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ABSTRACT
Control of human-centered systems is a challenging problem because of the
critical role of humans in complex systems, and of the human’s capability of executing
unanticipated actions – both beneficial ones as well as detrimental ones. When modeling
human-involved systems where a human operator is considered a crucial system
component, it is necessary to consider model complexity that increases significantly due
to a human’s non-deterministic behavioral patterns. From the perspective of the temporal
and physical state domains, human behaviors usually are limited by attention and
resource constraints, which come from both resource accessibilities in a certain moment
of time, and human/resource constraints such as size and weight.
In order to provide a systematic approach to represent human participation as a
part of system operations, this research presents a formal automata model of humaninvolved systems that incorporates human capabilities (effectivities) with respect to
system conditions (affordances). The formalism for affordance is realized by using finite
state automata including the juxtaposition function between system affordances and
human effectivities. The formalism is based on a hierarchical modeling concept which
combines several basic models and defines the granularity of states in systems. The
hierarchical FSA modeling can provide the analysis of system complexities and
investigation of human planning activities.
We further investigate the role of perception in human actions and examine the
representation of perceptual elements using an affordance-based modeling formalism.
Necessary and sufficient conditions for mapping perception-based human actions into
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systems theory are analyzed to develop a predictive modeling formalism in the context of
prospective control.
A detailed human-machine cooperative shop-floor control example is provided to
illustrate the implementation of a material handling system using a Human-in-the-system
(HITS) controller incorporating an affordance-based FSA formalism. A formal humanmachine cooperative model based on the finite state automaton (FSA) for designing
system control schemes is constructed. The proposed model can provide a framework to
combine human activities into system operations while considering human effectivities
and system affordances in dynamic situations.
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Chapter 1
INTRODUCTION

This chapter presents an introduction and background of the research on
affordance formalism for human-involved systems. The correlation and importance of
systems theory and human activity are discussed, and the reason that affordances in the
system should be considered in the research of human-involved systems is discussed.
Research motivation, objectives, problem statement, and research strategies are also
presented.
The reminder of this chapter is organized as follows. Section 1.1 presents the
basic background for the research. Research motivation and objectives are described in
section 1.2 and section 1.3, respectively. The problem statement and scope of the
research are 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.

1.1 Background

Although Systems theory has grown rapidly and formal models of systems
abound using descriptive and prescriptive models, formalisms for human-involved
complex systems has not been much developed. However, most complex systems in the
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world contain some human activities and it is almost impossible to make fully automated
system without some level of human control.
One of the popular approaches for modeling complex systems is using a finite
state automaton (FSA), which is a precise and robust modeling methodology for
representation of discrete control systems. The FSAs can then be embellished to include
human activities where source and sink state nodes are defined within the system state
behaviors. Ideally, a human in the system can connect all physical nodes by performing
tasks that require a variety of resources, which may not be possible in the automated or
pre-programmed systems. In this sense, human can be considered a distinctive
component affecting both logical and physical conditions of systems.
In reality, he or she may not be able to access all resources, and it cannot be
guaranteed that a human acts as exactly as he or she is supposed to do. In the time
domain and the physical domain, human have limitations, which come from both
resource accessibilities in a certain moment of time, and resource size and weight.
Psychologists call these limitations affordances, which are properties of the environment
that are offered to a human operator for either beneficial or detrimental. Tracking the
system state is accommodated via instrumentation at each of the sink nodes. We first
demonstrate this within a discrete part manufacturing system.
Manufacturing systems contain various types of resources such as material
processors (MPs), material handlers (MHs), and material transporters (MTs) (Joshi et al.
1995). However, in most cases, to implement automated systems where the human is not
involved is impractical (Brann et al. 1996), because of both economical and technical
reasons. Furthermore, in human-involved automated manufacturing systems, a human
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can act as one of the most flexible and intelligent system resources in that he or she can
perform a large variety of physical tasks ranging from simple material handling to
complex tasks such as inspection, assembly, or packaging (Altuntas et al. 2004). From
this argument, integrating a human into the manufacturing system is a critical aspect in
the design of automated systems.
While FSA models are suited to represent human activities, the vast majority of
research on control models of human-involved manufacturing systems using FSA tends
to consider a human as a system component that can perform tasks without considering
perceptual conditions of system constraints on human capabilities. (Shin et al. 2004; Shin
et al. 2006b; Shin et al. 2006c). It is desirable, therefore, to develop a formal model to
represent human-machine cooperative manufacturing systems in consideration of human
capabilities and the corresponding system’s physical conditions in human-machine coexisting environments. This would enable building more effective controllers for humaninvolved complex systems and to investigate the complexity of the systems.
Under ideal conditions, human operators should be allowed to control all physical
components capable of being manipulated in the system (Altuntas et al. 2004). In this
sense, a human operator can be considered a distinctive component of the system that is
capable of affecting both the logical and physical aspects of the system. In reality,
however, the human can be restricted in affecting the system components given what is
afforded (e.g., offered) (Gibson 1979) by the task environment (e.g., a part on a conveyor
may be moving too fast for a human operator to grasp it). To incorporate human
capabilities into the system representation, one must consider the control opportunities
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offered to humans by the system environment as well as the judgment demands placed on
human operators.
From the perspective of manufacturing system operations, most systems run with
a goal to reach the system’s desirable or pre-specified states. As a typical example, a shop
floor is controlled in a manner that produces a specific set of products. Each product goes
through its own part states until it reaches a final state. A process planner uses the
product requirements in order to determine what processing is necessary in order to
convert a product from a certain state to a final one. At this time, the planner uses the
environment to establish the set of possible processes that can be used in order to achieve
a final part state (goal). In this sense, an affordance is quite similar to process planning in
that it provides a method that can be used to attain a desired state.
In this research, a framework to develop formalisms for an affordance-based
system representation for complex systems is proposed. The framework consists of two
parts: a) a set of formal models for human-involved system based on FSA; and b) a set of
formal models for representing dynamic affordances in the systems. The major
contribution of this research is to provide a framework to develop affordance based
modeling formalisms that can be used for highly complex and flexible systems with
seamless scalability and granularity.

1.2 Motivation

This research is motivated by the demand for advanced modeling concepts for
complex systems that include humans as decision makers. When modeling a system, we
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often encounter many instances where the human in the system must be considered. We
believe that human behavior possesses the structure and capabilities that can be
descriptive modeled using formal systems theory models such as a Finite State Automata.
However, the modeling formalism for human behavior in systems is not particularly well
developed because of the stochastic and complex nature of the problem.
To model human actions in context of the task environment, we begin with the
concept of an affordance. Gibson described an affordance as “an action opportunity
offered to an animal (human), either for its good or ill” (1979). The purpose of this
research is to develop a formal model of affordances based on finite state automata to
inform the design of human-machine systems involving affordances.
The proposed framework and modeling formalisms will provide generic and
robust models which are based on the human cognitive activities for lean supply chain
and manufacturing systems with evolving structure in a new era of predictive modeling
concepts.

1.3 Objectives

There are two major objectives for this research: (a) to develop a formalism for
affordances in human-involved systems using FSA with hierarchy of system
specifications in order to formalize human activities with consideration of grains of
models and research on its complexity; and (b) to propose a controller for an Human-InThe-System (HITS) based on an Affordance-based FSA formalism and its physical
implementation. In order to demonstrate the feasibility of the proposed theory, a human-
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machine cooperative manufacturing shop-floor control system using an Affordance-based
FSA model is illustrated using an empirical demonstration. The flexibility and scalability
of the control model are also analyzed by investigating complexity of control graphs with
respect to the number of resources in a system.

1.3.1 Affordance-FSA formalism
This research takes the view of a hierarchical modeling concept of Descrete Event
System Specificatoin (DEVS) formalism and it reduces descrepancies between the
discretion instances of physical system conditions and human perceptual conditions. In
order to deal with the dynamic properties of affordance, the atomic model (a model of the
lowest granularity in the system specification) contains a set of affordances and
effectivities discovered, and time. These core components of the formalism are as follows:
1) An affordance is modeled as a sub-state of an atomic model.
2) An effectivity is modeled as a sub-state of an atomic model.
3) Time passage creates transitions between each sub-state in an atomic
model.
4) A juxtaposing process is modeled as a mathematical operation in an
atomic model, and generates a set of external transitions in a combined
model.
5) Each state of a conbined model contains information of coordination
(entity location).
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To describe the perceptual properties of affordances, effectivities, and possible
actions, further investigation of the role of perception in human actions and examination
the representation of perceptual elements in affordance-based modeling formalism are
made. The necessary and sufficient conditions for mapping perception-based human
actions into systems theory are proposed to develop a predictive modeling formalism in
the context of prospective control.
The controller generated by the affordance-based FSA formalism, HITS controller,
will be capable of evaluating dynamic availability of human operators in human-machine
cooperative systems. It can be used to analyze system complexity caused by human
involvement and predict the system behavior in the long run. These contents are
discussed further in Chapter 4.

1.3.2 Human-in-the-system (HITS) controller
The HITS controller uses a communicating finite state automaton as the Messagebased Part State Graph (MPSG) system does. The external transitions of the HITS system
are dependent on the physical status of manufacturing resources such as Material
Processor (MP), Material Handler (MH), and Material Transporter (MT), and the internal
transitions are controlled by the sets of affordances and effectivities. The affordances and
effectivities in each state are determined as finite sets from which one can calculate
exsistence states given physical system conditions and the location and action status of a
human operator. Figure 1-1 shows the basic structure of the HITS controller.
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To develop the HITS controller, affordance-based FSA formal modeling
methodolgy is used, and a simple typical manufacturing cell is modeled and implemented.
The affordance-considered HITS controller is flexible and scalable in terms of allocating
proper task to human and machine in dynamic situation. By demonstration, the HITS
controller is shown to implement a human-machine shared control system.

Figure 1-1: The Control scheme of the HITS controller

1.4 Problem Statement

1.4.1 Assumptions and Research Scope
The following assumptions and constraints are considered:
1) The number of affordances and effectivities that are available in the
system is finite. With this assumption, the research area is limited in well-

9
defined manufacturing systems and human operators are considered as
well-trained.
2) The location of a human operator and his/her action status are determined
by the last task and position that he/she has taken.

The specific classes of human activities to be addressed include the following:
1) Dynamic decision making based on the physical limitations of both the
system and the human, and
2) Physical material handling and processing.

The environment that the proposed model can be used is a system that is
dependent on the process plan based on the target specifications. To address the central
issue of this research, an automata-based system control model is used to represent
flexible automated equipment in the shop-floor.

1.4.2 Research Questions
In light of the research objectives outlined in the previous section, the following
hypothesis is examined within the context of the development of a generic controller
model for human-machine cooperative manufacturing systems.
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<Hypothesis>
There exists a human-machine cooperative system incorporating the concept
of affordances and effectivities which are resource availabilities and human
capabilities in the system, respectively, such that;
1) Shared control between human and machine in dynamic environments can
be modeled effectively, and
2) Flexibility for extension to complex systems with reusable formal
frameworks can be obtained.
The hypothesis is validated through physical implementation of a shop floor
control environment with human-involvement and analytic evaluation of a shop floor
control graph for system operations in which a human operator and automated equipment
are cooperating to process discrete parts.
At the same time, the following questions are investigated within the context of
development and implementation of the controller for the Human-Machine Cooperative
Manufacturing Systems.
1) When and where can the HITS controller evoke the affordances and
effectivities in system controls?
2) How can the HITS controller allocate tasks between humans and machines
in human integrated manufacturing systems?
3) How can the system errors be classified, and how can the controller
correct the errors in the system?
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1.5 Research Strategies
In this research, a strategy is proposed to establish a formal model and controller
scheme for human-machine cooperative systems considering dynamic system affordances
and human capabilities in the systems. The following approaches are taken:
1) Development of a formal representation for human-involved systems with
consideration of affordances and effectivities,
2) Cooperation between human and machine with a simple manufacturing
system,
3) Investigation of modeling complexity by consideration of system
affordances and human capabilities of effectivities, and
4) Implementation

of

a

human-machine

cooperative

system

using

affordance-based system controls, and demonstration of its control
complexity and flexibility by investigating control graphs.

1.6 Dissertation Overview

This chapter provided background, motivation, objective, problem statement, and
strategy of the research. The rest of this dissertation is organized as follows. Chapter 2
reviews previous research related to affordance theory and discrete event system
representation including a shop floor controller based on the Finite State Automata (FSA)
and a formal model for human-involved semi-automated control system.
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In Chapter 3, the basic research methodologies necessary for an affordance-based
FSA model that incorporates affordances in the system environment with human
capabilities within a control model are presented.
The impact of human involvement in system is examined from the view point of
modeling complexities in Chapter 4. More specifically, from the perspective of shopfloor controls, the amount of information required and possible transitions under dynamic
situations is investigated.
Chapter 5 provides a formal control model for human-machine cooperative
systems based on the affordance-based FSA formalism presented in Chapter 3. A simple
application example is provided to illustrate the human-machine cooperative system
control in a manufacturing shop floor case. The classification of errors is also presented
in this chapter.
Chapter 6 presents a human-machine cooperative system control model and its
implementation. The control model contains a work allocation function to provide
dynamic decision making. The model improves system flexibility within the context of
human participation in controlling roles by allocating proper works to either human
operators or machine material handlers based on resource availability and accessibility
perceived by a human.
The implementation and demonstration of the human-machine cooperative system
control models is conducted in Chapter 7. This chapter provides the physical
implementation and operation of the proposed system with shared controls between
human and machine. Also, the flexibility of the system control model in the sense of
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scalability and reusability is investigated by analyzing control graphs of several
illustrative examples of manufacturing shop floor systems.
Finally, Chapter 8 concludes the dissertation by providing the contributions and
impacts of the research. Possible extensions are also discussed comprehensively in this
chapter.

14

Chapter 2
LITERATURE REVIEW

This chapter reviews literature in the related fields that include the theory of
affordance, discrete event system and automata theory, automatic shop floor control, and
modeling of human-automation interaction. The brief summary of the literature review is
provided in section 2.4.

