Put it in another way, this model can be extended to allow a controller to have
multiple error recovery actions for each event.

72
4.3 Evaluation Framework

To quantify the impact of the human involvement from a part’s point of view, the
path of the part is analyzed. Since each part has its unique predetermined path to reach
the final state based on the part-state graph of the part, it can be considered a normative
process sequence for a part on condition that the part is handled only by automated pieces
of equipment. Therefore, the degree of variation of the path as a result of a human
involvement can be measured by comparing an actual path with the predetermined one.
As the human operator is involved, some of vertices of the predetermined path
can be omitted in an actual path of a part specified in the original MPSG part-state graph.
For instance, suppose that a part

pi

has the part-state graph such that

G i = V i , E i = ( v1i , e1i ) ,..., ( v ip , eip ) ,..., ( vqi , eqi ) ,..., ( vni , eni −1 ) . When the human operator is
involved in the process of producing the part, the path is changed to a path

G i = V i , E i = ( v1i , e1i ) ,..., ( v pi , e pi ) ,..., ( vqi , eqi ) ,..., ( vni , eni−1 )

such

that

Vi ≠Vi

and

V i ∩V i ≠ ∅ .

To measure the degree of the operational human involvement for the part pi , the
difference between two G i and G i is measured by calculating V i − V i V i − V i where

V i is the number of elements in set V i .
When a human material handler is involved with a system where more than one
part is produced, the overall impact for the multiple parts is measured by summing up the
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impact of each part. If m parts are produced in the system, the total human impact is

∑( V
m

measured with

i=1

i

)

−V i V i −V i .

If a human operator changes a part state from v pi to vqi by performing a task that
includes the action associated with edge e pi , the number of errors that are made by the
human operator while performing the task is used to evaluate the effectiveness of the
system layout and orientation specifications from the system and human performance
perspectives. With signals from the sensors installed in equipment and on the floor of the
system, the location and the orientation of a part can be checked, and the physical
activities of the human is updated in terms of a part path while the human performs
task(s). Based on the part path and signals, data on human activities concerning the
actions and the number of each type of errors within the system is collected.
For the evaluation of human performance, the proposed framework in this
research can be useful in that it can provide a normative test environment for ideal human
behaviors. After relaxing the assumption on the human errors is accommodated and
experiments can be conducted to investigate how the human operator reacts to different
system configurations in terms of locations of equipment and orientation specifications.
This can contribute to study the relationship between system configuration and human
performance, which remains as future work for this research.
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4.4 Application Example

4.4.1 System Description

An example of a system that consists of two different workstations is provided to
illustrate the proposed human task model and the evaluation framework. The workstation
1 is composed of two material processing equipment (MP1 and MP2), one robot (MH1)
that handles a part between two MPs and one buffer storage (BS1). In workstation 2,
there are two robots (MH2 and MH3) and one conveyer (MT2) for material handling. An
AGV (MT1) is used to transport a part between two buffer storages (BS1and BS2) in
each workstation.
Within the system, a human material handler cooperates with three robots and one
AGV to handle parts. When a part is in a material processor or a buffer waiting to be
handled, the human can perform material handling tasks in any locations. For instance,
the MH1 can not handle a part in MP3 or BS2 while the human material handler can
unload or retrieve a part from both of them. The overall layout of the system as well as
each location of equipment is shown in Figure 4-4.
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Figure 4-4: System Layout with Two Workstations

In this system, each part that arrives in BS1 is moved to MP1 by MH1 and
processed in MP1.

After the part has been processed, MH1 moves it to MT2 for

transporting to BS2 in workstation 2. MH2 picks the part from MT1 and moves and put
it to MP3 for two processes. Before MP3 starts the second process, the part should be
reoriented by MH2. After the part is processed in MP3, it is moved to BS2 by MH2.
A extended part-state graph that depicts the whole process is shown in Figure 4-5
with each vertex containing a vertex number and a location of the part as well.
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Figure 4-5: Extended Part State Graph for Two Workstations

A message(s) that represents an available operation(s) at each vertex of the part is
marked at each edge. For example, the initial state of the part is represented as ( 1, l1 ) at
the first vertex which means that the vertex number of the part is 1 and the part is located
in BS1. Given the part is at that state, there are two available operations. One is a pick
operation by MH1 that is expressed as MH1_pick_BS1 that specifies that MH1 picks the
part from BS1. The second is the retrieve_BS1 message corresponding to a human
action that the human operator retrieves the part from BS1. For human actions, messages
are marked as italic in the graph.
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Given a certain state of the part, the extended MPSG controller issues appropriate
task commands for the part based on system information and a human operator can
performs a task among the available tasks. For instance, the controller can issue two
commands, MH1_pick_BS1 and retrieve_BS1 for part p of which state is either ( 1, l1 ) or

(6 , l1 ) .

If MH1 executes the operation in response to the message MH1_pick_BS1 for a

part in state ( 1, l1 ) , the part state is changed to ( 2, l2 ) . After the controller identifies the
changed state of the part, it can generate the next proper commands.
On the other hand, the human operator can perform a task(s) associated with
retrieve_BS1 message instead of MH1. If the human performs a task relevant to only
retrieve_BS1 message for part p , the state of the part is changed from ( 1, l1 ) to ( 21, l1 )

(

)

as expressed with δ HT q M , t H = δ HT

( (1, l ) , retrieve ( p,{l }) ) = ( 21, l ) .
1

1

1

4.4.2 Human Involvement

Human actions related with material handling activities in this example are shown
in Table 4-1. Each action is expressed as an input alphabet as proposed in the model in
Chapter 3.
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Table 4-1: Human Actions
Action set

Elementary actions

One-location actions ( ∑ )
[ 1]
H

a = retrieve ,

aH2 = store ,

a = load ,

aH4 = unload ,

a = pick ,

aH6 = put ,

1
H
3
H
5
H

a7H = reorient
Two-location actions ( ∑[H2 ] )

aH8 = move ,

aH9 = transport

It should be noted that human actions can be further broken down corresponding
to the level of granularity of the system. The name (event) of an operational action
depends mostly on the context of the system. When actions are related with storage
equipment (BS), terms such as store or retrieve are used to describe them. The load or
unload action is defined as a material handling activity for material processing (MP)
equipment. The pick or put actions is associated with activity with material handling
(MH) or material transporting (MT) equipment. The move or transport action
corresponds to an activity that changes a part location. If action is performed within a
workstation, it is classified as a move action. When a part is moved between
workstations, the term, transport, is used instead of the move.
It can be observed that each human action in Table 4-1 is described using two
parameters: a part and a location set associated with the part. For example, action
a1 ( p1 ,{l1}) = retrieve_BS1 refers to a human action representation in which the human
retrieves part p1 from the buffer storage BS1.

In a similar way, aH8 ( p1 ,{l1 , l3 }) =
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move_BS1_MP1 represents a move action in which a human moves part p1 from BS1 to
MP1.
Based on the identified human operational actions as shown in Table 4-1, the
human tasks can be constructed. For example, when a part is in stat ( 6 , l1 ) , there can be
one basic task and six desirable extended tasks. In this case, the controller can issue
commands MH1_pick_BS1 for MH1 and retrieve_BS1 for a human material handler.
The human tasks and the corresponding transition functions for the part in state ( 6 , l1 )
are shown in Table 4-2 .

Table 4-2: Human Tasks q M = ( 6 , l1 )
Task
Basic task (T B )

Description

( )

Transition function δ HT

t H1 = aH1 ( p1 , {l1 })

δ HT ( q M , t H1 ) = ( 26 , l1 )

t H2 = t H1 ⋅ aH8 ( p1 , {l1 , l5 })

δ HT ( q M , t H2 ) = ( 27 , l5 )

t H3 ( p1 , {l1 , l5 }) = t H2 ⋅ aH6 ( p1 , {l5 })

δ HT ( q M , t H3 ) = ( 8, l5 )

Extended

t H4 ( p1 , {l1 , l11 }) = t H1 ⋅ aH9 ( p1 , {l1 , l11 })

δ HT ( q M , tH4 ) = ( 29, l11 )

tasks (T E )

t H5 ( p1 , {l1 , l11 }) = t H4 ⋅ aH2 ( p1 , {l1 , l11 })

δ HT ( q M , t H5 ) = ( 11, l11 )

t H6 ( p1 , {l1 , l8 }) = t H1 ⋅ aH9 ( p1 , {l1 , l8 })

δ HT ( q M , t H6 ) = ( 31, l8 )

t 7H ( p1 , {l1 , l8 }) = t H6 ⋅ aH3 ( p1 , {l1 , l8 })

δ HT ( q M , t 7H ) = ( 13, l8 )
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The basic task, t H1 , corresponding to the retrieve_BS1 action, consists of only one
human action aH1 . After a human performs the basic task, the state of the part p1 is
changed from ( 6 , l1 ) to ( 26 , l1 ) as specified with the transition function of the human

(

)

task δ HT q M , t H1 = ( 26 , l1 ) .
In the definition of the human interaction model described in Chapter 3, the state

(

)

(

transition function of the interaction δ HI : QME × QH ×T → QME × QH

)

considers both a

part state and a human state. When a human interaction does not result in a change of the
vertex number of a part, it causes a human state change by increasing either the number

( )

( )

of location errors µ EL or orientation errors µ EO . If a human operator carries out task
t H′2 such that t H′2 ( p1 ,{l1 , l10 }) = aH1 ( p1 , {l1 }) ⋅ aH8 ( p1 ,{l1 , l10 }) for part p1 in state ( 6 , l1 ) , the
task t H′2 refers to the human movement to MP4 after retrieving part p1 from BS1. It
results in a human location error and the part state q M = ( 6 , l1 ) is changed to
q′M = ( 6 , l10 ) with the same vertex number ( v = 6 ) . In this case, a human state q H is

changed from q H = ( µ EL , 0) to q′H = ( µ EL + 1, 0) where µ EL represents the number of
location errors before starting action aH8 in task t H′2 after finishing action aH1 . When a
human operator performs task t 7H ( p1 ,{l1 , l8 }) = t H6 ⋅ aH3 ( p1 ,{l8 }) and makes an orientation
error during the load action aH3 after completing task t H6 , the number of orientation error

( µ ) is changed from zero to one.
O
E
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4.4.3 Evaluation of Human Involvement

As a result of a human interaction, the part flow changes. Comparing the actual
part path with the predetermined path specified in the part state graph is done to evaluate
a human interaction. According to the part state graph of part p1 as shown in Figure 4-5,
the predetermined path of the part can be denoted as V i = <1-2-3-4-5-6-7-8-9-10-11-1213-14-15-16-17-18-19-20>.
Table 4-3 shows changes of the path caused by the human interaction with the
part at state q M = ( 6 , l1 ) .

Table 4-3: Impact of Human Interaction on Part Flow

V i −V i

Task

V i −V i

V i −V i V i −V i

t H3

{7}

{26, 27}

0.5

t H5

{7, 8, 9, 10}

{26, 29}

2.0

{7, 8, 9, 10, 11, 12}

{26, 31}

3.0

t

7
H

From the Table 4-3, it can be observed that the part path is checked after the
human material handler places the part on the equipment after completing a task. Thus,
the changes for the interactions with only task t H3 , t H5 , and t 7H are shown in the table. If a
human interaction takes place with only task t 7H , the part state is changed from ( 6 , l1 ) to

(13, l8 )

and the path of the part is changed to V i =<1-2-3-4-5-6-26-31-13-14-15-16-17-
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18-19-20>. The figures calculated with V i − V i V i − V i

can be interpreted as

magnitude of the difference between two paths.
If multiple parts are produced in a system, a degree of a human involvement
should be evaluated by checking all the different part paths as well as the accumulated
number of each type of errors.

4.5 Chapter Summary

In this chapter, the extended controller was described by incorporating the human
task model with the original MPSG control model. The extended controller takes both
the controller messages and the human tasks based on an extended part-state graph. In
the extended part-state graph, available human tasks are specified at each node. To
describe human state, the numbers of location errors and orientation errors are employed
since they can represent a degree of progress of a human task toward completion.
The extended control model with additional error recovery actions was presented.
When the extended MPSG controller receives a message from a human and detects an
error, error recovery actions are executed. Human error recovery actions were included
in the extended MPSG actions. This means that the controller prompts a human to
resolve the situation caused by human errors.
In addition, a methodology to measure human involvement was presented. In this
work, the impact of the human involvement is quantified from a part’s point of view
based on an analysis of a part path.
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Finally, an example of a shop floor control system was presented. In the example,
several human actions were defined, and the relationship between them and the human
task model was illustrated. Measurement of human involvement was also provided with
the example.