2.1 Theory of Affordance
Before we delve into the detailed mathematical representation of affordance, it is
important to clarify the concept and the definition related to Gibson’s affordance
theory(Gibson, 1979). Gibson defines affordances in the environment as what it provides
or furnishes (offers) to the animal (person) to take an action, either for good or ill. Put
another way, an affordance refers to properties of an environment taken with reference to
an animal. Also, the author defined a complimentarily property of an effectivity which
belongs to an animal (person) and means an animal’s capability to take the action. By
utilizing an affordance with its associated effectivity, an animal (person) can actualize a
specific action within that environment in order to achieve a particular goal or objective.
This opportunity for action can also be viewed as a form of goal-directed control that is
concerned with future events, also called prospective control (PC).
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The environment offers a different set of affordances that may or may not be
concurrently available to multiple animals that reside within this animal environment
system (AES). For instance, in a human-sitting-on-a-chair system, a chair provides the
affordance “is sit-able” to a person who intends to take a seat and “is-stand-on-able” to a
person who wants to use it as a pedestal.
Since Gibson proposed his definition, proponents and opponents of affordance
theory have offered several definitions of affordances. Key to all the definitions is the
role of perception. According to Jones (2003) and Shaw (2003), the theories relating to
perception fall into two categories – Direct or Indirect Perception. Theories of direct
perception assume that objects and events have inherent meanings, which an animal can
exploit without any cognitive effort. Jones argues that Gibson’s affordance theory
conforms to direct perception category (Jones 2003). On the other hand, theories that
constitute indirect perception assume that objects and events have no inherent meaning,
which necessitates the internal creation of meaning that must be stored by the animal.
Simon’s indirect perception theory falls under this category (Simon 1969). Simon argues
that coupling is an artifact (rule-governed) that is mediated by symbol functions
essentially involving information processing.
In addition to this, a model based on the concept of “coalition” is offered by Shaw
and Turvey (1981), which suggest that perceptual organization is an activity of the
ecosystem. The coalition model posits that symmetry of constraints exists between the
animal and its environment within an ecosystem. It suggests that the organization of
perception and action within the ecosystem is not a mere achievement of the animal’s
nervous system but rather an activity of the environment. The drawback of the coalition
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model is that it leaves some critical questions unanswered. Wells (2002) remarks that a
lack of specificity is revealed in this formalism due to not stipulating the prior existence
of deeper relations between the animal and its environment that provide meaning.
The coalition model, therefore, stipulates that successful goal-directed action
depends on one’s ability to perceive the behavioral possibilities of one's environment. For
example, a one-meter ledge affords stepping down for an adult but not for a small child.
The fundamental notion in Gibson's theory of affordances is that affordance is a real
property of the animal-environment system that is perceived directly toward the
execution of a potential action (Turvey 1992). In other words, meaning does not originate
in the observer's head, but is perceived by detecting information about affordances from
the environment. The prospective control of an action is pivotal to the successful
performance of both routine acts, such as navigating through a busy college campus, and
highly skilled tasks, such as positioning oneself to catch a fly ball in a baseball game. In
both cases, success depends on the ability to perceive the possibilities for action within
the environment, so that one's movement within the environment can be appropriately
coordinated.
Turvey (1992) presents a perspective on the ecological ontology of affordances
with links to prospective control. Turvey bases the definition of affordance in terms of
properties that represent a potential state and are not currently realized (called
dispositional properties or dispositions). Dispositions occurs in pairs in which a property
of the environment (i.e., climb-able) is complemented by a property of the animal’s
capability known as an effectivity (i.e., to climb or walk on). The author constructs a
mathematical expression of affordances to formalize the concept of an affordance in
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Machine (Turing 1936) and shows that the theory of affordance can be applied to
computer science and engineering areas. Affordance theory has been adopted by the user
interface design community. In particular, it is considered one of the most importance
aspects in usability (Norman 1988). An affordance-based modeling approach is also used
for designing robot controls and mimicking human actions in specific environmental
situations (Arkin 1988; Kirlik et al. 1993).
Although Gibson’s and Turvey’s research provides a basis for formalizing how
humans interact with complex system environments, most of the previous work based on
them have limitations to show how the affordance theory can be used to construct the
new system modeling formalism for AES with a high degree of system complexity. This
is attributed in part to the point that there is a lack of formal ways to model human
actions with respect to system transitions in the same level of modeling fidelity.

2.2 Discrete Event System (DES) and Automata Theory
The fundamental physical properties of nature are considered to be continuous in
that they can be expressed by real value as time changes. As systems have become more
complex, event-driven approaches have become commonplace to model system control.
A variety of computer technologies have been employed to control complex systems such
as communication networks, air traffic control, automated manufacturing systems, and
computer application programs (Cassandra and Lafortune 1999; Zeigler 1976). Discrete
event-based system modeling is one of the most common tools to represent physical
behaviors of systems, and it has widely been used in mapping real continuous systems
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into discrete models which are suitable for DES-based software engineering and system
theories.
One of the formalisms to represent the logical behavior of discrete systems is
based on the theories of languages and automata. This approach is based on the notion
that any discrete event system can be modeled with discrete states and an underlying
event set associated with it (Zeigler 1976; Cassandra and Lafortune 1999). An automaton,
formalism for discrete systems, is an atomic mathematical model for finite state automata
(FSA). It consists of a finite number of states and transitions that enable the model to
jump between states via predetermined rules. These jumps are incurred by transition
functions. These transition functions determine which state to go to next, given the
current state and a current input symbol. FSA is an effective device that is capable of
representing a language according to well-defined rules. The term, ‘well-defined’ means
that it is rule-based and the state of the system is tractable (Sipser 2006).
A commonly used FSA in practice is a Deterministic Finite Automaton (DFA),
which can be defined as a 5-tuple (Hopcroft 2001);
MDFA = <Σ, Q, q0, δ, F>, where;
·Σ is a set of input alphabets (a finite non-empty set of symbols),
·Q is a finite and non-empty set of states,
·q0 is an initial state such that q0 ∈ Q,
· δ is a state transition function such that δ: Q × Σ →Q, and
· F is a set of final states such that F

⊆

Q.
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For example, consider a simple example of a person-climbing-stairs as shown in
Figure 2-1. A representation of the 5-tuple FSA for the person-climbing-stairs system is
shown in Figure 2-2. A transition from a lower level to an upper level occurs immediately
following the action of ‘climb stairs’ which is an input symbol to a current state “lower
level.”
However, this model only represents the physical aspects of systems behavior
without considering the resource availability and a person’s capability to accomplish a
specific action (e.g., climb stairs). For this reason, to model human participation in the
modeling purpose, it is essential to take into consideration of the conditions for human
actions which consist of affordances (walk-on-ability) and effectivities (capability to
walk) in the systems as shall be explained in section 3.

Figure 2-2: An FSA representation for the person-climbing-stairs system.
A Finite State Automaton (FSA) and its variations such as Moore and Mealy
machines have been frequently used to model manufacturing systems (Hopcroft 2001).
This research can be classified into two categories: modeling the behavior of a
manufacturing cell and specifying the processing and communication protocols of
manufacturing cells.

21
2.2.1 MPSG and related automated systems
Manufacturing systems comprises various kinds of resources such as material
processors (MPs), material handlers (MHs), and material transporters (MTs) (Joshi et al.
1995). In most cases, implementing fully-automated systems where the human is not
involved is impractical, for both economical and technical reasons (Brann et al. 1996).
For any engineered system, there exist activities that ‘men are better at’ and that
‘machines are better at’ (Fitts et al. 1951; Sheridan 2000). Furthermore, in humaninvolved automated manufacturing systems, a human can act as one of the most flexible
and intelligent system resources in that he or she can perform a large variety of physical
tasks ranging from simple material handling to complex tasks such as inspection,
assembly, or packaging (Altuntas et al. 2007). For this reason, integrating humans into
manufacturing systems has been considered a critical aspect in automated systems
modeling and control.
In the 1990’s, a formal model for control of discrete manufacturing systems was
developed based on FSA, and called MPSG which is a acronym for Message-based Part
State Graph (Smith et al. 2003). It is a modified deterministic finite automaton (DFA)
similar to a Mealy machine. The MPSG model consists of sets of vertices (nodes) and
edges (transitions) which correspond to the part states and the command messages,
respectively. The trace of a part advancing trough an automated manufacturing system is
described by its part flow diagram, which shows the sequence of part processing states in
the system. As shown in Figure 2-3, the part state graph of a part is represented with a set
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be considered, and the MPSG enables to describe the states of the entities (parts) in the
system by means of the physical connectivity graph.

(a) Physical layout of the system.

(b) Representation of connectivity graph.

Figure 2-4: Connectivity graph with two MPs, MH, BS, and port
The MPSG M is defined formally as an eight-tuple, M=<QM, q0, F, ΣM, A, PM,
δM, γ>, where definitions of the components are as follows:

QM

: Finite set of states,

q0 ∈ QM

: Initial or start state,

F ⊆ QM

: Set of final or accepting states,

ΣM

: Finite set of controller events,

A

: Finite set of controller actions,

PM

: Physical preconditions,

δM : QM × ΣM Æ QM

: State transition function, and

γ : QM × ΣM Æ A

: Controller action transition function.
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The MPSG model developed by Smith(2003) will provide the initial model
perspective developed later as part of this research.

2.3 Representation of Human-involvement in the system

2.3.1 Supervisory control
The human operator interacts with machines as a part of systems, especially for
complex decision making. Therefore, significant research efforts have been focused on
modeling the human-automation interaction (Degani and Heymann 2002; Oishi et al.
2003). Degani (2002) proposed the formal verification model of human-automation
interaction based on the automata theory. However, because of the abstraction of the
modeling formalism, the model is only capable of verification in a descriptive way rather
than control model.
Baron and Levison (1980) proposed the optimal control model for the human
operator in the systems. They build quite a reasonable model for human decision making
processes using dynamic optimization models.
However, there is no formal modeling methodology to treat affordances as
physical limitations in the human-machine interactions.

2.3.2 Human-involvement in semi-automated systems (Extended MPSG)
The MPSG is a formal representation of a shop floor controller and assumes that
all the resources are run in an automated way without any human involvement. To
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incorporate human characteristics into an automated manufacturing systems, Shin et al.
investigated human-involved manufacturing systems and developed a novel formal
representation by adding the tuples associated with a human element to the MPSG model
(Shin et al. 2006b). The extended MPSG model enables a human operator to cooperate
with the automated pieces of equipment.

(a) Physical layout of the system.

(b) Representation of connectivity graph.

Figure 2-5: Change of connectivity graphs with consideration of a human MH
In Figure 2-5 (b), solid arcs represent connections between two pieces of
equipment made by automated MH equipment, whereas dotted arcs are newly created
ones made by a human operator who plays as a material handler. In general, when a
human operator who performs material handling tasks in a system that consists of n
pieces of equipment is considered, 2 × n of arcs for human transitions are created
(Altuntas et al. 2004). It should be noted that the complexity of the connectivity graph
increases in a linear manner.
In order to express the newly created transitions by incorporating a human
operator, the representation of part states is extended by incorporating information about
a part location within a system and a part handling subject such that it becomes Q = QM ×
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L × I(p), where L represents a set of physical locations in the system and I(p) is an
interaction status with a human. In this way, an extended MPSG with a human operator,
denoted by ME, is constructed. It is defined formally as also the eight-tuple, ME =<Q,
qE0, FE, ΣE, AE, PE, δE, γE>, where the definitions of the components are as follows:

Q = QM × L × I(p)

: Finite set of states, where the set of state QM is the state of
the original MPSG controller,

qE0 ∈ Q

: Initial or start state,

FE ⊆ Q

: Set of final or accepting states,

ΣE = ΣM ∪ ΣH

: Finite set of controller events, where ΣM is a set of
messages for a machine operation and ΣH is a set of
messages associated with human actions,

AE= A ∪ {actions caused by human activities} : Finite set of controller actions
and human actions,
PE

: Set of Preconditions of the extended controller,

δE : Q × ΣEÆQ

: State transition function,

γE : Q × ΣEÆAE

: Controller action transition function,

L

: Set of all physical locations in the system, and

I(p)

: Indicator function of interaction status with a human. If a
human is dealing with a part p, I(p)=1,. Otherwise, I(p) =0.

In the concept of the human-involved semi-automated system, its control depends
on the complexity of a system, since a controller should recognize current status of the
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system and provide a proper set of commands for possible tasks based on the logical and
physical preconditions. Hence, when a human material handler (human MH) performs
tasks during system operation, assessment of the part flow complexity of the system
needs to be conducted in developing an effective and efficient control mechanism for the
system. The part flow complexity represents the possible number of tasks with a part and
the possible outcomes of the tasks in terms of part states (Shin et al. 2006a).
Using this point of view, the major difference of the control schemes between the
automated system and the human-involved semi-automated system is whether a human
act as a passive resource of the system or a supervisory controller. The human MH can
play a role as a self-regulating component which does not subordinate to the computer
controller whereas other automated components perform operations in response to a
given command for the controller. As such, the human MH can be considered to act as a
supervisory controller, and he or she shares the system information via interfaces and
sensors as shown in the Figure 2-6. This perspective will be further developed to expand
the human’s participation in complex systems.
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(a) MPSG controller.

(b) Human-involved extended MPSG.

Figure 2-6: Control scheme of the MPSG and extended MPSG controllers (Shin et al.
2006a)

2.4 Chapter Summary
This chapter presented the literature review that is related with this research. The
theory of affordance was briefly introduced and the history of development of its formal
concept was also surveyed. The formal system representation of FSA and the automatic
shop floor control model, MPSG, were presented and discussed.
The FSA-based modeling formalism for manufacturing systems control can take
human activities into account, where source and sink state nodes are defined within the
system state behaviors. However, the existing control model of human-involved
manufacturing systems lacks prospective control perspectives. It only considers human
operators as flexible system components acting like robots, rather than animals which
have nondeterministic natures of recognitions and physical limitations. To develop the
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formal model of human-machine cooperative systems, the ecological sense of system
affordances and human effectivities should be included in the model for the seamless
control of the systems.
Special care needs to be taken for human operators since their actions are those of
a nondeterministic autonomous agent that perceives, measures, and makes a judgment in
the system in consideration of other resources and environmental aspects. For this reason,
affordances for a human operator in the system need to be considered carefully for
human-machine cooperative systems. It can then contribute to assess the human effects
on the system in a more effective way.
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Chapter 3
MODELING HUMAN ACTIONS IN PROSPECTIVE CONTROLS

This chapter presents the fundamental methodologies to be used in this research.
Section 3.1 presents the basic idea of how to represent human-involvement in the view
point of systems theory. Section 3.2 develops affordance-based FSA formalism with the
preconditions of inclusion of human and their effects on system representations. In this
section, the hierarchical combination and grains of FSA are proposed. A discussion about
understanding and modeling of the perceptual properties of affordances, effectivities, and
possible actions are presented in section 3.3. An illustrative example of a highway-lanedriver system and its modeling procedure are discussed in section 3.4. The chapter is
concluded in section 3.5 with a short summary and discussion.