84

Chapter 5
INVESTIGATION OF PART FLOW COMPLEXITY

In this chpater, part flow complexity of a manufacturing system from the control
perspective is investigated in terms of human tasks and errors. The complexity of
manufacturing systems is first discussed, and part flow analysis is then conducted. A
shop floor control example where a human operator performs material handling tasks is
provided to illustrate the proposed model.

5.1 Complexity of Manufacturing Systems

Complexity of manufacturing systems can involve a variety of aspects. Two
types of complexity have been studied which include static complexity and dynamic
complexity (Huaccho et al., 2001). Manufacturing complexity has been assessed based
on information theory by several researchers (Calinescu et al., 2000, Yu and Efstathiou,
2002). Deshmukh et al. (1998) proposed a static complexity measure in terms of the
physical structure of the system and the processing requirements for producing parts.
The amount of information needed to represent a system status has been also used to as
measurement of system complexity.
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Interactions between different agents over time in a system affect the dynamic
complexity of the system. Decisions that need to be made dynamically at a certain point
of time also affect control scheme as well as the system performance. The number of
alternatives at each decision point and the effect of the decision have a significant impact
on the system control. In turn, control scheme needs to be able to accommodate changes
brought by the decisions made concerning the system running procedure as much as
possible (Wiendahl and Scholtissek, 1994). A hierarchical representation of complexity
in enterprise integration for decision making is suggested in (Li and Williams, 2002).
Complexity of manufacturing systems has been mostly studied in terms of the
resource such as machines, robots, and buffers in a system (Kadar et al., 1998, Martinez
and Shariat, 1993).

Possible states of the resources have been used to investigate

complexity of a system, however, little research has been conducted to investigate
complexity from the part’s or object’s perspective, which are handled in this research.

5.2 Impact of Human on Shop Floor Control

5.2.1 Part Flow Complexity

System control depends on complexity of a system since a controller needs to
recognize system status and provide proper commands in accordance with varying states
of the system. In this research, the control of manufacturing is mostly related with a part
flow and related information exchange between components. The number of part flow
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paths, which increases due to human tasks and errors considerably affects the control of a
system. Therefore, when a human material handler performs tasks during system
operation, assessment of the part flow complexity of the system needs to be conducted
for developing an effective and efficient control mechanism for the system. The part
flow complexity in this research refers to the possible number of tasks with a part and the
possible outcomes of the tasks in terms of part states.

5.2.2 Connectivity Graph

The MPSG system provides definitions and symbolic descriptions of the
equipment resources, physical and logical interaction of between them. It is an extension
of the physical model (connectivity graph) of a system. A connectivity graph on which
the MPSG is based represents the accessibility among the pieces of equipment. Figure 51 shows a connectivity graph which consists of two material processors (MP1 and MP2),

a material handler (MH), buffer space (BS), and a port.
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(a) Physical View
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Put_BS
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(b) Logical View

Figure 5-1: Connectivity Graph
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When a human material handler is included in the system, the connectivity graph
grows because the human can typically connect all physical nodes, which is normally not
possible using automated equipment such as a robot or a conveyor. Altuntas et al. (2002)
studied the growth of the number of arcs in the MPSG shop floor controller and showed
that the complexity of a connectivity graph increases in a linear way when a human
material handler is included in the system.

Figure 5-2 shows the change in the

connectivity graph brought about by involvement of a human operator.

MP1

MP1
Put_MP1
Pick_Port
Port

Put_MP1

Pick_MP1

Pick_Port

Put_MP2
MH

Put_Port

MP2
Pick_MP2

Pick_BS

Pick_MP1

Put_BS

BS

(a) Human Accessibility to Equipment
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(b) Changes of Connectivity Graph

Figure 5-2: Connectivity Graph Change

In Figure 5-2a, the solid arcs represent connections made by automated material
handling equipment (MH) between equipment. For example, if a part is moved from
MP1 to MP2, it should follow the two arcs that are labeled as pick_MP1 and put_MP2,
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respectively. If a human material handler is involved in the system, a part has additional
paths to move among equipment as shown in dotted arcs. These arcs are created by the
human invlovement in that the human has accessibility to all the equipment.
In Figure 5-2b, the number of newly created paths drawn in the dotted arcs
connecting all the nodes via a human operator is 12, which is equal to the maximum
number of arcs needed to connect all the four nodes; two MP’s (MP1 and MP2), one port
(Port), and one buffer space (BS). However, from a control point of view, the arcs that
need to be controlled are those that appear in the dotted arcs in the first graph. In other
words, even though 12 additional paths are created in favor of flexibility, only 8 arcs are
subject to a system control.
In general, when there are n pieces of equipment in a system, n × ( n − 1) arcs are
needed to connect the nodes. However, only 2 × n arcs associated with a control are
created in this representation. This shows that the complexity of the connectivity graph
increases in a linear way.

5.3 Impact of Human on Part Flow

5.3.1 Impact of Human Tasks and Errors

In Chapter 3, two classifications of human material handling tasks are presented.
The first classification is based on the number of actions that constitute a task, which
classified a task set into the basic task set (T B ) and the extended tasks (T E ) . The
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extended tasks may generally have more impact on a part flow than the basic tasks due to
multiple human actions in an extended task. In addition to this, the second classification
of human tasks which divides tasks into on-the-spot tasks (T O ) and around-the-system
tasks (T A ) should be considered as well.
For example, if an extended task consists of only on-the-spot tasks and a basic
task involves an around-the-system task that is associated with a number of different
locations, the possible number of outcomes of each task can be influenced by
performance of a human material handler. More specifically, the first classification
implies that the number of tasks can vary depending on a human decision for a set of
possible actions. According to the task that a human performes, a part flow is affected.
Consider a case where a part ( p ) needs to be moved from MP1 to MP2 as shown
in Figure 5-3. If the part is handled only by automated equipment such as a robot, there
are two tasks to be controlled: pick_MP1 and put_MP2. However, when a human
performs material handling tasks, the controller should consider all the possible ways the
tasks are executed.

If a human recieves information about the initail action

aH1 = pick ( p, {MP1} ) of the task at the certain point of time, he or she may continue the

subsequent actions that can be aH2 = move ( p, {MP1, MP2} ) and aH3 = put ( p, {MP2} )
after picking the part from MP1 without waiting for the next command, which means the
human performs a feasible extended task. In this case, there is one basic task and two
feasible extended tasks such that t H1 = aH1 , t H2 = aH1 ⋅ aH2 , t H3 = aH1 ⋅ aH2 ⋅ aH3 , and t H1 ∈T B ,
t H1 , t H2 ∈T E . The part state changes depending on a task that a human performs among
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the feasible tasks , which shows the impact of human tasks on a part flow in terms of the
first task classifiation.

pick(MP1)

put(MP2)

move(MP1,MP2)

0

Pick_MP1

1

Move_MP1_MP2

move(MP1,MP2)

2

Put_MP2

3

put(MP2)

Figure 5-3: Impact of Human Extended Tasks on Part Flow

The second classification that divides tasks into on-the-spot tasks and around-thesystem tasks impacts the part flow in relation with human the location errors. If a task
requires a human to change working locations to complete the task, the part flow can be
complicated since it is not guaranteed that a human always finds a correct destination. In
this case, the part can visit several locations before it is moved to a correct desination
equipment. As observed in Figure 5-4, when a human moves a part to MP2, he or she
may move to other location, possibly either to BS or Port with the part. In any cases, the
controller should recognize the system status by the part state and privide a proper
command(s) with the human to assist find a correct destination.
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Figure 5-4: Impact of Human Location Error on Part Flow

5.3.2 Calculation of Part Flow Complexity

When a human does not handle a part, which means material handling tasks are
executed only by automated equipment, e.g., a robot, there should be only one
deterministic way in which a material handling task is completed in a normal situation.
This is not the case, however, if a human performs the task.
Figure 5-5 depicts the flow of a process that a human may follow in performing a
material handling task when both the human error types, the orientation errors and the
location errors, are considered.
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Figure 5-5: Human Errors and Task Performing Flow

From the start task node in Figure 5-5, a human material handler may finish a task
without making any error, which is indicated with the solid line. If a task is an on-thespot task that can only cause orientation errors, there are two possible paths, either
without any errors or by making orientation errors. For a human task t H that consists of
m on-the-spot tasks assuming that humans commit at most one error per task, the

number of possible ways in which the task is performed is calculated using Equation 1.

⎧T ∩T B if m = 1
π O ( t H , m ) = 2 m , for m ≥ 1 for t H ∈ ⎨ O
⎩T O ∩T E if m ≥ 2

(1)

In case of a basic around-the-system-task, the possible number of paths mostly
depends on the number of possible location errors of the task. If there are le ≥ 1 possible
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wrong locations within a system to which a human material handler may visit during
completing the basic around-the-system task t H , the maximum number of paths for the
task is calculated using Equation 2.

le ! ⎤
⎥, for t H ∈T A ∩T B
i =0 ⎣ ( le − i ) !⎦
le

⎡

π A ( t H , le ) = ∑ ⎢

(2)

Thus, the maximum number of ways an extended task t H that consists of m onthe-spot tasks ( t H1 , t H2 ,… , t Hm ) and n around-the-system tasks ( t Hm +1 , t Hm + 2 ,… , t Hm + n ) each of
which has lei possible wrong locations for m + 1 ≤ i ≤ m + n is obtained by Equation 3.

n

Π ( t H ; m, n ) = 2 m × ∑ π A ( t Hm +i , lei ), for t H ∈T A ∩T E

(3)

i =1

At a certain vertex in a part-state graph for any part, there can be several available
tasks that the human can perform as an extended task depending on the part state. For
example, when a part waits to be unloaded from a machine and the controller issues a
unload command, the human may move and put the part on another machine for the next
operation after unloading the part. This case is an example that a basic task, unload,
which is an on-the-spot task, is changed to an around-the-system task as the human
extends the task by performing actions such as unload, move, and put. Thus, a possible
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part flows need to be identified so that the controller can cooperate with the human
operator.
At vertex i in Figure 5-6, aMi represents an equipment action and aHi is a human

(

)

action corresponding to equipment action aMi , δ HA ( i, li ) , aHi = ( i + 1, li +1 ) where li and
li +1 is a location of the part when the part is at vertex number i and i + 1 , respectively.
Task t Hi represents a human basic task which has a same result of human action aHi such

( (

)

(

that δ HT q M , t Hi = δ HA q M , aHi

)) .

Tasks t Hj , j = i + 1, i + 2,… , i + k − 1 describe feasible

human extended tasks composed of mi on-the-spot tasks and ni around-the-system tasks
at node i .

Part-state graph

t Hi + k −1 = t Hi + k − 2 ⋅ aHi + k −1

t
t =a
i
H

i

(
(

Π t Hi ; 1, 0
or
Π t Hi ; 0, 1

T

i

{ }

i
H

i +1
H

i+1

aMi

)
)

aiM ∈ ∑ M ,

= t ⋅a
i
H

(

Π t Hi +1 ; mi +1 , ni +1

i, j = 1,2,...,n.

i+2

aMi +1

)

a Hj ∈ ∑ H ,

i +1
H

(

aMi + 2

aMi + k −1

Π t Hi + k −1 ; mi + k −1 , ni + k −1

i+k

aMi + k

)

= t Hi ∪T Ei ,

{

}

T Ei = t Hj j = i + 1,… , i + k − 1

Figure 5-6: Available Tasks at a Vertex in a Part-state Graph
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At vertex i of a part-state graph as shown in Figure 5-6, if there is a set of
available human tasks T

i

{ } { } and a set of

which consists of a basic task T Bi = t Hi = aHi

{

}

extended tasks T Ei = t Hj j = i + 1, i + 2,… , i + k − 1

such that T

i

= T Bi ∪T Ei , the

maximum number of task-performing paths associated with vertex i with task set T

i

is

calculated using Equation 4.

ψ (T

i

) = ∑ Π (t
t Hk ∈T

i

k
H

; mk , nk

)

(4)

Human extended material handling tasks are normally executed in an aggregated
form of equipment tasks. Thus, some of vertices of a part-state graph may not be visited
when a human performs extended tasks. Therefore, the upper bound of the number of a
human task-performing process U i for a part-state graph of part pi which consists of vni
vertices, is given by Equation 5.

vni

(

U = ∑ψ T
i

j=1

j

)

(5)

Part flow complexity is important in the sense that a controller of a system is
responsible for coordinating system components and generating proper task commands
based on a system monitoring. Furthermore, if a human is involved in a system, the
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requirements for a controller increase to keep track of how tasks are performed and what
human tasks have an effect on part flow.
As evident in Equation 2, the part flow of material handling tasks is mostly
affected by location errors. Thus, it is desirable to reduce the location errors to minimize
the growth of part flow complexity. From the task allocation perspectives, it is desirable
to reduce those tasks that require a human operator to visit multiple locations to perform
a task.

5.4 Application Example

To illustrate the model of part flow investigation, an exapmple is provided based
on the same shop floor presented in Chapter 4.

Figure 5-7 shows human material

handling tasks involved in a part that needs to be transported from workstation 1 to
workstation 2. The extended part-state graph shown in Figure 4-5 is also adopted to
describe the part route on the shop floor.
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MP 2 (l4)
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Figure 5-7: Shop Floor Layout

Table 5-1 shows available human material handling tasks at node 6. For each
task, subtasks constituting the task are classified into two categories, on-the-spot task and
around-the-system task, as described in Chapter 3 and the possible number of part flows
calcuated by the proposed model in this chapter is shown.
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(

Table 5-1: Part Flow Analysis at Vertex 6 q M = ( 6 , l1 )

)

OTST (T O )

ATST (T A )

Π ( t H ; m, n )

t H ( p1 , {l1 }) = retrieve ( p1 , {l1 })

-

-

1

t H ( p1 , {l1 , l5 }) = t H ⋅ move ( p1 , {l1 , l5 })

-

move ( p1 , {l1 , l5 })

1

2

put ( p1 , {l5 })

move ( p1 , {l1 , l5 })

2

t H ( p1 , {l1 , l11 }) = t H ⋅ transport ( p1 , {l1 , l11 })

-

transport ( p1 , {l1 , l11 } )

1

store ( p1 , {l1 , l11 } )

transport ( p1 , {l1 , l11 } )

2

-

transport ( p1 , {l1 , l8 } )

16

load ( p1 , {l1 , l8 })

transport ( p1 , {l1 , l8 } )

32

Tasks
1

2

1

t H ( p1 , {l1 , l5 }) = t H ⋅ put ( p1 , {l5 })
3

4

1

t H ( p1 , {l1 , l11 }) = t H ⋅ store ( p1 , {l1 , l11 })
5

4

t H ( p1 , {l1 , l8 }) = t H ⋅ transport ( p1 , {l1 , l8 })
6

1

t H ( p1 , {l1 , l8 }) = t H ⋅ load ( p1 , {l1 , l8 })
7

6

Total

55

OTST: On-the-spot task

ATST: Around-the-system task

The complexity of is calculated with based on the Equation 3. in Section 5.3. In
this example, the number of possible wrong locations ( le ) for t H6 and t 7H is assumed to be
three because there are four machines in the system while the correct destination machine
is one. In case of the task t H2 that requires human to move a part to the MT, the number
of wrong locations
workstation 1.

( le )

is assumed to be zero because there is only one MT in

Thus, the human material handler can find the destination location

without making a location error. For tasks t H4 and t H5 , the same assumption is made
about the location of BS2 ( l11 ) .
From the table, it is observed that the maximum number of paths that the part at
node 6 can be handled by a human is 55. It implies that the controller needs to be capable
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of managing the 55 possible ways in which human tasks at vertex 6 can be properly
executed. This analysis can provide a sytem designer with necessary implementation
specifics for developing a controller. More specifically, when a part arrives at BS1 with a
vertex number 6, the controller should be able to response to situations with additional
possible locations and states for the part due to human involvement.

5.5 Chapter Summary

In this chapter, the impact of human tasks and errors on the control complexity
from a part states’ view was addressed. It is critical to identify how parts are handled in a
system so that a system controller for the human-automation cooperative system can
consider possible situations caused by a human operator. The number of possible part
flow of a part at a certain state was used to measure the control complexity.
Change of connectivity graph brough by a human material handler was discussed,
and the number of additional arcs in a connectivity graph was shown to increase linealy.
The human task model presented in Chapter 3 is used to as a basis for assessing
part flow complexity. Based on the two task classifications that the part flow complexity
was investigated.
This part flow analysis can be used to build a normative human behavioral model
in a system. Based on the proposed model, a performance measure of a human operator
and system design problems can also be addressed.
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Chapter 6
HUMAN-AUTOMATION INTERACTION MODEL

This chapter presents a framework to model human-automation interactions based
on the controller model and the human task model that are developed in the previous
chapters. The controller model is used to describe a general automated process and a
human is considered from the information processor view point. A human-automation
interaction is described with a particular communication model between the two models
that exchange messages.
The remainder of this chapter is organized as follows. Section 6.1 provides an
overview of the framework. Section 6.2 presents describes the structural model that
identifies principal components in the interaction. Section 6.3 describes the operational
aspects of a human-automation interaction. A simple example to illustrate the proposed
interaction model is provided in Section 6.4.

6.1 Overview

This chapter describes a human-automation interactive system and presents a
formal model for describing and controlling the system based on the controller model and
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the human task model that are presented in previous chapters.

A human-involved

manufacturing system is considered the system that accepts inputs from both an
automated controller and a human and then generates proper outputs in response to the
inputs. Inputs and outputs are assumed to take a form of messages. These messages are
closely related with human tasks and controller operations. Whenever human tasks or
controller operations incurred by input messages are executed, output messages are
assumed to be generated depending on the event
The model presented in this chapter considers a system from two perspectives: the
structural and the operational perspectives. A human and an automated controller are
considered agents that cooperate to achieve given goals by executing assigned tasks. A
system control schema and human tasks are modeled separately and then integrated in a
formal manner using a modified communicating finite state machine framework. An
interface model that coordinates the exchanges of messages between two agents is then
introduced. An automated shop floor control system with a human material handler is
modeled with the proposed framework and an illustrative example is provided.

6.2 Structural Model

The structural model is related with the description of components in the system
and their relationship. The framework consists of two separate components that generate
and process messages and an intermediate component that coordinates the exchanges of
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messages between the two components. Automation and a human belong to the former
components and the latter refers to the interface.

6.2.1 Automation

In general, automation can be described as a set of computerized agents
(controllers) that execute certain task(s) following predefined procedures when command
messages are received from a supervisory controller. Put in another way, automated
operations are mostly predefined and deterministic triggered by messages from a higher
level of controller. Before a controller executes a task, it usually needs to check physical
and logical preconditions corresponding to a task to ensure that the task can be performed
successfully. After completing a task, it updates a system state and generates an output
message. Figure 6-1 depicts a typical automation process. It should be noted that
automation can be subdivided into multiple components that can be characterized in a
similar manner as shown in Figure 6-1.

Automation
State transition
In_msg

System
State

Automation
Operation

Physical & Logical
Preconditions

Figure 6-1: Automation Process Flow

Out_msg
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6.2.2 Human

The second component constituting of a human-automation interaction is the
human, which requires sophisticated consideration. Even though the concept of a human
as an information processor has been explored as descriptive models of human cognition
and behavior, however, there is no universal agreement on a generalizable prescriptive
model of a human. In this research, a human is considered as a type of information
processor responding to stimulus that is received in a form of incoming messages
(Jagacinski and Flach, 2003).
While automation is deterministic in that it executes an operation as predefined
depending on a received command message at a time, human tasks may be performed in
a non-deterministic manner. The non-determinism in this research means that the human
can perform a task with a different set of actions. Thus, output messages from a human
may not be generated in the same way as an automated controller.
A human and an automated controller are different in perceiving states of a
system and processing information about a system. A type and scope of a human task is
affected by human’s various properties as shown in Figure 6-2.
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Decision

Action
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Environment

Figure 6-2: Human Process Flow (Jagacinski and Flach, 2003)

The stimulus and the response in Figure 6-2 are considered input messages and
output messages, respectively. More specifically, a variety of information about the
system that is generated by the automated controller is considered a type of stimulus to
the human, and it then can play as input messages. Human responses to the stimulus are
regarded as output messages.

6.2.3 Interface

An interface between the automation and the human can be viewed as the
coordinator of messages exchange between the entities. It is an intermediate component
that handles messages from the two components. Furthermore, the interface plays as the
main source of stimuli for a human since a human operator receives a large portion of
system information through the interface. It should be noted that a human can also make
a decision about actions based on the information that he or she collects from the physical
environment that is not represented by the interface.
The primary functions of the interface are to manage communication and to
coordinate messages between the human and the automation. In some cases, human
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errors or inappropriate behavior may result due to a poorly designed interface (Degani
and Heymann, 2002). The design methodologies of an interface are, however, beyond the
scope of this research.
The interface may influence human behavior depending on a format and an
amount of information that it provides to the human. More importantly, the interface
plays as the main transmitter of stimuli for the human since the human receives a large
portion of the system information through the interface. The basic functional flow of the
interface is shown in Figure 6-3 .

Interface
State Update
In_msg

Message
Queue

System / Human State

Message
Transmit

Out_msg

Message
Refinement

Figure 6-3: Interface Process Flow

6.2.4 Messages

Messages within the human-automation interaction system play a critical role in
connecting two separate components in the system. In this research, messages are
classified into three types that include input, output, and task messages.
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Input messages are related with commands for tasks. Automation operations are
executed in response to these messages. For human, these messages can be instructions or
prompts for certain tasks that the interface provides to the human.
Output messages are generated when human actions or automation operations are
executed. They are again subdivided into three types. The first type of output message
corresponds to a normal completion of an action. When known errors occur, the second
type of output message is generated so that error recovery actions can be taken for the
detected error. If unknown human errors or tasks are detected, third type of output
message is defined. This type of output message is introduced in that all the human
activities and errors can not be predefined and the number of possible human activities
can be infinite. It serves as a collector error message.
Task messages are associated with both human tasks and automation operations.
For example, if a pick action is defined in a system, a task message pick is also defined.
Figure 6-4 shows the classification of the messages in the human-automation
interaction model proposed in this research.

Messages

Input Messages

Task Messages

Normal Completion

Output Messages

Error Detected

Figure 6-4: Message Classification

Unknown Event
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6.2.5 Structure of Human-Automation Interaction

Figure 6-5 depicts the structure of the human-automation interactive system that
shows the relationship among the system components that are described previously. The
system consists of two primary components which include the human, automation, and
the interface. A human and automation exchange messages through the interface.

ENVIRONMENT
SYSTEM
Human

Plan

Schedule

Task

Process

Action

Operation

Decision

Sensation/Perception

message

Automation

message

message

message
Interface

Figure 6-5: Structure of Human-Automation Interaction

As depicted in Figure 6-5, system activities are structured in a hierarchical
manner. A human’s plan is characterized with tasks, each of which is then constructed
with a set of human elementary actions as discussed in Chapter 3. Similarly, automation
events are also hierarchically structured from operations to a schedule.
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Incoming messages to the automation are mainly associated with operation
commands from a supervisory controller through the interface. Results of each operation
are then monitored through multiple sensory instrumentations installed on equipment and
reported in a form of predefined output messages. The automation is mostly affected by
a schedule of the system which determines specific equipment tasks and operations.

6.3 Operational Model of System

The operational view is concerned with control aspects of the system.

For

complex systems to run in a seamless way, there need to be rules about which all the
components agree, and the rules should be clearly defined. How the system components
perform tasks to achieve desired goals in accordance with rules is described with the
operational view. It is closely related with the issue of what functionalities should be
implemented in the system components that are defined as automation, a human, and the
interface.
Tasks that are performed by either a human or automation are closely related with
messages. As such, the human-automation interaction is modeled with a concept of
exchanging messages that incur and perform tasks and then report the outcome of the
tasks.
A system is operated by tasks of automation and a human. Once a task is
performed in the system, the effect of the task is monitored, and the updated information
becomes available to both automation and a human through the interface. A human then
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can obtain information about a new state by either the interface or direct perception. This
process is depicted in Figure 6-6.

message( MΗ )

message ( Σ Μ )

Automation

Interface
state

(Q
operation ( AE )

H

× QME

)

message( MΗ )

Human

message
( Σ Μ × MH )

Physical
System

task (T )

Figure 6-6: Operational Model of Human-Automation Interaction

6.3.1 Automation

Automation is modeled by adopting a part of the extended MPSG controller that
is described in Chapter 4. The extended MPSG controller incorporates a human within
the controller model, which requires consideration of human states. It can result in a
complicated structure since human state transition should be considered in the controller
model. The automation model in this framework is associated with only automation
operations in response to input messages from the supervisory controller or a human.
Therefore, human state transition is not included in the automation model.
The structure of the automation model is similar as the original MPSG controller
with tuples of the extended controller model except that the extended controller action
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transition function ( γ E ) is revised so that automation needs not to consider human states
in generating controller actions.