3.1 Human-involvement in system representations

In dynamic situations, the interactions between humans and their surrounding
environment play a key role in achieving an ecosystem’s goal. Identifying opportunities
for interactions between them is important to the modeling and operation of humaninvolved systems in an effective way. In this section, we introduce a formal modeling
methodology that combines human actions into the system control scheme in a formal
mathematical representation of FSA.
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The concept of affordances implies that human-involved systems are composed of
two or more related objects including at least one human and one environmental
component, (an affordance complementary property consisting of the dual relationship
between animals (humans) and their environs). The terms of affordance and effectivity
are treated as an environmental reference and the animal’s capability to take actions in
the environment. In the sense of a formal representation of affordances, the
environmental and animal components are combined together so that they incur a
different property to be activated (Turvey 1992).
For example, a person (Z) can walk (q), stairs (X) that can support something (p),
and they together yield a climbing property (r) as shown in Figure 2.
This formal definition corresponds to a mathematical formalism of an FSA in that
it describes properties as discrete states, and the juxtaposition function can be mapped to
the state transition function in the FSA. The existence of a formal definition of an
affordance provides a foundation that the concept of an affordance can be incorporated
into engineering disciplines.
If we regard the states of the environmental system as discrete ones and consider
the transitions among the states which are triggered by possible actions of animals or
other system resources, an ecosystem of an environment and humans can be represented
by a finite state automata (Kim et al. 2007). The theory of automata corresponds to the
ecological sense of affordances for at least the following two reasons: 1) an
environmental system can be defined as a set of nodes and arcs which describe discrete
states of the system and the transitions between states, respectively, and 2) a set of
transitions between states represents a set of potential properties (affordances) of the
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environmental system which can be triggered by certain human activities and lead to the
next states. Therefore, affordance-effectivity combinations can be considered conditions
for identifying possible human actions using FSA representations.
There is a set of physically connected transitions from one state to another, which
corresponds to a set of dispositional properties of affordances in the system. The set of
feasible transitions is triggered if and only if the input symbol is taken as a parameter of a
transition function in the environmental system. This input symbol is considered an
effectivity. Next, the circumstances need to be specified in order for a human transition to
occur in terms of the general representation of the FSA, MDFA = <Σ, Q, q0, δ, F>. The
conditions that allow humans to make transitions within a system can be represented by a
four-tuple, <Xp, Zq, J, Wpq>, which comes directly from Turvey’s definition of affordance
in section 2.1. By merging these two sets of tuples, an extended automaton for
incorporating affordances of a system and effectivities of humans within the system can
be constructed. The new representation for the formal model of affordance and effectivity
in FSA is MDFA’=<Σ, Q, q0, δ, F, Xp, Zq, J, Wpq>,where;
•

J is a Juxtaposition function such that J: Xp × Zq → Wpq ,

•

Xp is a set of affordances in the system,

•

Zq is a set of effectivities of human in the system,

•

Wpq is a set of possible human actions in the system, and

•

all other definitions of tuples are the same as those of MDFA.
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human can be depicted as shown in Figure 3-2. The juxtaposition in this case is a set of
physical action conditions composed of properties of human and environments. The
detailed formal mathematical representation of juxtaposition processes is developed in
section 3.2.

Figure 3-2: System affordances, human effectivities, and actions in the ecological point
of view.

3.2 Affordance-based FSA in prospective control

3.2.1 Definitions of affordance in systems theory
The prospective control means that human actions are taken based on specific
goals (objectives) in anticipation of future events. In this context, we provide a more
systematic definition of affordance and effectivity by providing a generic model of a
human prospective control in Figure 3-3, based on the Gibson’s definition and Turvey’s
definition of affordance (Gibson 1979; Turvey 1992).
In this generic model, each terminology can be defined as follows;
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<Definition 1.1>
An ‘affordance (pi ∈ P)’ is a dispositional property of the environment that
offers an action opportunity for the animal, where Xp is the environmental system and p is
the specific affordance type. It is an environmental precondition for taking an action
within an environment and possesses a complimentary dual relationship with an animal
capability known as effectivity. It is directly perceived by an animal.
P = {p1, p2, …, pm} = set of all affordances for the environment (Xp), where m is a
positive integer.

Figure 3-3: The generic model of human prospective control
<Definition 1.2>
An ‘effectivity (qi ∈ Q)’ is a capability of an animal that provides the propensity
to bring about a possible action by actualizing a affordance, where Zq is the animal and q
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is the effectivity type. It is an animal’s ability to take an action by actualizing an
affordance. Q = {q1, q2, … qn} = set of all effectivities for the animal (Zq), where n is a
positive integer.

<Definition 1.3>
A ‘juxtaposition function (j)’ is a joining function that creates a manifested
property (r that enables a specific pa) that neither belongs to the environment (X) nor the
animal (Z) but to the animal-environment system (W), which possesses the set of possible
actions (PA).

<Definition 1.4>
A ‘goal or sub-goal (gi ∈ G )’ simply represents the animal’s goals and the final
desired or resting states for the animal. It terminates further perception of affordance (P)
within an environment (X) by the animal (Z). It is a system state that finalizes a specific
action.

<Definition 1.5>
An ‘action condition (ck ∈ C)’ is a perceivable relational property between the
environment and the animal that filters dispositional properties of affordance-effectivity
duals into a possible action set. For example, Moving velocity of a base ball field player
(v) ≥ Distance between the current position of field player and a baseball falling position
(d) / Time left until the ball is falling on the ground (t), in order to catch the ball in the air.
An action condition specifies the relation between properties of the environment and the
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animal. The set of action conditions is denoted by C = {c1, c2,…,ck}, where k is a positive
integer.

<Definition 1.6>
A ‘possible action (pai ∈ PA)’ is an outcome of a juxtaposition function that
results from a specific affordance-effectivity dual and its action conditions. It is a
candidate of target actions that lead to a specific goal, and defined prior to the execution
of actions. The set of possible actions is denoted by PA = {pa1, pa 2,…, pa l}, where l is a
positive integer.

<Definition 1.7>
A ‘target action (ta

∈ PA)’

is the result of selecting an action from possible

actions, which are filtered by a specific goal and preference of the animal. The execution
of a target action leads to a specific goal. A target action is denoted by ta.

<Definition 1.8>
Turvey(1992) proposed that all things are said to have ‘property.’ Neither
properties nor individual things are real independently of one other. Affordances are real
properties that imply the complementarity between an animal and its surroundings. A
property may be either conceptual or substantive. For instance, a ball has ‘size’ property
that allows us to conclude the volume occupied by the ball. P, Q, and R defined above are
sets of properties. Function Pr incurs a set of objects’ properties and their attributes.
The above definitions in the generic model in Figure 3-3 are based on the
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Turvey’s definitions, but they are much more specified in terms of their mathematical
notations for the application of systems theory, especially theory of automata. The
generic mathematical representation of AES is developed in section 3.2.3.

3.2.2 Grains of system and affordance
To model affordance in ecosystems, four different levels of grains need to be
considered (Shaw and Turvey 1981). The four grains of analysis in the ecosystems are
basis-grain, relation-grain, order-grain, and value grain. Each grain corresponds to
different structural level of entities that represents the components in animal-environment
systems. The first level of grains, basis-grain (B), defines animals and environments,
themselves. The juxtaposition function and constraints are defined at the level of relationgrain (R). Affordance and effectivity exists at the level of order-grain (O). Animals and
environmental objects that are involved in a specific action are at value-grain (V). The
coarseness relationship among each level of grains is g(B) > g(R) > g(O) > g(V) as
shown in Figure 3-4.
Actions in an AES are regarded as goal-oriented. From the perspective of discrete
event systems, such as FSAs, the goal can be a specific system state and the action is a
transition between states. Moreover, once a system states can be broken down into
several sub-states at the lowest level of basis-grain which consists of environments and
animals in the system, then the transitions among sub-states represent the physical human
actions in the system which are composed of coalitional relationships between
affordances and effectivities. It is assumed that the numbers of affordances and
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effectivities perceived in systems are finite due to the limitation of human perception.

Figure 3-4: Four levels of grains in ecosystems
We illustrate these taxonomies using the daily activity of ‘go-to-bed’ as shown in
Figure 3-5. A person is located somewhere in his/her residence, say the living room on
the first floor, but he/she is very tired and wants to go to sleep in the bed room on the
second floor. In this example, the major goal (final state) of this system is to realize his or
her sleep and its accompanying action ‘go to bed’ can be broken down into several subgoals and sub-actions such as go to stairs, climb stairs, and go to the bed. If we look at
each action in detail, it needs to be actualized by combining the environment and the
person. For example, the action, ‘climb stairs’ can be actualized by joining the human
and the stairs.
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Figure 3-5: Decomposition of level of grains – an example of ‘go to bed.’
In this example, we argue that transitions and states of FSAs are all defined in the
level of basis-grain which consists of a person and environmental objects, while other
grains of systems are expressed in the perceptional preconditions for assessing
availability of a specific action. To incorporate system grains within the formal modeling
of systems, we use the concept of ‘system of systems’. Zeigler(1976) suggests the
concept of hierarchical modeling in systems theory, Discrete EVent System specification
(DEVS) formalism, which consists of atomic models and combined models. Any system
has its proper level of granularity which determines the fidelity of the system. The atomic
model (minimal grain in the system specification) contains basic properties of system
components and the combined model is composed of a set of atomic models in either
parallel or hierarchical ways. Based on the DEVS formalism, we can also build an atomic
model with relation-grain, order-grain, and value-grain. Then, the combined model
represents the model constructed based upon the level of basis-grain. The formal
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mathematical model, Matom, that we suggest in section 3.3 can be used as formulation of
atomic models in that it contains lower level grains than basis-grain, while the FSA
model, Mcomb, represents the combined model.

Figure 3-6: Levels of modeling – Planning VS. Perception
From this viewpoint of human activities in systems, combination of actions
represents successive actions, and it can be described as planning activities. Thus, if we
consider the level of basis grains which represents humans and physical environments,
there exist a certain higher-level goal and compositions of actions make process plans for
achieving it. In the viewpoint of modeling specifications, the combined model, which
consists of various atomic models, represents the process plan for the human activities
and the atomic models can mean the perceptual actions of humans in the system. The
differentiation between combined model and atomic model is dependent on the existence
of human perceptions in the model. For instance, atomic model has elements of human
perceptions such as affordance and effectivity, and they can create an action set for
realizing transitions between states as in the example of ‘go to bed’ in Figure 3-5.
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However, at the higher level without human perception elements, the successive actions
mean a plan for ‘going to bed’ as shown in Figure 3-6.

3.2.3 Hierarchical FSA representation of AES systems
In the viewpoint of modeling specifications, the combined model, which consists
of various atomic models, represents the process plan for the human activities and the
atomic models can mean the perceptual actions of humans in the system. The
differentiation between combined model and atomic model is dependent on the existence
of human perceptions in the model. For instance, atomic model has elements of human
perceptions such as affordance and effectivity, and they can create an action set for
realizing transitions between states. The benefits of using this hierarchical structure are;
(1) we can represent the dynamic nature of human perceptional properties in AES into
formal DES models, and (2) the entire model enable to have scalability of representing
proper level of human activities in the system.
In the ecological definition of affordances, they should have ontological
assumptions related with space and time (Turvey 1992). Fundamental to the notion of
“dynamic system” is the passage of time. Time is conceived as flowing along
independently, and all events are ordered by this flow. Basically, a system has a time base,
inputs, states, and outputs, and factions for determining next states and outputs given
current states and inputs. Discrete event systems represent certain constellations of such
parameters just as continuous systems do.
The key idea of affordance-FSA representation is that each actualization process
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is defined as one transition. The transition connects two states which represent the space
and time assumptions. In each state, there are a set of affordances and a set of effectivities,
and they are changeable with time, which means they have dynamic properties. In this
manner we can properly express the time-variant property of affordances in the system.
To describe the dynamic properties in systems, we adopt two different transition
fuctions in modeling techniques; external and internal transitions.
In DEVS formalism, the internal transition can be done by a time variation, so
that the dynamics of systems are able to be discribed. Suppose that, in each state of an
affordance-FSA representation, there are several sub-states which represent the existence
of specific affordances and effectivities in AES. The transitions by time can change the
states of affordances and effectivities, and they are supposed to be internal transitions.
In terms of external transitions, they are defined at the physical activities in a
system level. For instance, the transitions in the combined model (planing level FSA) are
considered as external transitions.
Based on the modeling hierarchy and dynamic properties of AES, We can define
a 6-tuple FSA, Mcomb (Combined model), that describes the rules of state transitions as
follows;
Mcomb=<∑, S, s0, Matom, δext, F>, and
Matom =<{X, Z, W}, {P, Q, PA}, Pr, j, π, ta, δint, tint>: A sub-system (atomic model)
with 12-tuple FSA that contains both human and environment, where;
δ : S × Σ → S,
Pr : Xp → P, Pr : Zq → Q, Pr : Wpq → PA
j : Xp × Zq → Wpq , π : P × Q × C → PA ,and
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δint :{P,Q} × tint → {P,Q},where;
∑: Set of transitions among system states,
S : Set of system states ,
s0 : Initial (starting) state in the system,
F : Set of final states,
j : Juxtaposition function,
δ : System state (external) transition function,
δint : Time advance (internal) transition function,
Pr : Perceptual predicate function,
π : Possible action generation function,
X : Environment system,
Z : Human (animal) in the environment system,
W : Animal-environment System (AES),
P : Set of affordance, P = {p1, p2, …, pm},
Q : Set of effectivity, Q = {q1, q2, … qn},
PA : Set of possible actions for the animal in the AES, PA = {pa1, pa2, …, pal},
C : Set of action conditions in AES,
ta : Target action, ta ∈ PA ∩ ∑, and
tint : time advance function.