The automation model is defined as follow:

M A = QME , q0M , FME , Σ M , AE , PM , δ E , γ EA , where:
•

δ EA : QME × Σ M → QME is a state transition function of automation, and

•

γ EA : QME × Σ M → AE is a controller action transition function of automation, and

•

other tuples remain the same in the extended controller model in defined in
Chapter 4.

6.3.2 Human

Basically, human activities may not be strictly controlled by an automated
controller. Rather, a human’s behavior can be affected indirectly by relevant information
transmitted from automation through the interface prompting human to take a certain
action. Put another way, a human decides or changes his or her task based on an
interpretation of perceived information transmitted mostly by messages from the
interface. After a human perceives a message, he or she interprets it and plans to execute
proper task(s) in response to a message. The human model that describes a human taskperforming process is constructed based on the human task model that is presented in
Chapter 3.
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The human model is defined as following:

H T =< QME , QH , q0M , q0H , FME , MΗ ,T , δ HT , γ H > , where
•

MH is a set of messages of a human,

•

δ HT : QME ×T → QME is a transition function of a human task,

•

γ H : QH × MΗ → ( T × QH ) is a human state transition function that returns
*

sets of which elements are pairs of human tasks and a changed human state,
and
•

other tuples remain the same in the extended controller model and the human
interaction model in defined in Chapter 3 and Chapter 4.

Which tasks a human may perform primarily relies on human decisions based on
his or her state and received messages. It is closely related with the human state transition
function ( γ H ) mapping a human state and a message to human tasks.

6.3.3 Interface

The interface model coordinates message exchanges between the two
components: automation and human. It can be considered a protocol controller that
monitors message exchanges between different processes.
It is worth while to emphasize that the interface is included in the operational
model of a human-automation interactive system. Usually, interfaces tend to be regarded
as auxiliary components that are usually developed after main system components have
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been developed. This separate approach, however, may cause inconsistency between an
interface and other components, which is one of primary sources of the mode confusion
of human. Mode confusion in the work refers to a situation that a human is uncertain
about the state or misunderstands operations of a system. To reduce the possibility of
mode confusion, the functional specification of the interface model is considered in the
operational model of a system with other system components.
In the proposed interface model, functional specifications of an interface are
discussed as a system state monitor and a message transmitter either to automation or a
human.

The interface model is expressed as follows:

I = QME , QH , q0A , q0H , Σ M , MH , δ I , γ I , where:
•

δ I : ( QME × QH ) × ( Σ M ∪ MH ) → ( QME × QH ) is a state transition function of an
interface,

•

γ I : ( QME × QH ) × ( Σ Μ × MH ) → ( Σ Μ × MH )

*

is

a

message

transmission

function, and
•

other tuples remain the same as defined previously.

6.3.3.1 State Transition Function

As can be observed, the state transition function of the interface updates
information about automation and human states. This function is constructed based on the
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( )

( )

state transition functions of the automation δ EA and a human model γ H . It describes a
state transition in response to a process of messages.
The state transition function of the interface is important since it can be used to
predict a next state of the system depending on a system component that processes
messages. For example, at a certain state of a system ( q A , q H ) where q A ∈ QME and
q H ∈ QH , if a message in the interface is processed by automation such that

δI

(( q

A

) (

, q H ) , m A = δ EA ( q A , m A ) , q H

) and m

A

∈ Σ M , only an automation state transition

occurs while a human state remained the same.
On the other hand, if a human processes a message such that δ I

(( q

A

, q H ) , mH

)

and m H ∈ MH , the state transition of the system can be more complicated than that of
automation due to a human state transition function γ H : QH × MΗ → ( T × QH ) . While a
*

state transition function of the automation model maps one state to another, a human state
transition function in the human model can generate several human states since the task
that a human can perform varies depending on human’s decision in response to a received
message. This decision on the task significantly affects a set of possible human states and
a system state is affected by the human tasks.

6.3.3.2 Message Transmission Function

The message transmission function primarily generates the next proper messages
to both the automation and the human based on received messages and current states of
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the automation and the human. Mostly, it generates sets of messages corresponding to
tasks in response to an input message to the interface. This function is important in terms
of mode confusion aforementioned. For example, if the interface sends a message to a
human regardless of a human state, the human may be confused about the system by the
message if the message is not expected by the human. Similarly, if a message is sent
from the interface to automation and the message is invalid to automation, it can not be
processed by automation. Therefore, this function can be used to determine if input
messages are valid or not. If a message transmission function for a received message is
not defined in the interface model, it can be inferred that the input message is invalid to
both automation and the human.
The interface not only monitors a state transition of a human and automation, it
also generates modified messages to the components if a certain degree of autonomous
capability is implemented with the interface. What information needs be provided to a
human and automation can also be regulated by this function. The amount and format of
information that is provided by the interface is also closely related with the message
transmission function.
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6.4 Example

6.4.1 Task Description

It is quite often that a part ( p ) needs to be reoriented for the next operation on a
machine. In that case, either a robot or a human can perform tasks for the part. The
proposed model in this chapter is used to describe an interaction occurred between two
agents, a robot and a human, during performing a simple reorientation task. For
illustration, a part-state graph and input, task, and output messages to automation and a
human are shown in Figure 6-7 and Table 6-1.
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Figure 6-7: Part-State Graph for Reorientation Task
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Table 6-1: Messages for a reorientation task
Automation ( Σ M )

Input messages

Human ( MH )

m00M = mh _ pick_mp

m00H = h _ pick_mp

m10M = mh _ rotate

m10H = h _ put_mh

M
m20
= mh _ put_mp

H
m20
= h _ rotate

m30H = h _ put_mp
H
m40
= h _ fixError

Task messages

m01M = pick_mp 2

m01H = pick_mp

m11M = mh _ rotate

m11H = put_mh

M
m21
= put_mp2

H
m21
= rotate
H
m31
= put_mp

m41H = fixError
m02M = mh _ pick_mp_ok

m02H = h _ pick_mp_ok

m12M = mh _ rotate_ok

m12H = h _ put_mh_ok
m13H = h _ put_mh_err

Output messages

M
m22
= mh _ put_mp_ok

H
m22
= h _ rotate_ok

m32H = h _ put_mp_ok
m33H = h _ put_mp_err
H
m42
= h _ fixError_ok

The input messages connecting nodes are formatted in the agent_action_location
form while prefix agent_ is omitted in task messages. For example, the mh_pick_mp
message represents that the a robot ( mh ) is required to pick a part from a machine ( mp ) .
The prefix h_ refers to a human. If a location of an action corresponding to a message can
be considered to be trivial, the suffix _location is omitted as observed in the message
mh_rotate and h_rotate. In this example, it is assumed that the robot makes no error and
that a human can fix human errors when he or she tries to resolve them.
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6.4.2 Automation

For the automation model, it is somewhat straightforward to define values of each
of tuple. The set of messages of automation is defined in Table 6-1 and other tuples are
defined as following:

QME = {( i, mp ) i = 0, 1, 8, 9} ∪ {( j , mh ) j = 2,… , 7} ∪ {( k , mp ) k = 1′, 2′,… , 16 ′} ,
q0M = ( 0, mp ) , FME = {( 9, mp )} ,

AE = {aM0 = pick, aM1 = rotate, aM2 = put} ,

δ EA ( ( 0, mp ) , m00A ) = ( 1, mp ) , δ EA ( ( 1, mp ) , m01A ) = ( 2, mh ) ,
δ EA ( ( 2, mh ) , m02A ) = ( 3, mh ) ,…, δ EA ( ( 8, mp ) , m22A ) = ( 9, mp ) , and
γ EA ( ( 0, mp ) , m00A ) = aM0 , γ EA ( ( 3, mh ) , m10A ) = aM1 , γ EA ( ( 6 , mh ) , m20A ) = aM2

Note that each action can be started only if preconditions for the action are found
to be satisfied. For each automation action, there are specific physical preconditions for it
such that ρ ai for aMi , i=1,2,3.
M

6.4.3 Human

For the human model, tuples are more complicated than those of automation since
human states are not described in the part-state graph.
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6.4.3.1 Set Human Tasks

In order to define desirable human tasks in this example, a human task model
needs to be constructed with elementary human actions. Human actions for the
reorientation task are as follows:
aH0 = pick ( p, {mp}) , aH1 = put ( p, {mh}) , aH2 = rotate ( p, {mp})
aH3 = put ( p, {mp}) , aH4 = fix _ error

Identification of elementary actions enables to define a set of desirable human
tasks based on the human task model as shown in Table 6-2. Based on the defined human
tasks, the set of human tasks (T ) are then defined as following:

T = {t Hi 0 ≤ i ≤ 8} ∪ {t H11 , tH31 , t H51 , t H71}

Table 6-2: Desirable Human Tasks
Desirable human tasks

Part state

(0, mp )

t H0 = aH0 ,
t H1 = aH0 ⋅ aH1 , t H11 = aH0 ⋅ aH1 ⋅ aH4
t H2 = aH0 ⋅ aH2 ,
t H3 = aH0 ⋅ aH2 ⋅ aH3 , t H31 = aH0 ⋅ aH2 ⋅ aH3 ⋅ aH4

( 3′, mp )

t H4 = aH2 ,
t H5 = aH2 ⋅ aH3 , t H51 = aH2 ⋅ aH3

(6 ′, mp )
(11′, mp )
(14′, mp )

t H6 = aH1
3
4
t 7H = aH3 , t 71
H = aH ⋅ aH

t H8 = aH4
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6.4.3.2 Set of Human States

Human states are defined by the number of human errors as discussed in Chapter
4. More specifically, a set of human state QH is defined as follows:

QH =

{( µ

L
E

}

)

, µ E0 0 ≤ µ EL ≤ n L ., 0 ≤ µ EO ≤ nO , where µ EL and µ EO are the number of

location errors and orientation errors, respectively, that can be committed by a human
when executing a task.
The maximum value of µ EL is assumed to be equal to the number of physical
equipment ( n L ) that human has access to in a system. The maximum value of µ EO is the
total number of constituent human actions that may cause orientation error in desirable
human tasks. In this example, however, the location error is not considered since the
reorientation task is assumed to be performed in a fixed location ( mp ) . Therefore, the set
of human states in this example is defined as follows:

{

}

QH = ( 0, µ EO ) µ EO = 0, 1

The upper bound for µ EO is set to 1 since only one orientation error can occur in
all the tasks which include the put action. An initial human state q0H is set to ( 0, 0 ) . It
should be noted that a human state is reset to the initial state when a human completes a
task and starts a new task.
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6.4.3.3 Other Tuples

The set of messages of human ( MH ) is defined in Table 6-1 . For the human
tasks, the transition function of a task is applied and state transitions are shown in
Table 6-3.

Table 6-3: Part State Transition δ HT (q M , t )
qM
t
t H0
t H1 , t H11
t H2
t H3 , t H31
t H4
t H5 , t H51
t H6
t 7H , t 71
H

( 0, mp )

( 3′, mp ) ( 6 ′, mp ) ( 11′, mp ) ( 14′, mp )

( 3′, mp )
( 3, mh )
( 6 ′, mp )
( 9, mp )
( 6 ′, mp )
( 9, mp )

( 3, mh )
( 9, mp )

t H8

( 3, mh )

( 9, mp )

Finally, the human state transition function is defined. Table 6-4 shows output of
the human state transition according to messages.

121

(

Table 6-4: Output of Human State Transition γ H q H , m
m

q

m00H

H

( 0, 0 )

(t
(t
(t
(t
(t
(t

0
H
1
H

3
H

H
m20

H
m30

) ( t , ( 0, 0 ) ) , ( t , ( 0, 0 ) ) , ( t , ( 0, 0 ) ) ,
, ( 0 , 0 ) ) , ( t , ( 0 , 1) ) . ( t , ( 0 , 0 ) ) , ( t , ( 0 , 1) ) .
, ( 0 , 1) ) ,
( t , (0, 1) ) .
, ( 0, 0 ) ) ,
, ( 0, 0 ) ) ,
, ( 0, 1) ) .
, ( 0, 0 ) ,

11
H
2
H

m10H

)

6
H

4
H

7
H

6
H

5
H

71
H

H
m40

51
H

31
H

( 0 , 1)

( t , ( 0, 0 ) )
7
H

6.4.4 Interface

For the interface, all the tuples are the same as in the automation model and the
human model except the two functions: state transition function and message
transmission function.
In this example, an interface at the initial state of a part and a human is considered
for simplicity of the illustration of the interface state change function. The state
transitions of the interface are obtained by the state transition function of the automation
model and the human state transition function of the human model as previously defined.
At the initial state of both automation q0M = ( 0, mp ) and a human q0H = ( 0, 0 ) , the
state transition function of the interface is defined as shown in Table 6-5. When a part is
waiting for being reoriented at state ( 0, mp ) and the input message m00A corresponding to
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the pick task is received by automation, the automation state changes from ( 0, mp ) to

(1, mp )

as specified by δ EA ( ( 0, mp ) , m00A ) = ( 1, mp ) in the automation model and the

human state remains unchanged since the human state function γ H ( ( 0, 0 ) , m00A ) is not
defined. However, if the message m00H is processed by the human, the part state and the
human state change in several ways as shown in the third column of Table 6-5.

Table 6-5: State Transitions of Interface at Initial State δ I

(Q

E
M

(Σ

M

× QH

)

× MH

( ( 0, mp ) , ( 0, 0 ) )

)

m00A

( ( 3′, mp ) , ( 0, 0 ) )
( ( 3, mh ) , ( 0, 0 ) )
( ( 3, mh ) , ( 0, 1) )
( ( 1, mp ) , ( 0, 0 ) )
( ( 6 ′, mh ) , ( 0, 0 ) )
( ( 9, mp ) , ( 0, 0 ) )
( ( 9, mp ) , ( 0, 1) )

For example, the first state transition from

( q′

M

m00H

(q

M
0

, q0H ) = ( ( 0, mp ) , ( 0, 0 ) ) to

, q′H ) = ( ( 3′, mp ) , ( 0, 0 ) ) in the third column represents a case that a human performs

only the pick task ( t H0 = aH0 ) without an error. The third transition from

( ( 3, mh ) , ( 0, 1) )

( ( 0, mp ) , ( 0, 0 ) )

to

refers to a case when the human puts a part to the mh after picking it

from mp with an orientation error while he or she performs the put task. This task
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corresponds to the task t H11 = aH0 ⋅ aH1 ⋅ aH4 that contains an error recovery action aH4 . If an
orientation error does not occur during the task, the transition should be from

( ( 0, mp ) , ( 0, 0 ) )

to

( ( 3, mh ) , ( 0, 0 ) )

as the second transition represents.

In this example, since all input messages have relevant task and output message as
specified in Figure 6-7, generation of output messages to input messages by the interface
is straightforward. For instance, at node 10′ , there can be two input messages to the
interface from a human. If a human puts a part to mh successfully, the interface receives
the message m12H , while it receives the message m13H if an error occurs. Depending on a
received message, the message transmission function of the interface is defined as
follows:

γI

(((10′, mp ) , (0, 0 ) ) , (ε , m )) = ( m , ε )

γI

(((10′, mp ) , (0, 1) ) , (ε , m )) = (ε , m )

H
12

H
13

M
10

H
40

The first function indicates that the rotate command ( m10A ) is sent to automation
after the human puts a part on mh . The second function specifies that the message ( m40H )
for the error recovery task ( t 7H = aH3 ) is sent to the human.
The message transmission function can be used to check if a received message is
valid or not. For example, the human should not receive the message m40H for the error
recovery task when the state of the human is q H = ( 0, 0 ) since the human does not
commit an error. In this case, the message m40H is invalid to the human, which means the
message m40H can cause human mode confusion in that the error recovery task is assigned
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to the human when he or she does not commit an error. It can be verified by confirming
that γ I

(( q

A

)

, ( 0, 0 ) ) , ( m A , m40H ) and δ EA ( q A , m A ) are undefined in the interface model.

Similarly, it also can be inferred that when the human state is ( 0, 0 ) , the message m41H
can not be sent to the interface either since the messages transmission
function γ I

(( q

A

)

, ( 0, 0 ) ) , ( m A , m41H ) is not defined in the interface model.

6.5 Chapter Summary

In this chapter, three key components in a human-automation interaction system
were described as agents that exchange messages. The system components that include
automation, a human, and the interface were modeled and their relationship was also
specified. First, the MPSG controller is considered an automation model. Second, the
human task model discussed in Chapter 3 was partly employed to represent messages of a
human. To construct the interaction model, a modified communicating finite automata
(CFA) was adopted. Based on the modified CFA, the interface model was described.
The model proposed in this chapter can contributes to establish framework of a
human-automation interaction by providing a structure specification and a formal
approach to describe the operational features of the structure from a control-theoretic
perspective. It can then enable system design and control schemes to be constructed in a
consistent way. Furthermore, the proposed model can be used to specify roles of an
interface and to assess a design of an interface as well.
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Chapter 7
IMPLEMENTATION

The previous chapters presented the models for the controllers, human tasks, and
the interface. This chapter describes the emulation of the models in a shop floor control
environment.
The remainder of this chapter is organized as follows. Section 7.1 describes the
shop floor system that is used as a testbed. Section 7.2 presents the main control system
components that include the supervisory controller called the BigE, the material handler
(MH) controller, the material processor (MP) controller, and the interface.

The

implementation specifics of the controllers and the interface for the human are
demonstrated in Section 7.3. Section 7.4 presents complex analysis of state space of the
control system. Finally, Section 7.5 summarizes this chapter.

7.1 System Description

7.1.1 Shop Floor Layout

As an example to illustrate the model described in this dissertation, a shop floor
control composed of three machines (MP1, MP2, and MP3), one robot (MH), and one
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load/unload port (BS) is shown in Figure 7-1. In this figure, a human material handler
(H) cooperates with the robot for material handling and transporting tasks. The parts in
the system can be handled by the robot (MH) or the human (H). Although there can be a
variety of human tasks related with material handling and transporting process, human
material handling tasks in this system are limited to pick, put, and move tasks for
simplicity of the implementation.

Human
material
handler (H)

MP3:Milling m/c

BS

MH:Robot
MP1:Turning m/c

MP2:Milling m/c

Figure 7-1: Shop Floor Layout

7.1.2 Control Scheme

To control the shop floor, a control scheme is proposed as shown in Figure 7-2.
Basically it is a simulation-based control framework.

In this work, three types of
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controllers are built that include the supervisory controller (BigE), the material handler
(MH) controller, and the material processor (MP) controllers. The MP and the MH
controllers communicate with physical equipment and the BigE controller supervises the
controllers and interacts with the human through the interface.

Manufacturing
Database

Simulation
(ARENA)

User interface

Supervisory
controller (BigE)

controller

MP1

controller

MP2

controller

MP3

controller

MH

AS/RS

Figure 7-2: Control Scheme

Based on a manufacturing database where process plans for parts are stored, the
simulation runs and communicates with the BigE controller by exchanging messages.
The messages contain a destination of the messages and related part information. These
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messages are transmitted to equipment controllers through the BigE controller and each
controller performs tasks based on received messages from the BigE controller.
When the human performs a task corresponding to a received message instead of
an equipment controller, the equipment controller recognizes the human task and reports
the result of the human task to the BigE controller. Depending of a consequence of the
human task for a part, the BigE controller sends a next message that is generated by the
simulation or interacts with a human through the interface if additional human tasks are
needed for the part.

7.2 Control System Components

7.2.1 BigE Controller

Figure 7-3 shows the part-state graph of the BigE controller of the system. The
initial state is specified as zero when a part enters the system and the final state of the part
is 51. The suffix ( sb ) in the first message represents a case when the message is sent
from the simulation ( s ) to the BigE controller ( b ) . Generally, the first letter and the
second letter in the suffix of a message between the BigE controller and equipment
controllers represent a source and a destination of the message, respectively.

The

material processor (MP) controller and the material handler (MH) controller are denoted
as m and t , respectively. Therefore, for example, message assign _ bt means that the
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assign message is sent to the MH controller ( t ) from the BigE controller ( b ) . For the

human material handler, the upper case H is used. In this case, a destination and a source
of messages are not included.
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Figure 7-3: MPSG of the BigE Controller
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Note that there exist available human tasks that include pick, put, and move tasks
at the vertex 7, 11, 19, and 37. Put another way, when a part arrives at the vertices, a
human material handler can perform human tasks. When a task is performed successfully,
the BigE controller receives the task_ok_H message where task represents a task that has
been completed by the human. For example, if the human performs pick task when a part
is at vertex 7, the BigE controller receives the

pick_ok_H message from the MH

controller and the part state changes to 8.
When a human error is detected by the equipment controller, the BigE controller
receives the task_err_H message. In this case, the BigE controller prompts a human to
handle the situation. This is done by sending the call_H messages to the human through
the interface as observed in the edge connecting vertex 52 and 53.

Based on the

information that is presented in the interface, the human fixes the error. If the error is
resolved, the part state goes to the next vertex. However, in a case that the location error
(e.g. move_err_H) is not resolved or an unknown human error is reported via the
unknown_err_H message as observed between vertices 53 and 52, the BigE controller

resends the call_H message to the human with updated information regarding the error.
In this work, it is assumed that an orientation error that may occur while the
human performs a task in one location is caused only once. For this reason, the messages
associated with the orientation errors such as the pick_err_H and the put_err_H messages
are not included in the edge connecting vertex 53 with 52. It means that once the human
is notified of an orientation error through the interface, the error is fixed by the human.
After a human resolve an error, the BigE controller receives a message depending on a

132
result of a human task associated with the error recovery and the part state changes to a
next state.
It should be noted that the human can abort a task when an error is reported as can
be seen in edge connecting vertex 53 and 54. When a human aborts a task, the part
number involved in the aborted task is deleted from the task lists of all the controllers.
This is done by sending the unassign message both to the MP controller and the MH
controller. When the abort_task_H message is received, the BigE sends the unassign_bm
message to the MP controller so that the part number can be deleted from the MP
controller task list. After that, the BigE controller sends the abort_task_bs message to the
simulation so that the part number is deleted from task list of both the MH controller and
the BigE controller. This procedure is shown at vertices 53, 54, 55, 56, and 21.

7.2.2 MH Controller

The material handler (MH) controller plays an important role in this research
because it is closely related with the human tasks and errors. Figure 7-4 shows the partstage graph for the MH controller.
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Figure 7-4: MPSG of the Material Handler (MH) Controller

The MPSG of the MH controller is built in a circular manner so that the controller
can be able to receive a variety of task commands at a certain vertex. It enables the controller
to respond to several situations flexibly. This structure enables a part state to return to an
original state to which the BigE can resend the task message to the MH controller.
In particular, when a material handling task is aborted by the human, the MH
controller needs to be able to delete the part number in the task list. This is done by
processing the unassign_bt message from the BigE controller. For this reason, the MPSG
of the MH controller is designed such that it can process the unassign_bt message
whenever this message is received after a part enters the MH controller.
In the MH controller, there are two important functions to be implemented. The
first function is to provide the human with information about a received message so that
the human can choose either to perform a task or to let the MH controller execute the
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task. Based on a human’s response, the MH controller either performs a task or does
nothing. In the latter case, the task is expected to be performed by the human. For
example, at vertex 6 in the part-state graph, there are two alternatives for the MH, the
move task or the do_nothing task. In this case, the MH controller requests the human’s

intent whether he or she performs the move task. If the response from the human is NO,
the MH controller performs the move task. If not, the controller does not perform the
physical task and monitors the human task. Therefore, the do_nothing task of the MH
controller is considered another type of the task that monitors the human task. This
decision logic to determine a task of the MH controller is shown in State_6() module in
Figure 7-5.

int CControlDoc::Scheduler() {
part_state = getPartState(index->value());
switch(part_state) {
.
.
.
case (6) :
switch(State_6(index, &BlackBoard)) {
case (1) :
assign_task = addTask(index->value(),T_move);
break;
case (2) :
assign_task = addTask(index->value(),T_do_nothing);
break;
}
.
.
.
}
}
int State_6(BB_QUINT *part_index, BLACKBOARD_ *BBoard)
{
if(HumanMonitor.intentTask == NO)
// 6 -> 7, task T_move
return(1);
if(HumanMonitor.intentTask == YES)
// 6 -> 13, task T_do_nothing
return(2);
}