The graphical representation of internal and external transitions in this formalism
is shown in Figure 3-7. The internal transition connects two substates which are
composed of a combination of a specific affordance and effectivitie. These properties of
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affordances and effectivities are time-varying and determined by the physical limitations
and human capabilities. In a certain amount of time, tint, the status of affordances and
effectivities are changed, and the juxtaposition fuction generates a set of ‘possible human
actions’ based on the combination of pm and qn. If a possible human action is taken under
specific action conditions, external transition occurs and a physical state of the system
goes to the next.

Figure 3-7: External and internal transitions of Affordance-based FSA formalism.

3.3 Modeling perceptual properties in systems
In the sense of goal-directed actions, every human action has its own objective
and intent. A human decision to take an action is made based on a set of information he
or she receives from animal (human)-environment systems. In the case of goal-directed
actions, human beings make plans and assess their goals by means of information
acquired by their sensory organs such as eyes, ears, skin, nose, and mouth (Gibson 1966).
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In other words, humans take actions based on sensory information and they actively or
passively forage information from environments to generate proper plans for a specific
goal (Priolli 1999).
In prospective controls, modelers are more interested in the goal-directed human
actions rather than the unexpected human actions due to errors. Thus, the specific
properties with which we are concerned are perception-based. The information perceived
by a human can be translated into affordance-effectivity duals and a possible resulting
action set in the system. When dealing with perception-based actions, we should consider
affordances and effectivities as (rightly) perceived properties. In some cases, wrong
perception leads toward unexpected actions. Then we may need alternative ways to
correct the errors and reroute the plans or goals. For now, the existing FSA model does
not consider perception errors and we only consider two cases: a specific action has
occurred or has not.

3.3.1 Perception of affordances, effectivities, and possible actions
Fajen (2005) characterizes the theories and models of visually guided action as
being shaped by three assumptions:

1) The error-nulling assumption: observers make adjustments to null the
difference between the current and ideal states by relying on information
about the sufficiency of their current state.

47
2) The single-optical-invariant assumption: observers rely on a single optical
variable for each task that is invariant whenever the observer is in the ideal
state.
3) The keeping the ideal state within the ‘safe region’ assumption: the
observer's maximum action capabilities define critical boundaries
separating possible from impossible actions.

As an example, consider the case of tracking a fly ball in order to catch it. While
the ball-catching action is being performed, it is a continuous task in virtually every
respect (i.e., dynamics of the ball, the kinesiology of the fielder, etc.). The action
however results in either the successful completion of the affordance (catch the ball) or in
an unsuccessful completion (fail to catch the ball). Fajen (2005) also argues that the
properties of affordances and effectivities are higher order ones that can be perceived
directly. In other words, the higher order properties can be expressed as a function of
lower order properties which contains perceivable information. We propose that the
outcome of the affordance can be discretized and modeled as an FSA.

Figure 3-8: Decision process
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Perception is the process of attaining awareness or understanding sensory
information (Levine 2000). It is a complex cognitive process that enables us to recognize
environmental situations or states via sensory inputs (Gibson 1966; 1982). The perception
is generally defined as three different sequential processes; selection, organization, and
interpretation (Huffman 2007). The decision process model is generally depicted as
shown Figure 3-8. As the sensory information is attained and screened by ‘selection’
through body sensors, the stimuli are arranged by ‘organization’ in a meaningful way.
‘Interpretation’ is the last stage of perception to attach meanings to the information. In
light of perception, the output of the process will modify the animal-environment system.

Figure 3-9: Hierarchy of properties in perception-based actions
The basic information obtained from surroundings acts as an input for a
perceptual process that comes through sensory organs. When we try to model perceptionbased human actions, the information that we perceives from our environs could be
sensory information which are subordinate to higher order properties - affordances and
effectivities. The hierarchical relationship between lower order properties and higher

49
order properties in perception-based human actions are shown in Figure 4. We empathize
that the higher and lower order properties in Figure 3-9 are only defined for perceptionbased and goal-directed actions. In this case, we deal with only three categories of
sensory information because they possess the major properties of three dimensional
features that result in the physical interactions between an animal and an environment.
Affordances and effectivities may experience complicated perceptual processes in
order to be evaluated, although they are a property that is directly perceived as defined by
their definitions.
In the Affordance-based FSA representation suggested in Chapter 3.2.3, the
perceptual predicate function Pr acts as a perceptual process that generates higher order
properties of perceived affordances (P), effectivities (Q), and possible actions (PA) by
receiving perceivable low order property information through sensory organs in AES.
The function, Pr, maps objects to higher order perceptual properties (such as affordance
and effectivity) in a specific instance when a predictive human perception process has
occurred. The perceptual predicate function can be further decomposed into sub functions
each of which processes stimuli from different sensory organs. We will again use the
example of a human-sitting-on-a-chair system. In this example, an affordance, sit-ability
of a chair, is visually perceived by a person who has an effectivity to sit on the chair. The
affordance and effectivity are higher order properties that are directly perceived by the
person and they consist of a set of lower order perceptual properties such as shape and
dimensions of the chair and the person. .
From the definition of the perceptual decision process in Figure 3-8, the
perceptual predicate function can be expressed as a series of functions of selection,
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organization, and interpretation. We focus that in the stage of selection, the sensory
inputs can be exclusively classified into three different types of lower order properties by
receptors;
Pr:

, and
, ,

, where

,

: Visually perceptual predicate function for lower order properties,
: Auditorily perceptual predicate function for lower order properties, and
: Haptically perceptual predicate function for lower order properties.

In the same ways for affordances and effectivities, the perceptual higher order
properties are represented as functions of perceptual lower order properties as follows;

:

:

,

:

:

,and

:

:

, where

: A function of organization and interpretation in a perceptual process,
and

, ,

.

Since the human actions in prospective control schemas are taken based on
humans’ sensory information, the lower order properties should be perceivable through
sensory organs either visually, auditorily, or haptically in order to be used to model
perception-based and goal-directed human behaviors (Gibson 1966). When modeling
human participation in systems, the perceptual higher order properties of affordances,
effectivities, and possible actions can be represented as functions of the perceptual lower
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order properties. This makes modeling procedure more logical and complete because the
lower order properties in systems are relatively easier to be found by modelers than the
higher order perceptual properties.

3.3.2 Necessary-Sufficient conditions of perception-based actions in systems theory
In Turvey’s definition of affordance,
between

and

, such that Wpq=j(Xp,Zq) (Turvey 1992). If we think the case of a

perception-based action, the perception of
perception of

means a AES generated by juxtaposing

and

is essentially accompanied by the

. The flows and relationships among perceptual properties in

AES are depicted in Figure 3-10. By perceiving the lower order properties of

and

,

the higher order properties of affordance and effectivity are perceived, and it leads to
perception of a possible action. In short, without perception of both an affordance and an
effectivity, the perception of a possible action does not exist. Thus the following
condition is valid in any case;

In prospective controls, perception-based actions are the result of joining between
affordances and effectivities that are also perceivable. The necessary condition for
perception-based human actions in prospective controls is defined as Proposition 3.1;
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<Proposition 3.1>
If there exists a perceivable (possible) human action, there should be an
affordance and an effectivity that are perceivable, such that;
.

Figure 3-10: Relationship among properties of perception-based actions in AES.
Let us now consider the case of existences of an affordance and effectivity. While
their existence does not necessitate action, both affordance and effectivity must exist at
the same time and place in order for an action to be actualized (Gibson 1979; Turvey
1992). This is the basic assumption of the theory of affordance and also the sufficient
condition of existence of a perception-based human action in AES. It is noteworthy that
the possible actions generated by juxtaposition between affordances and effectivities are
not always perceivable. The sufficient condition means that even though a human does
not perceive the properties of AES, the possibility of action exist as long as there is a
proper affordance-effectivity dual in the system.
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<Proposition 3.2>
If there exists a specific affordance-effectivity dual at the same time (T) and
space (D), there should be an possible human action that can be actualized at the time
(T) and space (D) , such that;
, where
,

and, X and Z exist at the same time (T) and space (D).

Based on Proposition 3.1 and Proposition 3.2, we can say that an affordance and
an effectivity exist at a specific time and space if and only if there exists a perceptionbased action. In prospective controls, the possibility of human actions can therefore be
assessed based on the existence of human sensory (perceivable) information that
composes an affordance-effectivity dual. The affordance and effectivity have to be
defined within the same space and time in order to provide opportunities for a human to
take a physical action. It should be noted that sensory information that directly affects
these higher order properties are categorized as sight, sound, and touch in Figure 3-9.

<Proposition 3.3>
There exists a perceivable (possible) human action at a specific time(T) and
space (D), if and only if there are a specific affordance-effectivity dual at the same
time (T) and space (D), which are perceivable, such that;
, where
,

and, X and Z exist at the same time (T) and space (D)
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3.3.3 Representation of affordances and effectivities in systems modeling
The concept of perception-based action is the foundation of our modeling
formalism, because there are a variety of approaches that can model human activities in
systems. There also might be many different cases of human actions such as involuntary
or voluntary ones, and expected or unexpected ones. In prospective control, human
actions toward goal states should contain proper information to obtain goals. What
promotes human actions toward the goals is sensible information from animalenvironment systems. It is not worthwhile to consider the level of knowledge or
experiences because we cannot measure and even define them.
The necessary-sufficient condition for existing perception-based human actions in
prospective controls was presented in the previous section. Based on the necessarysufficient condition, we can suggest a mathematical representation of affordances and
effectivities with respect to actions in systems modeling. The general representation of
properties of affordances and effectivities is described as follows;

, where
,
:

, X and Z exist at the same time (T) and space (D), and
:

,

:

:

, and

:

:

.

The mathematical definitions contain dynamic constraints in time and space
dimensions among perceivable properties in systems. They can be directly fit into the
FSA model introduced in section 2.1 without increasing the number of variables or tuples.
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The necessary-sufficient condition and its mathematical representation help us build a
logical model and provide a validation tool for checking the existence of dynamic
properties of affordances, effectivities, and possible actions.
In the descriptive formalism for the affordance-based FSA model, perceptive
physical necessary-sufficient conditions were not considered in detail. The consideration
of perceptual components and necessary-sufficient conditions leads to the complete
model for prospective control.
By combining the necessary-sufficient condition of existence of perception-based
actions in prospective control, a mathematical definition of the affordance-based FSA,
Mcomb (Combined model), that describes the rules of state transitions is developed as
follows;
Mcomb=<∑, S, s0, Matom, δext, F>, and
Matom =<{X, Z, W}, {P, Q, PA}, Pr, j, π, ta, δint, tint>: A sub-system (atomic
model) with 12-tuple FSA that contains both human and environment, where;
δ : S × Σ → S,
Pr : Xp → P, Pr : Zq → Q, Pr : Wpq → PA
j : Xp × Zq → Wpq , π : P × Q × C → PA ,and
δint :{P,Q} × tint → {P,Q},where;
P : Set of perceivable affordances, P = {p1, p2, …, pm}, where
pk=fp (at T and D){perceivable lower order properties of X (T,D))}
=

, k ≤ m, where k and m are positive integer,

Q : Set of perceivable effectivities, Q = {q1, q2, … qn}, where
ql = fp (at T and D){perceivable lower order properties of Z (T,D)}
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=

, l ≤ n, where l and n are positive integer,

PA : Set of possible actions for the animal in the AES, PA = {pa1, pa2, …, par},
where
paj= fp (at T and D){perceivable lower order properties of W (T,D))}
=

, j ≤ r, where i and r are positive integer, and
, ,

, where

: Visually perceptual predicate function,
: Auditorily perceptual predicate function,
: Haptically perceptual predicate function,
T : Time parameter,
D : Space(dimensional) parameter,
All other tuples are the same as those of the descriptive formalism stated in
section 3.2.3.

3.4 Illustrative example: A highway-lane-driver system
Let us consider an example, a Highway-Lane-Driver System (HLDS), that is an
animal environment system with two highway lanes and an exit lane as shown in
Figure 3-11 (Thiruvengada and Rothrock 2007). The goal of drivers in this system is to
exit the HLDS from their respective lanes by maintaining their target speed without
crashing into each other. The driver is considered an ‘animal’ in the AES. We assume
that (1) multiple drivers can share the HLDS, (2) a lane (Li) within the HLDS provides
the affordance “is-drivable” to a driver (dj), if and only if, the lane is empty for at least
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three car lengths (assumed safety factor for moving into lane without creating a problem
like an accident) at any given time, (3) the drivers possess the capability to perceive the
affordances offered by the environment in a concurrent manner, and would therefore be
able to decide whether their adjacent lane provides the affordance “is-drivable” or not, (4)
the drivers perceive the environs based on their visual information and they can have 360
degree viewing angle through a front glass, a room mirror, and side mirrors, and (5) the
drivers do not accelerate or decelerate during the course of the scenario and maintain
their velocity throughout driving.

Figure 3-11: Illustrated example: a Highway-Lane-Driver System (HLDS) (Thiruvengada
and Rothrock 2007).
The goal of drivers in this system is to travel and exit the highway without
creating a problem such as an accident and stopping. The goal can be decomposed into
tasks and a series of actions associated with the goal. The required actions in this system
are ‘drive to the L3,’ ‘drive to the L2,’ ‘drive to the L1,’and ‘drive to the exit.’
For each individual driver, the AES states are extracted based on the set of actions
defined above. The states represent the information containing the position of each
driver/vehicle and proper combinations between the driver (animal) and the road
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(environment). We can represent each driver’s behavior within the AES by an
affordance-FSA formalism, Mcomb=<∑, S, s0, Matom, δext, F>, described in section 3.3.3 as
follows;
Matom =<{X, Z, W}, {P, Q, PA}, Pr, j, π, ta, δint, tint>, where;
δ : S × Σ → S,
Pr : Xp → P, Pr : Zq → Q, Pr : Wpq → PA
j : Xp × Zq → Wpq , π : P × Q × C → PA ,and
δint :{P,Q} × tint → {P,Q}, where
S: a set of system states, S={s0, s1, s2, s3, s4 }, where s0= the starting state
representing the driver 1 is in the lane L1, s1= the driver 1 is driving in the
lane L2, s2= the driver 1 is driving in the lane L3, s3= goal state
representing the driver 1 exits the highway, and s4= absorbing state
(accident or any situation that cannot achieve the goal),
∑: a set of system transitions, ∑ = {Drive to L1, Drive to L2, Drive to L3, Exit}.