Figure 7-5: Logic for Deciding Task for the MH controller
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If a task is performed by the human in response to an input message, the MH
controller should detect a result of the human task and send it to the BigE controller.
Depending on the outcome of the human task, it sends either OK or ERR message to the
BigE controller in the form of task_ok_H or the task_err_H messages.
For example, at vertex 13 in the part-state graph, the MH controller can send
different output messages depending on the result of the human task. When a human
performs the move task successfully, the message move_ok_H is sent to the BigE
controller. Otherwise, the message move_err_H message is sent. In the latter case, the
MH controller updates a file that specifies conditions to be met if the move task is to be
completed. This file is then used by the interface to check if a human resolves the error
when a human performs an error recovery task for the move task after the BigE controller
prompts a human to resolve the move error through the interface.
In Figure 7-6, the logic to determine an output message at vertex 13 is shown.
Although the state transitions are remained the same (from 13 to 3), the output messages
vary depending on the result of the human task. The HumanMonitor class implemented
in the MH controller not only requests the human’s intent to perform a task, but it also
detects a result of a human task. The MH controller sends an output message to the BigE
controller depending on a value of the moveOutcom variable.
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int CControlDoc::Scheduler() {
part_state = getPartState(index->value());
switch(part_state) {
.
.
.
case (13) :
switch(State_13(index, &BlackBoard)) {
case (1) :
assign_task = addTask(index->value(),O_move_ok_H);
break;
case (2) :
assign_task = addTask(index->value(),O_move_err_H);
break;
}
.
.
.
}
}
int State_13(BB_QUINT *part_index, BLACKBOARD_ *BBoard)
{
if (HumanMonitor.moveOutcome == OK)
// 13 -> 3, message O_move_ok_H
return(1);

}

if (HumanMonitor.moveOutcome == ERR)
// 13 -> 3, message O_move_err_H
return(2);

Figure 7-6: Logic for Logic for Deciding Output Message

7.2.3 MP Controllers

Figure 7-7 shows the part-stage graph for the material processor (MP) controller.
In this work, a human is assumed to interact only with the MH controller. Thus, the
MPSG of the MP is simpler than that of the MH controller.
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Figure 7-7: MPSG of the Material Processor (MP) Controller

The tasks of the MP include grasp, process, rotate, and release tasks. These task
commands are sent from the BigE controller. Since these tasks are assumed to be
performed only by the MP controllers, there is no message related with human tasks and
errors.
As pointed out previously, when the human aborts a certain task, the part number
needs to be deleted from the MP controller. For this reason, the MP controller is
designed to be able to receive the unassign_bm message when the MP controller waits a
message from the BigE controller as shown at vertices 3 and 6. However, when the MP
completes rotate task, the part can not be deleted which means a part should be processed
after it is rotated in the MP controller.
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7.2.4 Interface

The interface is employed to facilitate the communication between the BigE
controller and the human to handle abnormal situations caused by human errors or
unknown errors.

Basically, the interface receives error messages from the BigE

controller and then prompts and guides the human to resolve abnormal situations.
The interface is invoked when the call_H message is received from the BigE
controller. Figure 7-8 shows the order of message passing among the system components
related with a human error.

(5) Call_H

BigE
Controller (8) Feedback
(1) Task
message

(4) Error
detected

MH
Controller

Interface

(6) Error
information

(7) Resolve
error

(2) Task
(3) Human error

(2) Do_nothing
(4) Write Error Info (6) Read
Task Info

Figure 7-8: Interface for Human Error Handling

In this work, the interface for human error handling is separated from the
equipment controllers to improve modularity of the integrated controller. However, the
interface needs to read a file to establish specifications of the error recovery task in
response to the call_H messages from the BigE. The file that the interface refers to
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contains information about the error type and physical conditions to be met for
completion of the task. Whenever a human error is detected by the MH controller, this
file is updated.

7.2.5 Construction of Controller System

After all the part-state graphs (MPSG) of the system components have been
modeled, each controller is constructed. Figure 7-9 shows the procedure for constructing
the controllers.

Controller Graph
Controller.m
(Text description)
MPSG Builder
Default files
Controller.h

Controller.cpp

Controller.sch

Visual C++ compiler

Controller Application

Figure 7-9: Construction of the BigE Controller based on a Part-state Graph
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For a given part-state graph, a text file that describes the graph is generated that is
the input to the MPSG builder. The automatically generated text files of each controller
are presented in Appendix A. It specifies the initial and the final vertices and classifies
the edges into three types: input, output, and task edges. The MPSG Builder parses the
text file and generates three files: a header file, a C++ source file, and a C++ schedule
file.
Each controller (MH, MP1, MP2, and MP3 controller), the simulation, and the
interface that compose of the shop floor control system are connected by a router that
transmits the messages among the controllers.

7.3 Demonstration of System Operations

7.3.1 Sensory Instrumentation and Errors

In this work, the sensory instrumentation plays an important role in monitoring
the human tasks since the results of human tasks are mostly determined by sensory data.
Figure 7-10 depicts the structure of the sensory instrumentation employed in this
implementation. The sensors change states based on certain external events. A 48
channel digital input/output (I/O) board that can read TTL level ( ± 5 Volts, low current)
input signals form external devices is used to connect between sensors and a computer.
The channels are initially set to at HIGH state and change their state to LOW if the
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channel is grounded. Since all the channels are also set to HIGH in the I/O board, the
changed state of the channels connected to sensors can be detected by the I/O board. The
signals on the I/O board are read by the computer.

PCI Bus

part

Equipment
Controller

I/O Board
I01
I02
I03

Buffer
(Top view)

part

Proximity
Sensor

part
GND

Buffer
(Side view)
Proximity
Sensor

Figure 7-10: Sensor Installation on a Buffer

Two sensors are installed in a buffer to detect the results of the human tasks. The
sensors installed in the bottom of the buffer are used to detect whether a part is moved to
the correct destination or not and the sensors in the side are used to determine if a part is
oriented correctly. Whenever a part is put in a buffer, the sensors in the bottom recognize
the presence of the part. However, signal from the sensor in the side should be received
to ascertain that the part is also loaded correctly. In this way, two types of the human
errors that are classified into the orientation error and the location error as discussed in
Chapter 3 can be identified.
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Even though a variety of unknown errors of a human can be defined depending on
a system, in this implementation, the unknown error is defined as a time over error. More
specifically, if no signal is detected for a certain amount of time from any sensors when a
human performs a task, it is assumed that an unknown error occurs.

7.3.2 Simulation

In this work, the simulation model exchanges messages with the BigE controller.
Figure 7-11 shows a part of blocks of the simulation model that is constructed with the
ARENA. In this work, the ARENA simulation model sends messages to the BigE
according to the process plan that is stored in the database (MS Access). When the
simulation sends messages and receives expected messages from the BigE, it sends the
next messages as specified in the process plan.

Figure 7-11: Simulation Model for Passing Messages to the BigE Controller
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The simulation model should be able to response to the abort_task_H message
from the BigE controller whenever the human aborts a task. When the abort_task_H
message is received, the simulation drops the part associated with the aborted task from
the model after it send the unassign_mt_sb message to the MH controller so that the part
is deleted from the MH task list.

7.3.3 The BigE Controller

The main functionalities of the BigE controller are to communicate with the
simulation model, to supervise the equipment controllers by exchanging messages, and to
interact with the human through the interface when a human error is reported.
Figure 7-12 shows the constructed BigE controller when a part state is at vertex
11 in the BigE part-state graph. At this vertex, the expected input messages are the
messages move_ok_tb, move_ok_H, and move_err_H from the MH controller. Unless the
BigE controller receives the move_err_H which means the human move task is not
completed successfully, the BigE controller reports the result of the task to the simulation
and receives the next command. However, if a human error occurs during the move task
and the move_err_H message is received, the BigE invokes the interface by sending the
call_H message to prompt the human to resolve the error.
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Figure 7-12: BigE Controller at Vertex 11

7.3.4 MH Controller

The MH controller not only performs material handling tasks, it also detects
human tasks and errors based on the signals from the sensors installed in a buffer.
Figure 7-13 shows the MH controller when a part is at vertex 3 in the part-state graph of
the MH controller.
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Figure 7-13: MH Controller at Vertex 3

If the MH controller receives a task command from the BigE controller and the
task can be performed by a human, the MH controller requests the human’s intention to
perform the task. Figure 7-14 shows a case that the MH controller receives the move_bt
message from the BigE. Upon receiving the messages, the MH prompts human to decide
whether he or she performs the move task or not. The response from the human is
assigned to the value of the HumanMonitor.intentTask variable that is discussed in the
previous section. Finally, either the human or the MH controller performs the move task
depending on the value (YES or NO).
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Figure 7-14: Request for Human’s Intention to Perform a Task

When a human error is detected by the MH controller, it sends a corresponding
error message to the BigE controller and updates information about the error and the task
completion condition stored in the file.

7.3.5 MP Controller

The MP controller built based on the part-state graph of the MP is shown in
Figure 7-15.

Since it is assumed that a human is not allowed to perform material

processing tasks, the MP controller exchanges messages only with the BigE controller.
For this reason, any messages related with human tasks and errors are not displayed in the
MP controller.
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Figure 7-15: MP Controller at Vertex 6

7.3.6 Interface

When the BigE controller invokes the interface, the information relevant to the
error that is reported from the MH controller is provided to the human so that the human
can respond to the situation. The information includes the input message from the BigE
controller, part number, state, error types, and part location(s) involved in an error as
shown in Figure 7-16.
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(a) First Location Error

(b) Second Location Error

Figure 7-16: Graphical Interface for a Location Error

As can be observed in Figure 7-16, the number of occurrences of location error is
displayed in the interface, and whenever the human commits a location error, the number
increases by one. For example, for the move task that moves a part from a source (MP1)
to a destination (MP2), if a human moves the part to MP3 at the first trial, the number of
location error is displayed as one. At the next trial, if the human fails to move to the
correct destination and moves to BS, the number of location errors is increased to two.
Note that the first human location error is detected by the MH controller, and the second
one is monitored by the interface. Therefore, the number of error occurrence in the
interface is always more than zero.
In the interface, both previous two part states and a current state in the part-state
graph of the BigE controller are displayed for better understanding of a human about the
part state. In the Figure 7-16a, it can be inferred that the move error has occurred while a
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human performs a move task at vertex 11, thus the number of error occurrences is one.
On the other hand, Figure 7-16b shows that the location error has occurred after a human
has already committed the error since the previous two states are 53 and 52.
If an unknown error occurs, the interface resends the call_H message to the
human with unknown_err_H messages displayed in the interface. Figure 7-17a shows a
case that an unknown error occurs after one location error has been already reported.
This case happens when no response from the human is received for a certain length of
time (e.g., 2min.) after the human has been notified of an error. Note that even an
unknown error occurs information about an error previously reported from the MH
controller is unchanged, enabling the human to obtain the information by clicking the
Task Help button.

When the human is called by the interface and if he or she decides to abort the
task by clicking the Abort button, the interface alerts the human about the task abort as
shown in Figure 7-17b. If a task is aborted by a human, the abort_task_H message is
sent to the BigE controller so that the part numbed can be deleted from all the equipment
controllers.
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(a) Human unknown error

(b) Task abort

Figure 7-17: Graphical Interface for Unknown Error and Task Abort

7.3.7 Limits of Implementation

Even though the constructed controllers are integrated and emulated, there are
identified limits in the implementation. The first is related with the specification of the
human unknown error. In this implementation, it was simply defined as no human
response for a certain amount of fixed time. It can be further extended to various human
activities that can affect system run regardless of human tasks. Also, the unknown error
is assumed to be caused only when the human performs a task after human errors have
been reported. Whenever the human performs a task before errors occur, he or she may
not complete the task for a long time. This case can be also considered an unknown
error. However, since the length of time that determines an unknown error can vary
depending on human performance, this issue needs sophisticated consideration.
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Secondly, in this implementation, parts of which task is aborted are deleted from
the task list of system components. Reentering these parts to the system needs to be
considered for the implementation to be more realistic since they can be considered
work-in-process (WIP) that has been partly processed. A methodology to address this
aspect is desirable.
And last but not least, different specifications on the human tasks and errors needs
to be considered as shall be discussed below. It is related with relaxing the assumption
on human errors in terms of the maximum allowed number of both types of human errors.
In reality, since the human can commit a same error repetitively, the controller needs to
accommodate this aspect. In this implementation, it was assumed that the human is
required to resolve the error once an error has occurred without resending the task
message to an equipment controller. However, if the equipment controller can perform
the task repetitively, improvement of the system performance can be expected.

7.3.8 Possible Variations of BigE Controller

There are several identified possible variations of the BigE controller according to
changes of operational strategy. When the specification of human tasks in terms of the
maximum number of allowed human errors, the BigE controller needs to be modified
while other controllers remain the same as initially built.
For example, if multiple orientation errors while performing the put task are
considered, the original BigE graph partly changes as shown in Figure 7-18.
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Figure 7-18: Variation of the MPSG of the BigE (1)

In a case when the human commits an orientation error while performing the put
task for the first time, the MH controller detects the error and sends the put_err_H
message to the BigE controller as specified between vertex 19 and 52 in the BigE partstate graph. After the BigE controller receives the error message, it notifies the human of
the situation through the interface as specified between vertex 52 and 53. In this manner,
the human can try to perform the put task again to fix the error. Since the original BigE
controller assumes that the orientation error can occurs only once, the message put_err_H
in the edge connecting vertex 53 to 52 is not included, which means that the human is
assumed to resolve the error once he or she is notified. However, in Figure 7-18, the
human can have multiple chances to resolve the error since the BigE controller resends
the call_H message to a human repetitively unless the error is fixed or the task is aborted.
On the other hand, to enable the BigE controller to resend the put task message to
the MH controller after the human fail to complete the put task, the MPSG of the BigE
controller is modified as shown in Figure 7-19.

The modified BigE controller in
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Figure 7-19 contains the edge that receives the put_err_H message from a human through
the interface so that the state transition from 53 to 18 can be possible. This state
transition has the same impact as the BigE controller resends the task message to the MH
controller after the human fails to complete the put task twice. This functionality can be
used to train the human to learn about the task. As aforementioned, a circular design of
the MH controller then can receive a same task message even after the MH controller has
performed the task.
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Figure 7-19: Variation of the MPSG of the BigE (2)

7.4 Complexity Analysis of State Space

In this implementation, the human is assumed to resolve a detected error with
information provided by the interface. The implemented control system is emulated with
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the assumption that the human commits orientation errors only once for the each pick and
put task and location errors at most twice for the move task.

For the controller to be

realistic, it is desirable to address the cases that the human can commit an error for a task
repetitively. For example, after the human picks a part and he or she may move to a
wrong location that has been previously visited while performing a same task, which is,
however, not the case in this implementation.
Running experiments with human subjects in a real system is desirable to estimate
how the human repetitive errors affect the controller. In this dissertation, the complexity
analysis of state space of the controller in terms of human tasks and errors is conducted
instead of running real experiments. The result can provide an upper bound for impact of
human repetitive errors on the controller. More specifically, the maximum number of
human trials to complete a task in consideration of repetitive errors can be specified as
shown in Figure 7-20.

Number of human trials = n
i

task

i+1

task_ok_H

i+2

task_err_H
Number of human trials = n+1

Figure 7-20: Repetitive Human Errors
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7.4.1 Repetitive Orientation Error

If the assumption on a single orientation error is relaxed to consider repetitive
orientation errors, the number of the interactions between the human and the interface
increases. It is directly related with the human trials to complete a task. Since the human
can perform the same task repetitively to complete the task with same orientation errors
for the task, the number of human trials increases.
If mre repetitive orientation errors are considered for a task, the maximum number
of human trials for the task is ( mre + 1) + 1 . For example, when a human performs the put
task and no repetitive error is assumed ( mre = 0 ) , the human can perform the task at most
twice in which case the human resolves the error in the second trial. For a case that the
human is allowed to commit a same error one more time ( mre = 1) , the human can try to
complete the task three times, in which case an orientation error occurs again after he or
she commits the error two more times. Therefore, it can be inferred that the state space in
terms of the number of human trials in completing a task in consideration of repetitive
orientation errors grows linearly.
In addition to the orientation errors, the unknown errors for a task need to be
considered. While the human performs a task, the unknown error can occur if the
response for the human task is not reported for a certain length of time. In every time
interval, the controller considers no response an unknown error. In this case, the number
of human trials increases due to the additional error type (unknown error) in a task.
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In general, if there are k error types that can be caused in a task and mrei
repetitions for error type i, i = 1,… , k are allowed, the maximum number of human trials

(U ) for the task is calculated as following:
O
Trial

U

O
Trial

(m

1
re

2
re

k
re

, m ,… , m

k

) = ∑ (m
i =1

i
re

+ 1) + 1

Figure 7-21 shows the growth of the number of human trials brought by repetitive
human orientation errors for a task. The analysis is conducted for two cases. The first
case considers only repetitive orientation errors (# of error types =1) and the second case
includes the unknown errors (# of error types =2) with same repetitions ( mre1 = mre2 ) .
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Figure 7-21: Growth of Human Trials for Orientation Task
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As can be observed in the graph, the number of human trials grows linearly as the
number of error repetition is increases. Furthermore, the growth rate also increases in a
linear way as the number of error types increases.
In this implementation, there are two human tasks (pick, put) that can be
performed in a fixed location. For the system, the complexity analysis of the human
trials is conducted in consideration of repetitive orientation errors and unknown errors.
For example, if the numbers of repetitive errors for the pick task and the put task error are
assumed to be two and three, respectively, and the maximum number of repetitive
unknown errors is two, the maximum number of human trials for the two tasks is as
follows:
O
For the pick task, U Trial
( 2, 2 ) = ( 2 + 1) + ( 2 + 1) + 1 = 7 , and
O
for the put task, U Trial
( 3, 2 ) = ( 3 + 1) + ( 2 + 1) + 1 = 8 .

Table 7-1 shows the maximum number of human trials depending on the number
of repetitive errors for each error type.
Table 7-1: Human Trials for Orientation Task (pick, put)

Unknown
error

repetitions
0
1
2
3
4
5

0
3
4
5
6
7
8

Orientation error
1
2
4
5
5
6
6
7
7
8
8
9
9
10

3
6
7
8
9
10
11

4
7
8
9
10
11
12
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7.4.2 Repetitive Location Errors

The location error is closely related to the number of pieces of equipment that the
human can access to in the system. If the human is required to move to a certain location
among k ≥ 2 pieces of equipment that he or she can access, the number of wrong
locations is k − 1 including a current location of the human. In this case, the maximum
number of human task sequences is ( k − 1) ! on assumption of no revisit to a wrong
locaiton. If multiple revisits to a wrong location are considered, the number of human
task sequences increases since the revisits have the same impact that increases the
number of wrong locations within a system.
Consider a case where the human is required to move from location u to v

(u ≠ v )

in a system where there are k ≥ 2 pieces of equipment that the human has access

to and nrei revisits are assumed to a wrong location i, i = 1, 2,… , k . When the human
begins a move task in location u , he or she can move to the wrong location
w, w ≠ v among k − 1 locations at the first trial. From the location w , the human can

again move to another wrong location that can possibly be the initial location u . As long
as the human revisits a certain location i, i ≠ v less than nrei times, he or she can move to
the i location repetitively as shown in Figure 7-22.
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Figure 7-22: Human Repetitive Location Errors (location, # of revisits)

L
In this case, the maximum number of human move sequences (U Seq
) is calculated

as follows:
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Figure 7-23 shows the growth of the number of human task sequences in
accordance with multiple revisits to a wrong location. As can be observed in the graph, as
the number of revisits to a wrong location increases, the maximum number of task
sequences is considerably affected.
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Figure 7-23: Growth of Human Task Sequences for Location Task
From the controller perspectives, the number of human trials is more important
than the maximum number of human task sequences since it determines the interaction
between the human and the interface that is one of main functions of the controller.
Whenever the human performs a task, the controller needs to monitor the result of the
task and invoke the interface to provide the human with relevant information. In this
case, the impact of the sequence of human tasks can be trivial to the controller.

More

specifically, the number of interactions between the human and the controller through the
interface does not depend on the sequence of human tasks. Rather it is affected by the
number of human trials for a task.
For a move task in the system from location u to other location v and allowed
number of revisits for location i, i = 1, 2,… , k is specified as nrei , the maximum number
L
of human trials (U Trial
) for the task is obtained as follows:
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k

L
U Trial
( nre1 , nre2 ,…, nrek ) = ( k − 1) + ∑ nrei
i = 1,
i≠v

Figure 7-24 shows a growth of the number of human trials brought by repetitive
human locations errors. From the graph, it can be observed that the number of human
trials for completing a task that requires the human to move to a correct location grows in

# of human trial

a linear way as the number of allowed revisits to the wrong location increases.
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Figure 7-24: Growth of Human Trials for Location Task (1)

The number of allowed revisits to the correct location ( v = 2 ) does not affect to
the number of human trials since the task is completed only if the human move to that
location. Otherwise, the number of human trials increases linearly depending on the
different number of revisits to a wrong location. Figure 7-25 shows that linear growth of
the number of human trials with multiple revisits to the wrong location.

162

Human Trials vs. Same number of Revisits to Wrong Location
(k =4)
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Figure 7-25: Growth of Human Trials for Location Task (2)

7.5 Chapter Summary

In this chapter, the implementation specifics and demonstration of the system run
were presented. The description of the shop floor system and the control scheme was
presented, and then the methodologies for the construction of the system components that
include three types of the controllers (BigE, MH, and MP controller) were discussed. The
MPSGs of each controller were provided and the relationship between the BigE
controller and the interface was emphasized. To detect the human tasks and errors, the
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sensory instrumentation was described with an I/O board that communicated with the
MH controller and the interface that run on computers.
Based on the MPSGs, the developed controllers were presented and the
functionalities were discussed. The interface implementation that provides information
related with human errors was demonstrated. Identified limits of the implementation and
suggested extensions were also presented.
Instead of running experiments with human subjects, the implemented shop floor
control system was analyzed in terms of the maximum number of human trials for a task.
It can be used as an upper bound for the number of interactions between the human and
the controller. Based on the analysis, it was identified that the human trials increases in a
linear way as when repetitive human errors are considered.
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Chapter 8
CONCLUSIONS

This chapter concludes the dissertation and discusses the contributions of this
research. Possible future directions for extending the work presented in this dissertation
are also discussed. Section 8.1 summarizes the research conducted in this dissertation.
The research questions discussed in Chapter 1 are also reviewed in this section. Section
8.2 presents the research contribution from a control and human factors point of view.
Finally, Section 8.3 discusses possible extensions to this research as future work.

8.1 Research Summary

Computer Integrated Manufacturing (CIM) Systems have been regarded as one of
important key factors in manufacturing. Significant work on automated equipment and
computerized control systems has been conducted. The ultimate goal herein has been to
realize manufacturing systems without human intervention. In the meantime, it has been
widely reported that neglect of human factors in a system contributes to letdown of
automated manufacturing systems and that the human is a critical component in
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integrating complex systems, which led to a concept of Computer Human Integrated
Manufacturing (CHIM) Systems.
Material handling tasks are considered important operations in most
manufacturing systems. Considering complexity of the material handling processes,
human can be regarded as a vital component that can provide more flexible and
intelligent material handling procedures.
In this research, a formal model for control and analysis of human involved
computer integrated manufacturing systems was presented. More specifically, a shop
floor control system where a human material handler is involved was considered to
address the research questions presented in Chapter 1.

8.1.1 Communication Protocol

To establish a communication protocol between controllers and humans, a formal
human task model was constructed in a hierarchical structure in this research. Based on
the human task model, human activities within a manufacturing system are formally
represented so that computerized controller can recognize human tasks. Methodologies
for categorizing human material handling tasks were also presented. Moreover, the
proposed human task model was used to quantify a degree of human involvement in a
system.
Human errors play an important role in determining part flow and the number of
human trials to complete a task. For this reason, a human error model associated with
material handling tasks was presented. For tasks that can be completed in a fixed
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location, the orientation error is defined. The location error is defined for tasks that
require a human to find a certain location. The human error model served to represent a
human state in performing a task. The number of two types of errors was used to
represent a degree of progress of a human task toward completion.