The only thing changed in the modeling representation for each driver is the
starting states. The starting states are s0 and s1 for the driver 1 and the driver2,
respectively.
The system states and transitions among the states for the driver trying to merge
right in the example are depicted in Figure 3-12. Each transition represents a human
action to change the current state to the next one in a specific situation. A proper series of
transitions might lead to the final goal states.

59

Figure 3-12: FSA representation of the driving system for each driver/vehicle in a lane.
Once specifying all the states and transitions in the AES, perceptual elements in
the system need to be identified. To this end, we create atomic elements (sub states)
inside each AES state. For this example, we will consider the case of transitions among
states s0, s1, and s4 as shown in Figure 3-13. To make a proper transition to the next state,
the human driver must consider the appropriate perceptual conditions of affordance and
effectivity states in order to actualize a human action. For example, two different
perceptions of situations in s0 are going to be considered. The proper combinations of
affordance and effectivity for the transition of ‘Drive to L2’ between s0 and s1 should be;

(p1, q1) and (p2, q2), where p1=‘perceived drive-ability of L1’ and q1=‘driver’s
perceived capability to make a lane change to or keep going on L1,’ p2=‘perceived
drive-ability of L2,’ and q2=‘driver’s perceived capability to make a lane change
to or keep going on L2.’
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As defined above, the perceptual information of affordance, effectivity, and
possible action are represented as functions of perceptual elements such as dimension,
location, and color within a specific time and space range. In this example, the visual
information is only considered as perceptual information. The elements that allow the
system to make a transition in a dynamic situation can be defined within ‘time-space’
dimensions as follows;

,

,

empty lengths of L1

,

velocity of d1, location of d1, the length of the car for d1

,

,

,

empty lengths of L2

,

,

velocity of d1, location of d1, the length of the car for d1

, where
: A function of organization and interpretation in a perceptual process, and
t1: The moment that the driver d1 perceives the system.

61

Figure 3-13: A modeling example of perceptual elements within time and space
constraints.
The internal and external transitions are represented as the connection between
specific combinations of affordance-effectivity states, and a set of possible action is
generated by a specific affordance-effectivity combination as follows:

,
,

,
,

,
,

, and
′

Drive to L2 under

′, where

c2 = {L2 is empty for at least three car lengths, d1 did not pass by the exit}

Thus,
, ′Drive to L2 under

′

,

, ′Drive to L2 under

′

.

We can develop an FSA model by using a similar approach to that described
above for all AESs as shown in Figure 3-14 where other affordances and effectivities are
defined as follows;
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p3=‘perceived drive-ability of L3’
,

empty lengths of L3 ,

q3=‘driver’s perceived capability to make a lane change to or keep going on L3’
=

velocity of d1, location of d1, the car length of d1 ,

,

p4=‘perceived drive-ability of the exit’
,

empty lengths of L3 , and

q4=‘driver’s perceived capability to drive to the exit’
=

,

velocity of d1, location of d1, the car length of d1 .

The above affordances and effectivities are represented as functions of the lower
order visual properties such as empty lengths, velocity, and position of drivers. The
existence of a possible action depends on the necessary-sufficient condition of the
existence of a certain action within dynamically perceivable in the time and space
dimensions. Between system states, also we can specify required physical conditions for
realizing actions as follows;

c1 = {L1 is empty for at least three car lengths, d1 did not pass by the exit}
c3 = {L3 is empty for at least three car lengths, d1 did not pass by the exit}
c4 = {the exit is empty, d1 did not pass by the exit}
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The properties of affordance and effectivity need to be expressed into lower level
perceptual properties such as dimension, velocity, and position. When modeled properly,
the generated FSA model can work in a dynamic environment and the properties in
models are predictable as long as we can evaluate what a driver perceives though his or
her own sensory (vision, hearing, etc.) systems.

Figure 3-14: The affordance-based FSA model for each driver/vehicle of the driving
systems.
The evaluation of human perceptual information is provided in the model as an
input and the state transition occurs based on the dynamic changes of perceptual
properties (lower order properties consisting affordances and effectivities). The
satisfaction of the necessary-sufficient condition of a perception-based human action at
each state guarantees the existence of transitions to the next system states (reach-ability
to the next goal states). If not, the system goes directly to the absorbing state (s4).
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3.5 Chapter Summary
This chapter presents the formal representation methodology to humaninvolvement in the view point of systems theory. Unlike a machine, a human takes an
action based on their perceptual information in nondeterministic and autonomous ways in
animal (human)-environment systems. The perception coupled with the environment
states contributes to human actions and it can be used to predict human effects on these
systems. In this sense, the perceptual properties of affordance and effectivity in the
system should be considered in system representation with their related actions.
Regarding prescriptive evaluations for perception-based human actions, the
necessary-sufficient conditions for the generation of perception-based human actions was
investigated and discussed. By providing the necessary-sufficient conditions for modeling
perception-based human actions in system representations and a methodology to build an
affordance-based formal computable model, a formal representation of perceptual
components which are essential to be considered when modeling human-involved
systems for the prospective controls is provided.
The affordance-based FSA model generated based on the perceptual properties of
perception-based human actions and the definitions of necessary-sufficient conditions can
play a role as a basic framework for decomposing goals and tasks in human-involved
systems. In the atomic level modeling, the perceptual elements of affordances,
effectivities, and possible actions are defined within dynamic perceptual constraints that
coincide with the necessary-sufficient conditions. This model can be generalized to
accommodate domain-independence within various human-involved systems modeling
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and control. A simple example of the highway-lane-driver system was illustrated to show
the systematic procedure of modeling.
It is noted that that it might be difficult to measure or evaluate the system
affordances associated with humans in a quantitative way in some case. However, once
we could analyze them, the evaluation of affordances and effectivities will help us
understand and predict human actions in complex environs. The proposed formal models
provide the breadth and depth for hierarchical systems such as a supply chain model,
which contains complexity along with a variety of human activities.
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Chapter 4
COMPLEXITY INVESTIGATION
IN AFFORDANCE-BASED FSA MODELS

In this chapter, the modeling complexity of affordance-based FSA formalism for
human-involved systems is investigated in terms of amount of computational information
required. The popular complexity theories for various purposes are discussed first, and
the modeling complexity in human-involved system in the perspectives of perceptionbased human decisions is conducted. A simple example of a hole making manufacturing
problem is provided to illustrate the complexity analysis of proposed model.

4.1 Complexity theory
Even though a model is simple and seems to be decidable, it may not be
applicable to practical problems if the model requires an inordinate amount of time or
memory to be mapped onto the physical systems. For this reason, an investigation of the
time, memory or other resources required for modeling problem essential procedure to
evaluate the usefulness of the modeling methodology (Sipser 2006).
In order to define the term, complexity, it is essential to specify the objective of
analyzing the complexity of systems. Because the meaning of complexity is not just
physical things such as number of information, lines of codes, computational time,
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biological cells, etc. Sometimes it means probabilistic, algorithmic, and computational
complexity with the stand point of analyzers. Suh (2005) investigated a variety of
complexity theories and their application, and categorized them based on its problem
domains as shown in Figure 4-1.

Figure 4-1: The classification of complexity theories in different domains (Suh 2005)
In physical domains, the main purpose of the complexity analysis is to measure
the amount of information and evaluate the difficulty of executing a task in the systems
representation. Specifically, the main perspective of computational complexity is focused
on the amount of time and memories required to model and solve physical problems.
Algorithmic complexity is used to evaluate length of description that represents the
amount of information needed to be executed in computer codes to achieve some tasks.
Probabilistic complexity means total length of schema needed to describe the random
aspects of entities.
Recently, the complexity theory covers functional domains related to the system
design in the context of uncertainty of systems. There are four different types of
complexities in this domain; time-independent real complexity, time-independent
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imaginary complexity, time-dependent combinatorial complexity, and time-dependent
periodic complexity. These complexities are, however, not directly related with the
systems theories on which we are mainly focused because these complexities are
analyzed to evaluate functional aspects of engineering designs.
In systems modeling perspectives, computational complexity is the key to
estimate the models’ computability and effectiveness. Thus, we are looking at the amount
of modeling information and the total size of the model.

4.2 Mathematical representation of system complexity for affordance-based FSA
System complexity is important in the sense that the one of the main purposes of
system models is to build controllers for coordinating system components. Furthermore,
if a human is involved in a system, the amount of information need to be considered
increases to keep track of how human involvement affect a system (Shin et al., 2006c).
In order to model the systems for the purpose of simulation and control, modeling
abstraction is a key to constructing a proper level of models with less complexity and
more validity. There are three different definitions of complexity within computational
complexity; analytic complexity, simulation complexity, and exploratory complexity
(Zeigler, 2000). Analytic complexity indicates the number of states that should be
considered to analyze, simulation complexity means the amount of resources required to
execute the model in computers, and exploratory complexity relates to the resources
required to explore a model space. Specifically, we intend to provide the analytic
complexity for this model because we are interested in the modeling easiness and
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abstraction. The analysis complexity can be expressed as the total number of states
needed to be considered, |Q|=|Q1|×|Q2|×|Q3|×…×|Qn|, where Q is the set of states and n is
the number of coupled models.
In the theory of affordance, Shaw and Turvey (1981) investigated the total
number of subsystems in an animal-environment system. Duality relationships between
elements in each level of grains (basis-grain, relation-grain, order-grain, and value-grain,
as shown in Figure 3-4) in ecosystems result to 1024 states of theoretical subsystems. A
coalition is a super ordinate system consisting of eight pairs of subsystems (with 1024
states) nested at four exclusive grains. In this sense, the analysis of systems at the human
perception level is very complicated. If we consider m number of human actions
(transitions) for a plan, there exist m corresponding environmental states. If we also
suppose that there are n people working in the system, and each person has i effectivities
and each environmental object has j affordances. Then, we need to account for,

⋅

Maximum number of affordance and effectivity states = 2i×2j×n×m, and

⋅

Maximum number of juxtapositions (coalitions) = 2i×2j×n×m.

In the above calculation, there are an enormous number of combinations existing
in systems mathematically, regardless of their realizable possibility. However, in the
proposed combined FSA, the total number of physical states we need to consider is at
most n×m and the total number of physical transitions (arcs) is at most n×m, because the
representation is based on network connections of nodes(states) and arcs(transitions).
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Thus, if we take into consideration of only feasible affordances and effectivities that can
affect the actualizable human actions (transitions) in the system,

⋅

Maximum number of affordance and effectivity states needed in FSA
representations=2×min{i,j}×n×m, and

⋅

Maximum number of juxtapositions (coalitions) needed in FSA representations
=min{i,j}×n×m.

If we assume that the number of people working in the system is fixed and j > 1,
the total analytic complexity of problems is expressed as O(2j) in big-O notation.
However, in the affordance-FSA formal model, we can decrease it to O(j), where n and m
are finite numbers. It means the analytic complexity of human activity models can be
decreased significantly by using the FSA representation.

4.3 Complexity investigation in simple manufacturing processes

The table shown in Figure 4-2 (b) proposes that the process capability for various
machining processes (Chang et al., 2005). The dimensional and locational tolerances for
the required hole is specified, so that the recommended process plans to achieve the
requirements are determined by a human operator.
However, in a hole making process, there are several activities that can be done
by a human operator. The number of possible actions that a human operator can take is
infinite, so that the minimum grains of FSA representation of the process planning

71
activity are limited as processes of changing features (e.g., size and dimension) in this
example. Then, the planning activity for a hole making in Figure 4-2 (a) can be
represented with an AND-OR graphical representation as shown in Figure 4-3.

(a) A part drawing

(b) Process capability for machining process

Figure 4-2: Drawing of the holed part and process capability for machining process

Figure 4-3: A network representation of alternative process plans for a hole-making
The network of processes is based on events in which manufacturing activities are
contained. Each transition between sub processes is an external transition, so that, in
order to represent internal transitions in the system, system affordances and
corresponding human actions are defined as follows;
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<Affordances in the hole making process planning>
1) Drill-able; By drilling, the dimensional and locational tolerances of the part
can be changed and it is perceived by an operator.
2) Ream-able; By reaming, the dimensional and locational tolerances of the part
can be changed and it is perceived by an operator.
3) Semi-finish-bore-able : By semi-boring, the dimensional and locational
tolerances of the part can be changed and it is perceived by an operator.
4) Finish-bore-able : By finish-boring, the dimensional and locational tolerances
of the part can be changed and it is perceived by an operator.

<Human actions in the hole making process planning>
1) Drill; The current tool held by a machine is a drill.
2) Ream; The current tool held by a machine is a reamer.
3) Semi-finish-bore; The current tool held by a machine is a semi-bore.
4) Finish-bore; The current tool held by a machine is a finish-bore.

As a complete affordance-FSA representation, the hole-making processes with
affordances and effectivities are illustrated as shown in Figure 4-4. The alternative
process plans described with the network flows contains a set of states and sets of substates containing information of existence of affordances and effectivities.
The juxtaposition function acts as a filter for screening feasible actions from all
connections between arbitrarily states in the system. In dynamic situations, the actual
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transitions in the graph shown in Figure 4-3 can be changed because of the availability of
a certain transitions are determined based on the states of affordance and effectivity
related to. For example, if the affordance of ‘semi-bore-able’ and the effectivity of ‘can
semi-bore’ do not exist after finishing ‘drill,’, the transition (action) of ‘semi-bore’ is not
possible to be taken and the only available process plans are ‘Drilling’ and ‘Drilling Æ
Reaming,’ whereas there were four alternative process plans as shown in Figure4-3,
originally.