8.1.2 Control of Human-involved Computer Integrated Manufacturing System

To integrate a human in a control system, the controller should be able to accept
inputs from both an automated controller and a human. For this purpose, the original
MPSG control model was modified so that the controller can generates proper outputs in
response to the inputs from a human. The input set of the MPSG controller was extended
to include human tasks in addition to controller actions. To do so, the part-state graph is
extended to include messages associated with the human activities. In addition to this,
the representation of a part state was extended to consider a location of a part within a
system so that it can represent impact of the human material handling task.
In particular, the state transition function of the MPSG controller was modified to
accommodate part state transitions brought by human tasks. The human task transition
function is included in the state transition function of the extended controller. Thus, the
extended controller can keep track of a part state and issue proper output messages to
both other controllers and humans. In addition to modification of the state transition
function, the controller action transition function was also extended to consider a human
state in issuing controller action that also extended to include human-assisted error
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recovery action. This action is usually executed by human with information provided by
the controller through the interface.

8.1.3 Impact of Human on Control System

The system can be considerably affected by human involvement. In this research,
the impact of human on the control system was investigated from two perspectives.
First, part flow complexity analysis was conducted. This is important in this work
since the system control is exercised based on the part flow. As the human performs
material handling tasks in the system, the part flow path was identified to change mostly
depending on human’s decisions on task composition. It changes dynamically if a human
performs an extended task that consists of several human actions since an extended task
has more impact on a part state in the part-state graph than a basic task. In terms of the
human errors associated with a human task, the error type defined as location errors was
found to be an important factor that influences part flow.
Second, the impact of human repetitive errors on the control system was
investigated. When same errors for a task occur repetitively, the number of human trials
to complete the task was identified to increase in a linear way. A human interacts with the
controller whenever he or she performs a task. Therefore, the control complexity brought
by human repetitive errors increases in a linear fashion.

168
8.2 Research Contributions

Manufacturing industry is the backbone of the nation’s economy and serves to
sustain employment bases. For this reason, research on manufacturing systems has
significant impact on national economy.

Especially, manufacturing system control

aspects play an important role in designing and running systems in an efficient and
effective way.
As pointed out in Chapter 1, as a high degree of automation is achieved with rapid
development of computer technologies, the way a human works in a system has
drastically changed. For this reason, design of an efficient and effective human-machine
interaction system has been considered an important issue from human factors
perspectives.
Contributions from this research are related to both the field of manufacturing
engineering and human factors. The work provides a formal modeling methodology for
manufacturing systems into which a human operator is integrated as a task-performing
agent, enabling:
•

complexity analysis of the system with respect to the types of tasks and errors
of a human operator,

•

providing a communication framework between humans and manufacturing
systems,

•

providing functional specification for the controller and the interface,
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•

providing guidelines of system requirements in term of physical equipment and
sensors installation for effective communication between a human operator and
automated manufacturing systems, and

•

design framework for task allocation between human and machine.

More specifically, when a shop floor system is designed, specific tasks of each of
automated resources and humans should be determined properly. If a certain series of
tasks are identified to be difficult to be automated and the task allocation of these tasks to
a human operator is desired, this research can be used to predict the complexity of both
the automation and the human based on the task model proposed in this research.
If a human operator model is incorporated into an existing system model, design
and allocation of tasks can be improved, since the characteristic of tasks which affect the
complexity of the overall system can be analyzed in terms of the human involvement
with the research model. Therefore, this research can be used to estimate the complexity
of a new or an existing system when a human operator is considered.
This research focused on a formal and quantitative approach to model human
tasks within a manufacturing shop floor rather than a conceptual framework. Unlike
models that depend on human-in-the-loop experimentation, formal models enable
researchers to investigate the capability of the system over a broad range of parameter
values. This benefit has a broader impact on the development of interfaces for human use
because it allows designers to probe the model to gain a better understanding of how
functions allocation should vary based on workload changes. Thus, the models proposed
in this research can be applied to build and implement a system in a real manufacturing
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system. It can then provide an important basis for further research in both manufacturing
system engineering and the human factors. Also this can be extended to investigate how
human should be trained to improve productivity.
Although only the human material handling tasks were considered in this
research, other human tasks such as material processing or assembly tasks can also be
modeled with the model constructed in this research. Furthermore, the complexity of the
system increases linearly even if other human tasks are considered.
The control model constructed in this research incorporates human into the
computerized control system and can be considered as a controller that can accommodate
nondeterministic state transitions. The transition function of the control model in this
research returns a set of zero, one or more states while the conventional controller returns
only one state. Therefore, the power of a nondeterministic finite automaton (NFA) can
be realized by the human-involved control model developed in this research.

8.3 Future Work

A further direction of this research is to address issues in terms of the human
performance evaluation. To measure human performance, it is necessary to establish a
valid user model to depict the human-machine system. Using the proposed framework,
one can next investigate the impact of relaxing the assumption on human errors so that a
more accurate depiction of human interaction (sans the well-motivated caveat) can be
used to measure system performance. To construct an accurate user model, empirical
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analyses with human subjects are needed. In this case, there are several questions to be
addressed. How “well-motivate” can be quantified, and what happens when humans are
not well-motivated need to be considered. Moreover, how the human can be motivated to
perform seemingly menial tasks remains an important question.
From the implementation point of view, careful consideration should be taken for
the safety issue. In addition to check physical preconditions for the machine operations,
the safety for the human should be guaranteed at all times during system operation. For
this purpose, a variety of ground sensors and proximity sensors that monitor humans’
status can be employed.
The efficiency of the system might also be improved by adjusting the each
equipment controller to dynamically changing situations incurred through human
interaction. To achieve this, there is a certain need for developing formal models of selfadaptive and learning control systems that can efficiently integrate and collaborate with
humans.
The temporal issue is also importance in terms of human performance
measurement. Usually, each operation has predetermined processing time when it is
assumed to be executed by automated equipment. However, if the operation is executed
by the human operator, the time spent to complete it varies depending on the human
performance. The evaluation framework for measure the extent of the human
involvement can be improved with consideration of the temporal issue.
It should be noted that only the human operational tasks are considered in this
research from the control perspectives. Human supervisory tasks such as monitor and
report are important in the system where a human is involved. Especially, in this work
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the interface has no capability to accept human’s supervisory tasks. It only displays a
certain situation and requires the human to response to the situation since a human is
considered to be passive to a situation. If human operator in a system is considered both
supervisor and operator, the interface should be modified to allow the human to intervene
the system run and the BigE controller should be capable of accommodating the
intervention from the human. In this way, the control system can operate the physical
system in a more efficient and effective way with benefits of the human intelligence.
This dissertation mainly focused on the building of shop floor control model that
are capable cooperating with a human material handler in a system. However, human
activities in other human-involve systems can to be considered since most of systems are
operated in a human-machine interactive way. Workflow in the e-commerce can be
considered an example of human-involved processes that humans interact with an
automated process. The extension of this research can be utilized to model this process.
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Appendix A
GENERATED MPSG FILES

%% definitions
%class
%object
%output
%states
%in
%out
%tasks
%final
%assign
%%

BigE
BigE
BigE
57
35
24
1
51
part_enter_sb

%% in arc transitions
55 unassign_ok_mb56
53 abort_task_H 54
53 unknown_err_H 52
53 move_err_H 52
53 pick_ok_H_38 38
53 put_ok_H
20
53 move_ok_H 12
53 pick_ok_H_8 8
48 unassign_ok_tb 49
21 unassign_mt_sb 47
46 put_sb
17
44 unassign_ok_mb 45
13 unassign_mp_sb 43
41 release_ok_mb 42
39 release_sb
40
37 pick_ok_H 38
37 pick_ok_tb 38
32 pick_sb
36
32 proc_sb
29
27 clear_ok_tb 28
25 clear_sb
26
34 rotate_ok_mb 35
32 rotate_sb
33
30 proc_ok_mb 31
25 proc_sb
29
23 grasp_ok_mb 24
21 grasp_sb
22
19 put_err_H
52
19 put_ok_H
20
19 put_ok_tb
20
17 put_sb
18
15 assign_ok_mb 16
13 assign_mp_sb 14
11 move_err_H 52
11 move_ok_H 12
11 move_ok_tb 12
9 move_sb
10
7 pick_err_H
52
7 pick_ok_H
8
7 pick_ok_tb
8
5 pick_sb
6
3 assign_ok_tb 4
1 assign_mp_sb 18
1 assign_mt_sb 2
0 part_enter_sb 1
%%

%% out arc transitions
56 abort_task_bs 21
54 unassign_bm 55
52 call_H
53
49 unassign_ok_bs 50
47 unassign_bt 48
45 unassign_ok_bs 46
43 unassign_bm 44
42 release_ok_bs 9
40 release_bm 41
38 pick_ok_bs 39
36 pick_bt
37
28 clear_ok_bs 25
26 clear_bt
27
35 rotate_ok_bs 25
33 rotate_bm
34
31 proc_ok_bs 32
29 proc_bm
30
24 grasp_ok_bs 25
22 grasp_bm
23
20 put_ok_bs
21
18 put_bt
19
16 assign_ok_bs 17
14 assign_bm
15
12 move_ok_bs 13
10 move_bt
11
8 pick_ok_bs
9
6 pick_bt
7
4 assign_ok_bs 5
2 assign_bt
3
%%
%% task arc transitions
50 delete
51
%%

Figure A-1: MPSG File for the BigE Controller
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%% defin itions
%class
%object
%output
%states
%in
%out
%tasks
%final
%assign
%%

MH
MH
MH
17
6
13
7
16
assign_bt

%% in arc transitions
3 unassign_bt
14
3 put_bt
10
3 clear_bt
8
3 move_bt
6
3 pick_bt
4
0 assign_bt
1
%%
%% out arc transitions
15 unassign_ok_tb
13 move_err_H
13 move_ok_H
12 put_err_H
12 put_ok_H
12 pick_err_ H_38
12 pick_err_ H_8
12 pick_ok_H
11 put_ok_tb
9 clear_ok_tb
7 move_ok_tb
5 pick_ok_tb
2 assign_ok_tb
%%

16
3
3
3
3
3
3
3
3
3
3
3
3

%% task arc transitions
14 unassign
15
8 do_nothing
13
6 do_nothing
13
10 do_nothing 12
4 do_nothing
12
10 put
11
8 clear
9
6 move
7
4 pick
5
1 assign
2
%%

Figure A-2: MPSG File for the MH Controller
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%% defin itions
%class
%object
%output
%states
%in
%out
%tasks
%final
%assign
%%

MP
MP
MP
18
6
6
6
17
assign_bm

%% in arc transitions
14 unassign_bm
6 release_bm
11 proc_bm
6 unassign_bm
6 rotate_bm
6 proc_bm
3 unassign_bm
3 grasp_bm
0 assign_bm
%%

15
12
7
15
9
7
15
4
1

%% out arc transitions
16 unassign_ok_mb
13 release_ok_mb
10 rotate_ok_mb
8 proc_ok_ mb
5 grasp_ok_mb
2 assign_ok_mb
%%

17
14
11
6
6
3

%% task arc transitions
15 unassign
16
12 release
13
9 rotate
10
7 proc
8
4 grasp
5
1 assign
2
%%

Figure A-3: MPSG File for the MP Controller

VITA
Dongmin Shin
Dongmin Shin was born on May 5th, 1971 in Seoul, Korea. He earned his
Bachelor of Science degree from the Hanyang University, Seoul, Korea in 1994 and his
Master of Science degree in Industrial Engineering from the Pohang University of
Sciences & Technology (POSTECH) in 1996.
Before he joined the Pennsylvania State University, he has held an engineering
research position at a Namyang R&D Center in Hyundai Motors in Korea.
His is a member of IEEE and ASME.

Journal Articles:
•

D. Shin, R.A. Wysk, and L. Rothrock, “A Formal Model of Human MaterialHandling Tasks for Control of Manufacturing Systems,” IEEE Transactions on
Systems, Man, and Cybernetics, Part A: Systems and Humans. In Press.

•

D. Shin, R.A. Wysk, and L. Rothrock, “An Investigation of a Human Material
Handler on Part Flow in Automated Manufacturing Systems,” IEEE Transactions
on Systems, Man, and Cybernetics, Part A: Systems and Humans. Submitted.

Selected Conference Proceedings:
•

D. Shin, R.A. Wysk, and L. Rothrock, “A Formal Modeling and Analysis of
Human Task-performing Process in Manufacturing Systems with Human Task
and Error classifications,” ASME International Mechanical Engineering
Congress, Anaheim, CA., U.S.A., 2004.

•

D. Shin and R.A. Wysk, “A Simulation Model of Human-involved Computer
Integrated Manufacturing Systems (Hi-CIM) with a colored Petri net model,” The
8th World Multi-Conference on Systemics, Cybernetics and Informatics, Orlando,
FL., U.S.A., 2004.