Figure 4-4: The complete Affordance-FSA representation of a hole making process
In the perspectives of computational analytic complexity, the total numbers of
states and transitions (juxtapositions) required to be taken into consideration for modeling
the process planning example decrease comparing to the modeling view point of the
original affordance theory as shown in Table 4-1. By taking the concept of FSA modeling
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representation for human-involved systems, the total required information for modeling
and control is dramatically reduced.

Table 4-1: Comparison of analytic complexity between the ecological point of view and
the system point of view for the hole making process planning example.

Theory of Affordance

Aff-based FSA model

Number of affordance and
effectivity states

24×24=196

4×(4+4)=32

Number of juxtapositions

24×24=196

4

Total amount of
information

392
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4.4 Chapter summary
In this chapter, various kinds of complexity theories are surveyed and
investigation of the effect of the formal FSA model on system complexity is examined.
By mapping the dynamic perceptual components (affordance and effectivity) in systems
into discrete states and transitions, the total system complexity can be reduced, because
only feasible sets of affordance and effectivity, and their juxtaposition functions, which
can generate physical human actions on the systems, are considered in the FSA
representation.
However, it should be considered that the effects of affordances in FSAs need to
be further investigated, because, in reality, the number and property of system factors
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(affordance and effectivity) in human perception levels can change dynamically. Thus,
special care needs to be taken into consideration to define the perceptual properties
within the context of systems theory.
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Chapter 5
MODELING AND CONTROL OF HUMAN-MACHINE
COOPERATIVE MANUFACTURING SYSTEMS

In this chapter, the modeling basis and formal control model for affordance-based
human-machine cooperative manufacturing system are presented in section 5.1 and 5.2,
respectively. The example of affordance-based MPSG system control with a simple and
typical manufacturing cell is illustrated in section 5.3. Dynamic task allocation control
scheme for realization of human-machine cooperative systems is suggested in section 5.4.
Finally, the chapter is concluded with investigation and classification of errors in
affordance-based MPSG systems and a short summary in section 5.5 and 5.6.

5.1 Representation of affordances in human-involved manufacturing systems
For a formal control model of human-involved manufacturing systems, it is
necessary to incorporate affordances within a system that accounts for possible human
actions with regard to at least the material handling processes with consideration of
physical limitations for the actions, such as size, weight, and temperature. This
corresponds to distinguishing possible human actions from human capable actions
(effectivities). We remark that the set of possible human actions are a part of the
collection of human potentially capable actions considering that human may or may not
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take actions due to his or her cognitive recognition of actions or physical limitations
imposed by an environment. From the viewpoint of the manufacturing system with a
human material handler, the affordance can be described as;

Define Wpq as a set of possible human actions in manufacturing system. Let Xp
be a physical state of a part or a piece of equipment in a system where p is a human
accessibility (affordance) to it, and Zq be a human material handler where q is a
human action if and only if there is the third property r such that:
i) Wpq=j(Xp,Zq) possesses r : human material handing action (location change),
ii) Wpq=j(Xp,Zq) possesses neither p nor q, and
iii) Neither X nor Z possesses r, where r is a joining or juxtaposition function.

In order to incorporate system affordances into the manufacturing system
controller, a formal representation of occurrences of the third properties, called
dispositions, needs to be established. For some typical possible human actions for
material handling (e.g., access, pick, move, and put), the corresponding circumstance can
be specified as follows;
The specific classes of human activities to be addressed include the following:
1) For a human material handler to be able to access a machine (resource),
the machine should be stopped before the human starts to work and other
MHs (robots) should not run on it. Also, the human needs to perceive that
he or she can work on the machine.
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2) For a human material handler to be able to pick a part, at least one degree
of freedom (DOF) of the part needs to be released and the human can
separate the part from the position.
3) For a human material handler to be able to move a part, he or she should
be holding the part, and the central position of the part can be changed in
the global Cartesian coordinate system as a result of the move action.
4) For a human material handler to be able to put a part on a machine, the
machine should be stopped and the number of parts on the machine should
not exceed the capacity of the machine. Also, the machine needs to
support the part (fixture without slip).

As described above, there are some obvious state transitions for a human material
handler in the system. Based on the examples, we decompose human material handling
tasks into four types of actions (access, pick, move, and put), and also define system
affordances and human capable actions corresponding to them as follows;

<Affordances in the manufacturing system with human material handlers>
The specific classes of human activities to be addressed include the following:
1) A machine is accessible; the machine is stopped and waits to process a
part, and no other MH is working on it. The machine volume should be
within the human’s access ranges.
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2) A part is pickable; the chuck or fixture holding the part is open, and at
least one DOF of the part is available. The part should weigh less than
maximum lifting force, and should be less than maximum grapping width
for a human material handler.
3) A part is movable; the part is held by a human, and the location of the part
can be changed by human actions. There are no substantial obstacles from
a starting point to an ending position of the human.
4) A part is putable; the machine stops working, and it can support the part
upright without slip.
<Human MH’s capable actions (effectivities) in manufacturing systems>
1) A human material handler can access a piece of equipment.
2) A human material handler can pick a part from a piece of equipment.
3) A human material handler can move a part to a piece of equipment.
4) A human material handler can put a part to a piece of equipment.

The third property in Turvey’s affordance formalism is mapped on a subset of
possible human actions. By doing this, the juxtaposition function can be formulated based
on its definition. In the definition of the set of possible human actions, denoted by
Wpq=j(Xp,Zq), j is the joining or juxtaposition function. If Xp and Zq have multiple
dispositions, the juxtaposition function j needs to filter p and q from the dispositions
possessed by Xp and Zq to realize the possible actions of Wpq. To construct a juxtaposition
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function to address this, Xp and Zq are expressed as row matrices that consist of ‘0’ and
‘1’, which represent a certain property exists (‘1’) or not (‘0’) in the system. Thus, in a
manufacturing system with human, the sets of P and Q can be expressed as following
equation (1) and (2), respectively;
P = (Accessible, Pickable, Movable, Putable) : Properties of the system

(1)

Q = (Can Access, Can Pick, Can Move, Can Put) : Properties of a human

(2)

By multiplying each component in the matrices, the juxtaposition function of this
problem is defined as in equation (3) to obtain the third properties and possible state
transitions;
j : Xp × Zq → Wpq and π : P × Q × C → PA, where P is a set of affordance status
for a part state, Q is a set of action capability (effectivity) status to the human operator,
PA is a set of possible human actions in the system, and C is a set of physical action
conditions (preconditions for human actions).
Suppose, P = {pi : i=1,2,3,4}, Q = {qj : j=1,2,3,4} where pi and qj are binary
numbers, then
0
,

,

0

1&

(3)

Note that the empty set refers to a situation that a human operator cannot access a
resource.
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5.2 Formalism for human-machine cooperative systems: Affordance-based MPSG
As mentioned in section 5.1, some human actions become available depending on
the environmental affordances, and transitions made by human actions can be realized by
satisfying both system affordances and corresponding human effectivities (capable
actions). Affordances should have ontological assumptions related to space and time as in
Gibson’s ecological definition (Gibson 1979). In the sense of system controller such as
the MPSG, it is one of the key factors to build formal representation of the affordance
concepts that imposing quantifiable metrics on affordances.
From the MPSG point of view, the supervisory controller, called a Big-E, has a
module to generate possible transitions based on the logical validation of preconditions as
shown in the Figure5-1. The existing MPSG controller generates communicates with the
fully automated systems that are assumed to properly operate as planned beforehand. In
this sense, as long as the system is working without critical failures, the human action is
not necessary and a human is allowed to intervene between machine operations whenever
he or she decides to do so. However, when an unanticipated incident occurs (e.g.,
machine down, oversized part), which is usually beyond the controller’s resolution
capability, human involvement is required. In this case, the Big-E controller notifies a
human of the case so that a human operator can step in the process for preceding the
system to the next available proper transition.
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Figure 5-1: Control flow of human-involved automated system with consideration of
affordances.
From the viewpoint of a human operator, he or she could make a transition in the
system to move a part forward toward completion (one of the feasible ways to proceed
when the system requires some human action). The set of feasible transitions are mapped
into the Big-E controller, which can generate possible alternative action commands based
on the logical validation modules. It is worth nothing that this exactly corresponds to the
set of system affordances for this case. It should also be noted that not all feasible
transitions are available for the human operator because the system affordances for the
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human operator have ontological assumptions of physical and time domains, as
mentioned above.
In order to realize a human cooperative system in the ecological sense, generation
modules for two distinctive logical sets and the Boolean operator for juxtaposing these
two logical sets need to be constructed for a human operator to cooperate with the
controller with consideration of affordances as shown in Figure 5-1.
Considering the formal representation of affordances, the extended MPSG for
human-involved system control can be improved in such a way that it can consider more
realistic transitions by human possible actions. Here, the affordance-based MPSG,
denoted by MA , is defined as a 12-tuple, which comprises eight-tuples from the initial
extended MPSG model, ME , and four-tuple from the affordance representation. It is
defined formally as MA =<Q, qE0, FE, ΣE, AE, Pα, δE, γE, Matom>, where the definitions of
the components are as follows:
Matom =<{X, Z, W}, {P, Q, PA}, Pr, C, j, π, ta, δint, tint>: A sub-system (atomic
model) with 13-tuple FSA that contains both human and environment, where;
Pr : Xp → P, Pr : Zq → Q, Pr : Wpq → PA,
δint :{P,Q} × tint → {P,Q},
j((Xp, Zq) = j(part, human operator) = Human material handling system ,
π (p(part,l), q(part,l), C)= PA
0
_

_

_

_
_

_ ,
_ _ _ ,
_ _

0

1&

C
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, where;
l

⊆ L, p(part, l) ∈ P, q(part, l) ∈ Q,

p(part, l)=p(part, {l1,l2})= (a location set {l1,l2}is accessible, the part is pickable
at l1 , the part is movable from l1 to l2 , the part is putable on l2),
q(part, l)=q(part, {l1,l2}) = (the human can access to a location set {l1,l2}, the
human can pick the part at l1 ,the human can move the part
from l1 to l2 , the human can put the part on l2),
δE : Q × ΣE → Q, where
δE((v, l, I(part)), a) = δH ((v, l, I(part)), a)

if a ∈ PA

δE(v, l, I(part)), a) = ( δM (v, a), l, 0)

if a ∈ ΣM

δE(v, l, I(part)), a) = (v, l, I(part))

if a ∉ PA

⊆ ΣH

⊆ ΣH

, where δM is a state transition function by automated MHs (robots) and δH is a
state transition function by a human material handler, and
all other definitions of tuples are the same as those of ME and Matom in section
2.3.2 and section 3.2.3, respectively.

Based on the above definition, the juxtaposition between the part and human
operator can generate a set of possible human actions under a particular circumstance
when system affordances are defined as environmental situations, time limitation,
physical layout of a system, and part properties, e.g., size, volume, and speed. The human
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transition set of the affordance-based MPSG is a subset of that of the extended MPSG as
shown in Figure 5-2.

Figure 5-2: Transition sets in the Affordance-based MPSG controller
Thus, the complexity of the MPSG controller of human cooperative systems can
be reduced when the concept of affordances are taken into account. In the extended
MPSG controller, ME, physical preconditions, PE, are evaluated so that some impossible
transitions can be prevented. However, the physical preconditions may account for only a
small part of system affordances that can be measured by pre-installed sensors, while
most of possible human transitions are determined by human cognitions. It is noteworthy
that system affordances for humans have much greater impact on the operations and
control of the human-machine cooperative systems.

5.3 Illustrative example
This section presents an application example to illustrate the proposed
manufacturing control model with affordances. As shown in Figure 5-3, two types of
graphs are constructed to represent the system’s physical configuration and the logical
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control logic. The first graph shows the relationship among the resources in a system and
possible path for parts. Based on this connectivity graph in Figure 5-3 (a), the affordancebased FSA representation in Figure 5-3 (b) can be created to develop a control scheme
for the system. This is then used to generate an affordance-based MPSG controller that
incorporates operations of each piece of equipment and possible human actions.
Specifically, Figure 5-3 depicts a case in which a human operator can move a part
from ‘MP1’ to anywhere when the part is not ‘putable’ on ‘MP2’, i.e., the MP2 is located
so far from the operator that he or she cannot see if the MP2 is empty. The affordance
and effectivity matrices between ‘node 1’ and ‘node 2’ are expressed with the proposed
model as follows;
p(part, {MP1, MP2}) = (p1, p2, p3, p4) = (1,1,0,1), and
q(part, {MP1, MP2}) = (q1, q2, q3, q4) = (1,1,1,1).

So, the juxtaposition function can be,
1

_

1

_
0

_

_

_
_
_

_MP1,

_MP1,
_MP1_ _MP2,
_ _MP2
_

_

0

_MP1_ _MP2
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(a) Connectiviity graph

(b) Afforddance-based MP
PSG representaation

Figure 5-3: FSA
F
represeentation; MP2
M
has noo affordancee of put-abbility for huuman
opperators.
If the human maaterial handller wants to make a traansition betw
ween ‘MP1’’ and
‘M
MP2’, he orr she needs to take three actions (ppick, move, and put) bettween the nodes.
n
H
However,
thee action, ‘puut’, is not avvailable in the
t system. It means thhat by taking the
afffordances in
n the system
m, the compleexity of the graph in term
ms of the nuumber of posssible
huuman action
ns in the FSA
A representattion can be reduced.
r
The eligible
e
affordances andd effectivitiees of the exxample can be expresseed as
foollows;

The afffordance chhart at time t:
t
p(parrt, {MP1, MP2})
M
= (1,1,0,1),
p(parrt, {MP1, BS
S}) = (1,1,1,,1), and
p(parrt, {MP1, PO
ORT}) = (1,1,1,1).
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The effectivity chart at this point:
q(part, {MP1, MP2}) = (1,1,1,1),
q(part, {MP1, BS}) = (1,1,1,1),
q(part, {MP1, PORT}) = (1,1,1,1),

From the above affordances and effectivities relationships, we obtain;

_

_

_

_MP1,

_

_

_MP1_ _BS,

_

_BS,

_

_

_

_

_MP1_ _MP2,
_

_

_MP1_ _PORT,

_PORT

If the controller is to allow a part transition between MP1 and MP2 by a human
material handler, PA should contain a complete set of actions which is composed of pick,
move, and put between MP1 and MP2. However, PA does not have ‘put’ on MP2 actions
in itself in this example. Thus, the human operator cannot make the part transit between
MP1 to MP2 as a material handler.
The affordances in this system are assessed in a dynamic manner, so that the
controller can evaluate a feasible set of affordances and effectivities whenever human
actions are needed to be taken in the system. The proposed modeling methodology with
the ecological concept of affordances can expand our ability to describe and control more
completely true human-machine cooperative systems, because a human operator can be
considered an independent system interacting with other automated resources rather than
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a system resource included in the system. The development of the supervisory controller,
Big-E, containing dynamic assessment of affordances would be suggested in the
implementation example stated in Chapter 6.

5.4 Work allocations in human-machine cooperative systems
Sheridan (2000) discusses a list to assert “what men are better at” and “what
machines are better at” (MABA-MABA) as follows;

<Humans are usually conceived to be better at>:
1) Detecting small amount of visual, auditory, or chemical energy.
2) Perceiving patterns of light or sound.
3) Improvising and using flexible procedures.
4) Storing information for long periods of time, and recalling appropriate
parts.
5) Reasoning inductively.
6) Exercising judgment.
<Machines are better at>:
1) Responding quickly to control signals.
2) Applying great force smoothly and precisely.
3) Storing information briefly, erasing it completely.
4) Reasoning deductively.
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The gaps between ‘what machines are better at and what humans are better at’ are
getting narrower as machines are replacing human more and more with the development
of artificial intelligence technologies. However, the complete replacing humans with the
automated machines are almost impossible and impractical partly because of both
economical and technical reasons (Brann et al. 1996).
In this sense, the function allocations between machines and humans in the
human-involved automated system are one of the vital factors to control the system in
effective and flexible ways. As pointed out in the previous section 5.1, human actions are
available depending on the environmental affordances, and transitions by human can be
realized by satisfying both system affordances and corresponding human effectivities
Thus, from the system point of view, the controller needs to differentiate the set of
actions that humans are better at from actions that machine are better at with
consideration of availability of human actions identified by the model proposed in this
research.
Suppose that the material handling time (e.g., time for picking up, moving, and
putting a part) and material lifting capability (e.g., part weight, volume, size, and
temperature) can be critical factors to allocate work between human material handlers
and robots in a manufacturing cell. If the controller is able to evaluate the availability of a
resource (either human or machine) which can reduce a processing time for a material
handling job at a certain point of time and space, the whole system works faster and more
intelligent to increase its productivity. For example, if we consider a simple human-
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machine cooperative manufacturing cell shown in Figure 2-5 with following
characteristics;

Time for a robot to move a part from a resource to a resource = 10 ± 0.5 sec.,
Time for a human to move a part between adjacent resources = 5 ± 2 sec.,
Time for a human to move a part between facing resources = 10 ± 5 sec., and
Human capable part size and weight ≤ 3ft×3ft×3ft and 20LB.

The controller is able to evaluate expected average processing time for each task
and allocate the task between a human operator and a robot based on information of the
dynamic location of a part and the human operator, and system working status. For
instance, if the human operator is waiting for a message from Big-E within three seconds
walking distance from MP1, and a part, whose size and weight are 1ft×1ft×1ft and 10LB,
needs to be moved from MP1 to BS, the expected average time of the human task to
move the part is eight seconds and that of the robot is 10 seconds. Thus, the human
operator is supposed to be faster than the robot to accomplish this specific task, and the
controller will allocate the task to the human operator as shown in Figure 5-4. In this case,
the external transition function in affordance-based MPSG needs to be revised as follows,

δE : Q × ΣE → Q
δE((v, l, I(part)), a) = δH ((v, l, I(part)), a)

if a ∈ PA

⊆ ΣH and

the human is expected to perform a task faster than the automated MH, and
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δE(v, l, I(part)), a) = ( δM (v, a), l, 0) otherwise.

Figure 5-4: Task allocation between human and machine in affordance-based MPSG

5.5 Classification of errors
In the perspectives of systems theory and controls, a human agent is neither
completely controllable nor perfectly predictable because of his or her nondeterministic
and complex behaviors. For this reason, human-machine interactive system models need
to harness dynamic human decision making processes into discrete system contexts. The
level of modeling grains is defined with respect to the modeling purposes and modelers’
perspectives on the systems. Representation of systems using finite numbers of states and
transitions poses a lot of challenges to make a model complete by itself. Thus,
comprehensive definition and classification of errors and error states in discrete system
models can increase modeling easiness, simplicity and completeness.
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For instance, the human-involved automata model of ‘a highway-lane-driver
system’ illustrated in section 3.4 contains an additional system state of the absorbing
(error) state. In this modeling representation, human actions and system transitions that
may not lead to the desired states, which come from the goal of the human-involved
system, directly go to the absorbing state. Only valid interactions between a human and a
system can be parts of a human-involved or human-machine cooperative process that
change system states from a current to a next state which is placed within the process to
the desired goal states.
It may not be critical to investigate errors in descriptive system representation as
mentioned above. However, in the perspectives of system control models, system
recoveries from errors are important to accomplish the seamless and complete modeling
of human-involved systems. Thus, investigation of errors and their proper classification
in systems are one of keys to develop control models for human-machine cooperative
systems.

5.5.1 Error classification in existing MPSG systems
In human-involved systems, human errors are considered important factors from a
control point of view because sometimes system status is significantly changed by the
human errors which are not within traceable states. It is well known that there are a
number of topics to be addressed in terms of human errors. Shin et al. (2006c)
investigated human operational errors concerning the human material handling in
extended MPSG controls. In the authors’ research, only human operational errors that are
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directly related with physical material handling tasks are considered, and human
operational errors are classified into two separate categories; location errors and
orientation errors.
A location error means that a human material handler made a mistake to pick or
put a part on a wrong resource location. A human may commit a location error during his
or her material handling task by loading or unloading a specific part on some equipment
(resources) which are not in the proper process plans for the part. An orientation error is
the case of not properly placing a part on equipment. For example, a human may commit
an orientation error when he or she places and fixes the part on the controllable vice.
Even if the human operator places the part on the right equipment (location), he or she
may make an orientation error because of placement of the part in wrong directions and
fixation of the part improperly.
Location and orientation errors may hinder the system from starting a proper
operation in processes, and this failure causes the system to stop and wait for a recovery
action. Every part in system operations is represented by its own unique state that is
specified in a part-state graph with electronic sensors that can check the physical
precondition of a system operation α, ρα ∈ PE. Therefore, location and orientation errors
are checked by sensors installed on equipment before the system starts a process.

5.5.2 Error classification in affordance-based MPSG systems
The location and orientation errors stated in the previous section 5.5.1 are
taxonomies under physical preconditions regarding coordination states of a part in
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systems. However, in the ecological definition of affordances, properties of affordances,
effectivities, and possible human actions in systems should have ontological assumptions
related with space and time (Turvey 1992), and the failure to satisfy these assumptions
can lead a system state to undesirable states or make an improper transition. The cases of
failing to satisfy assumptions in space dimension fall into the category of location and
orientation errors. The cases of failing to satisfy assumptions in time domains, however,
were not investigated.
In the perspectives of control models, actual system status and behaviors should
coincide with representation of states and events within the same time and space domains.
The detection of location and orientation errors can be easily performed by using sensors
installed on resources (equipment) in control systems, while the detection of failing to
satisfy time constraints cannot be considered in the existing extended MPSG control
systems. Specifically, the automated equipment in systems run based on the logical
preconditions within systems, but a human in the system tends to take an action relying
on his or her perception-based actions which are available within a specific space
dimension and time duration containing the affordance-effectivity duals for those actions.
For this reason, one additional error classification for a human needs to be considered; a
set of transition errors with respect to time and space constraints between a human and a
part. A human may commit transition errors if he or she missed to perform a desired task
within a specific time range.
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Figure 5-5: Examples of location and orientation errors
An example of transition errors can be expressed in affordance-based MPSGs as
shown in Figure 5-5. The errors can be detected and checked when a specific human
action is not taking within the time and space conditions described in a set of action
conditions, C. The action conditions can be estimated based on the information of the
relative properties between a human material handler and a part, such as size and weight
of the part, lifting and moving capabilities of the human material handler, relative
distance between the part and human. The size and weight of a part can be detected by
sensors installed on equipment, the human capabilities are pre-programmed based on the
personal information, and the location, viewing, and moving direction of the human
material handler can be detected by a vision sensor installed in the shop floor system. The
representation of affordance-based MPSG systems contains time-related tuples which can
measure and check the time constraints for existence of possible human actions. The time
advances are checked within control programs for equipment and the system allows a
human material handler to perform human tasks only within a specific time range.
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5.5.3 Error recovery
The detection and classification of human errors in human-machine cooperative
systems are crucial to validate the control processes of human-involved systems. The
analysis of error status in systems can guarantee the prompt and proper recovery of the
systems from undesirable system states.

Figure 5-6: Recovery of a transition error by re-allocating a human task to machine
When location and orientation errors are occurred, the system will stop and wait
for recovery action by either incurring automatic recovery module or calling human
material handlers. In case of a transition error, the system can simply recover it by reallocating the human task to a machine without stopping and recalling an error recovery
module as shown in Figure 5-6 if the desired task can be performed by either a human or
a machine. If a desired human task is failed to be performed within an eligible time range,
machine can take an action instead of a human. However, if the required task for a
specific system transition can be done only by a human, it should be recovered by human
operators. The transition error recovery process is described as shown in Figure 5-7.
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Figure 5-7: Human transition error recovery procedure

5.6 Chapter summary
This chapter presents the modeling concept and formal representation of humaninvolved manufacturing control systems called affordance-based MPSG.

The basic

concept of affordance formalism developed in Chapter 3 is comprehensively applied to
the existing shop floor control systems. With consideration of affordances in
manufacturing systems, a human can participate in system operations and dynamic task
allocation between a human and a machine is available.
Investigation of errors and their classification are also discussed. A new class of
errors, transition errors, is defined and proper error recovery process is presented. In
regard to human transition errors, the automatic task reallocation to machine is a solution
to solve the errors in easy ways. However, if the original task for a specific transition was
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only available for a human operator, an error recovery task by a human should be
incurred to solve it.
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Chapter 6
IMPLEMENTATION

This chapter describes the implementation of the models in a shop floor control
environment in which a human operator plays some roles in system controls. The
controller allocates works based on availabilities and capabilities of human and machine
evaluated from affordance and effectivity states in time and space domains.
The remainder of this chapter is organized as follows. Section 6.1 describes the
shop floor system that is used as a test bed for human-machine cooperative systems.
Section 6.2 presents the main control system components including the affordanceinspired supervisory controller called the HITS controller, the material handler (HM)
controller, and the interface between human and machine. The implementation specifics
of the controller and the interface for the human are demonstrated in section 6.3. Section
6.4 describes the limitation of the implementation. Finally, section 6.5 summarizes this
chapter.
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6.1 System Description

6.1.1 Layout of the Shop Floor

As an example to illustrate the model suggested throughout this research, a shop
floor control system with inclusion of human tasks is as shown in Figure 6-1. The
example problem consists of two different ports (Port), one robot (MH), and one human
operator (H). Each port in this system represents either material processors (MPs), buffer
storage (BS), or arrival/departure ports (Ports) that can be described as physical resources
on which a part should be located before and after a task by a human or a robot. A human
material handler (H) cooperates with the robot for material handling tasks to change the
part location or orientation. The parts in the system can be handled either by the robot
(MH) or the human operator (H). The task allocation between human and machine can be
executed based on the information of the availability and capability of human and
machine. Although humans can take complex tasks related with material handling and
transporting process, human material handling tasks in this system are limited to pick, put,
rotate, and move for simplicity of the implementation and demonstration.

6.1.2 Problem Domain and Assumptions
The objective of this implementation is to make a human-machine cooperative
system controller with consideration of affordance and effectivity status in the system. To
do this, the implementation problem domain is simplified with two different types of
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material handlers, a robot and a human operator. The system illustrated in this chapter has
no material processor, because we assume that the human operator in this system is only
capable of changing location and orientation of a part rather than changing features of the
part such as color and shape. In typical manufacturing systems, material processors (MPs)
such as turning machines and milling machines can change the part feature. In this
example, however, our focus is on material handling tasks.

Figure 6-1: Shop Floor Layout : Implementation Example
A robot in the system is operated and controlled by the task flows generated based
on the pre-programmed logical conditions detected by sensors. This is the most
distinctive nature between human and machine systems. A human in the system can take
an action based on his/her perception which is not simply described by predefined rules
or logical preconditions. For this reason, we need to consider how to detect the human
operator’s perceptual conditions in the system.
The affordance and effectivity of a human operator in the system are assumed to
be properties that can be partially evaluated by his or her sensory information, even
though the information detected by pre-installed sensors is not exactly same as what he or

103
she really perceives at a specific instance. The affordance and effectivities treated in this
chapter are not the same as the original definition of them. So the controller concept
implemented in this work is not affordance-based, but affordance-inspired one. In this
implementation, we assume that the human operator’s perception of physical system
conditions (affordances) can be evaluated by the information of his or her location and
viewing direction. To do this, a set of ultrasonic proximity sensors are used as shown in
Figure 6-2.

Figure 6-2: Installation plan for the ultrasonic proximity sensors in the system
By the use of ultrasonic proximity sensors which measure the exact location and
viewing direction of the human operator, we assume that the human operator can
perceive his/her specific possible actions based on the port information that he or she
perceives within 120 ° of the horizontal angle. The lower order properties of human
location and viewing direction, measured by the ultrasonic proximity sensors are used to
evaluate the higher order properties of perceptual states that can be evaluated and
assumed as the existence of affordance and effectivity duals. For example, the affordance

104
and effectivity of the human operator for the action of picking-up the part can be
evaluated by combinations sensory data as shown in Figure 6-3.

Figure 6-3: The example expressions of affordance and effectivity associated with an
action picking-up the part at the port 1.

6.1.3 Control Flow

To implement the human-machine cooperative system control, a control scheme
for the simple shop floor is proposed as shown in Figure 6-4. In this example, two
different types of controllers are built that include the supervisory controller (HITS) and
the material handler (MH) controller. The MH controller communicates with physical
equipment, a robot, and the HITS controller supervises the MH controller and interacts
with the human though the interface, including ultrasonic sensors that detect human
location and viewing direction, and alarming module which can provide the human
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operator with appropriate visible or audible signals according to the system conditions,
built in the physical system.
Based on a manufacturing database, a process plans are generated for a specific
part and it communicates with the HITS controller by passing massages containing
destination of the messages and related part information.

Figure 6-4: Control Scheme of Perception-based Human-Machine Cooperative Systems
(material handling tasks)
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These messages are transmitted to equipment controller through the HITS
controller and each controller performs tasks based on received messages from the HITS
controller. When the human performs a task instead of an equipment controller, the
equipment controller recognizes the human task and reports the result of the human task
to the HITS controller. Depending on a consequence of the human task for a part, the
HITS controller sends a next message that is directed by the process plans, or interacts
with a human if additional human tasks are needed for the part processing.

6.2 System Components and Structures

6.2.1 HITS Controller

The MPSG representation of the HITS controller for the human-machine
cooperative system example is shown as Figure 6-5. It consists of a set of nodes that
represent part states and a set of transitions that describe required messages for transitions
among nodes. The initial state (node) is specified as node ‘zero’ when a part enters the
system. The final state of the system in this example is number 26. The suffixes in the
messages represent controllers that passing the messages. For instance, the suffix (sb) in
the first message represents a case when the message is sent from the simulation (s) to the
HITS controller (b). The first letter and the second letter in the suffix of a message
between controllers represent a source and a destination of the message, respectively. In
this MPSG representation, the process plan, the HITS controller, and the material handler
(MH) controller are denoted as s, b, and t, respectively. Therefore, for example, a
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message, assign_bt, means that the assign message is sent to the MH controller (t) from
the HITS controller (b). For the human material handler, the upper case H is used in this
system.

Figure 6-5: MPSG of the HITS controller
Note that there exists an available human task, ‘H_move,’ which means that a
human operator can move a part from the ‘port 1’ to the ‘port 2’ at the vertex 5. Put
another way, when a part arrives at the vertices, the HITS controller will evaluate if there
exists a possible action for the human operator based on system affordances (e.g., part
location, part size, weight, and surface temperature) and human effectivities (e.g.,
location and viewing direction of a human material handler, and lifting capability) by

108
checking the data read from ultrasonic proximity sensors and inductive proximity sensors
at the vertex 7. Once the controller evaluates whether any human possible action exist at
vertex 5 and if an action would be helpful to reduce the part processing time, the system
will allow the human operator to access and pick the part on the port 1 by releasing the
pneumatic vice and stopping the robot movements. At vertex 13, however, if he or she
fails to start the desired task within a certain duration of time (e.g., 10 seconds), the
system will send out an audible alarm (e.g., instructional voice navigation for the human
operator) to draw the human operator’s attention to the part location. If the evaluation
result at the vertex 5 is not appropriate for the human task (e.g., there is no possible
action for the human at the vertex 5, or the robot is expected to move the part faster than
the human), the part state goes to 8 by the robot task, pick.
When a human task is performed successfully, the HITS controller receives the
H_move_ok message where H_move represents a task that has been completed by the
human. For example, if the human performs H_move task when a part is at vertex 13, the
HITS controller receives the H_move_ok message from the MH controller and the part
state changes to 14. When the human fails to perform an appropriate task, an error is
detected by the equipment (MH) controller and the HITS controller receives the
H_move_nk message. In this case, again, the HITS controller evaluate if it can be
corrected by the robot (automated material handler) or a human. If the robot can handle
the simulation, the robot will act on the system to move the part, if not, the system will
send out an audible alarm to the human through the interface as observed in the task of
‘error_notify’ located between vertices 20 and 21. Based on the information that is sent
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out from the interface, the human fixes the error. If the error is resolved, the part state
goes to the next vertex.

6.2.2 MH Controller
The material handler (MH) controller in this research can be regarded as a
controller for a robot associated with inductive proximity sensors detecting location and
orientation of parts in the system. The controller plays a vital role in providing human
task opportunities and evaluating human errors. The MPSG of the MH controller is as
shown in Figure 6-6.
The MPSG of the MH controller is capable of sending and receiving control messages
between the human and the robot (MH) based on the information of affordance and
effectivity evaluated by the HITS controller. For example, the human task is required to
be performed at vertex 3, the MH controller receives the appropriate message, H_move,
for the human from the Big-E. Then, the MH controller executes the task of H_move to
provide the human operator with appropriate physical system conditions (affordances),
such as stopping the robot movement and releasing the controllable vice, required to
achieve the task of ‘moving the part from the port 1 to the port 2.’
In this case, however, the human operator may not choose to perform the task
even though the affordance and effectivity conditions are satisfied. If the human does not
respond to the system to take the required task at the vertex 8, the MH controller will wait
for the human response for 10 sec. and it would either automatically allocate the task to
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the robot or send out audible and visible alarm signal to him or her to notify that the part
requires human tasks to be processed.

Figure 6-6: MPSG of the Automated MH (Robot) Controller
When the human performs the task but the material handling task is not
performed correctly (human errors: location or orientation errors) at the vertex 8, the part
state transit to the vertex 10 and the robot (MH) may correct the error if possible or the
MH controller is able to delete the part number in the task list. This is done by processing
the unassign task from the Big-E and MH controllers.

6.2.3 Interface
The interface is designed to facilitate the communication from the HITS
controller toward the human operator to deal with a situation in which a human
participation into the system operation is available or necessary. In fact, the interface
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receives messages from the HITS controller and then prompts and guides the human to
process the system operation more flexibly and effectively (by doing a complex task that
can take long time for the robot to be performed), or to resolve abnormal situations that
cannot be corrected by the robot.

Figure 6-7: MPSG of the Interface Controller
The interface is invoked when the H_move_alarm message is received from the
HITS controller. Figure 6-7 depicts the MPSG of the interface controller. The interface
controller is designed to be separated from other equipment level controller to improve its
modularity. Once the alarm task is evoked, the interface executes an appropriate program
that contains a specific instructional signal for visual and auditory messages to the human
operator. The instructional directions could be provided by voice navigation, blinking
light signal, or descriptions on a display module. In this work, we adopt voice instruction
containing required a human action and part locations (e.g., ‘move the part from port 1 to
port 2’). The message that the interface gets from Big-E contains information of error
types and part types. The examples of alarm signals by types of errors and parts are as
shown in Figure 6-8, and the types of errors are evaluated based on the signals detected
by the sensors.
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Figure 6-8: Types of alarming sounds from the interface module.

6.2.4 Sensory Instruments
In this work, two different types of sensory instruments are employed to evaluate
part states and system conditions. Figure 6-9 shows the functional types of sensory
instruments used in the systems implementation. First, the set of ultrasonic proximity
sensors are used to evaluate the human perceptual states. Second, the set of inductive
proximity sensors are employed to scan the physical states, such as location and
orientation, of a part in the system.
As shown in Figure 6-9, the set of ultrasonic sensors is composed of two listener
motes (ultrasound receivers), one beacon mote (ultrasound transmitter), and one USB
mote (Bluetooth receiver that can be connected to a universal serial bus (USB) port in a
computer). The beacon mote keeps sending ultrasounds to the listener motes, and, at the
same time, they communicate with the USB mote via Bluetooth connections to update the
information of distances between the listener motes and the beacon mote. By calculating
the time difference between signal sending and receiving instances, it is possible to
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measure the distances between the beacon mote and the listener motes. In the
implementation, two listener motes are placed in two ports and the beacon mote is
installed on a headset of a human operator to measure the location and the viewing
direction of him or her as shown in Figure 6-10. The maximum signal transmitting angle
and distance between the listener motes and the beacon mote is 120 degree and 30 ft,
respectively.

Figure 6-9: Sensory instruments in the implemented system.
The sets of inductive proximity sensors are installed in both ports to detect the
location and orientation of a part. They are connected with a computer though a digital
Input/Output (I/O) board. If any metallic material contacts the sensor, it gives out 10
Volts DC and a digital signal of ‘1’ can be measured by the computer. In this work, the
MH controller communicates with the I/O board and keeps track of the part location and
orientation information as shown in Figure 6-11.
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Figure 6-10: Connections among ultrasonic sensors

Figure 6-11: Physical connections of inductive proximity sensors
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6.2.5 System Connections
In this implementation, the sensory instrumentation plays a key role in monitoring
and evaluating the system states and human capabilities since the human action
conditions and results of human tasks are mostly determined by sensory data. Figure 6-12
shows the all physical connections of the sensors employed in this example. A 48 channel
digital input/output (I/O) board that can read digital input signals from external devices is
used to connect between inductive proximity sensors and a computer. The signals on the
I/O board are read by the computer whenever a windows application for the MH
equipment controller invokes the board status.

Figure 6-12: Physical connections through the I/O board for the systems control.
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The I/O board is also used to establish the communication between the MH
controller and the ABB-140 robot. When the MH controller send out a specific digital
signal composed of four digits, the robot executes a certain pre-programmed task. Four
output modules are used for 16 binary combinations, and each binary combination is used
to trigger a specific robot sub-routine. The detailed mapping between is shown in Table
6-1.
Table 6-2: Robot program sub-routines according to the MPSG task messages and I/O
board signals.

The five subroutines created inside the robot controller are actuated by binary
combinations of four bits as it can be observed in the signal descriptions. For example,
subroutine 1 (Program 1) is actuated when the binary combination 0 & 1 & 1 & 1
becomes available in the input signals of the robot controller, I7 I8 I9 I10, accordingly.
The controllable vice is connected to the output signal of the robot controller and
it can be released by giving out a 24 Volts DC signal thought the digital output channel
#4 in the I/O board. It is composed of a pneumatic cylinder and a 3-way solenoid valve,
so that the on/off signal can simply close/open the vice. The vice will open automatically
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before the robot’s picking up or human moving a part tasks. It will automatically close
when a part is arrived at the port 1.

6.3 Construction of Controller Applications
After the MPSG for all controllers have been completed, the executable controller
can be constructed. The ‘MPSG creator’ and ‘MPSG builder’ which had been developed
by CIM Lab. at Penn State can be used to construct the required control modules
following the procedure in Figure 6-13. In this procedure, each controller MPSG
generated by the MPSG creator is converted into a text file (controller.m), containing
information of states and transitions in each equipment level. It specifies the initial and
the final vertices and classified the edges into three different types: input, output, and task
edges. By using the MPSG builder, the M-file (*.m text file) is parsed and populated into
a header file, C++ source, and C++schedule files automatically. These files are complied
with default C++ source files and come up with a windows application which can control
the physical equipment such as a robot, controllable vice, and sensors.
Each controller (Big-E, MH, and interface) are connected through a router that
transmits messages among controllers, and used to operate the human-machine
cooperative material handling shop floor control system. For real execution of the system,
connections between physical equipment and executable controller application should be
further established. Thus, the details of this procedure will be explained in following
sections.
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Figure 6-13: Construction procedure for a executable controller from a MPSG

6.3.1 The HITS controller Application
The role of the HITS controller is to process system operations by communicating
with the process plan database (simulation or pre-defined process plan database) and the
MH controllers through messages passing. It is also required to interact with the human
through the interface when a human task is necessary.
The windows consol application of the HITS controller is linked with ultrasonic
proximity sensors to evaluate the human perceptual states of affordance and effectivity in
dynamic situations. At vertex 5 in Figure 6-5, the HITS controller invokes a task of
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check to evaluate the human capabilities and system preconditions to decide whether a
the human or the robot is appropriate to handle a part based on predefined part properties,
associated human capabilities, and dynamic information of the human location and
viewing direction.
The task of check sends out an output message to the simulation or process plan
database with an attribute containing information whether a possible human action exist
(affeff=1) or not (affeff=0). Figure 6-14 shows the logic to generate affordanceeffectivity status information in the HITS controller. The existence of affordanceeffectivity dual is evaluated based on the location and viewing direction of the human
operator detected by pre-installed ultrasonic sensory instruments. When a part is
positioned within the human’s horizontal viewing angle (120 degree) and it is close
enough for human to perceive the part type (within 10 ft.), it is assume that the human
can perceive if the task of move the part is possible or not.

Figure 6-14: Logic to check affordance-effectivity state at vertex 5 in the C++ source
code.
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Any vertex that has an outgoing arc of a human task is required to check an
affordance-effectivity state because the availability of the arc cannot be guaranteed if
there is no perceivable possible action from the vertex. In this reason, the evaluation
module to check an affordance-effectivity state is the most distinctive feature in the
affordance-inspired MPSG, comparing with the existing MPSG control schemes.

6.3.2 The MH Controller Application
Generally, the MH controller executes the robot to perform part handling tasks
such as pick, put, move, and rotate. Additionally, in the affordance-inspired MPSG
systems, the MH controller also provides the human operator with physical preconditions
for taking actions within systems. Through the I/O board connecting between the MH
controller and robot controller, the digital sensory information representing the location
and orientation states of a part is transmitted to evaluate the existence and types of human
errors.
At vertex 8 in Figure 6-6, the MH controller has three different outgoing arcs and
it determines an appropriate output message based on the location and orientation
information of a part detected by inductive proximity sensors. The logic to classify the
types of errors and send out an appropriate message is as shown in Figure 6-15. The type
1 error is the location error; type 2 is the orientation error; and type 0 is the transition
error. The I/O board digital input status is represented as a decimal number converted
from a four digits binary number, so that each ‘board’ status number means a specific
sensory informational combination of the part location and orientation in the system.

121

Figure 6-15: Logic to create an output message at vertex 8 in the C++ source code.
In the C++ schedule file as shown in Figure 6-16, the feasible transition from
vertex 8 can be selected by the location and orientation of a part evaluated from the I/O
board status. Based on an appropriate error type evaluated by the I/O board scanning at
vertex 8, the MH controller application will generate and send out one message
representing the system condition to the HITS controller.
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Figure 6-16: Logic to create an output message at vertex 8 in the schedule file.

6.3.3 Interface Application
When the HITS controller invokes the interface, the information of the error type
that is reported from the MH controller is provided to the human so that the human
operator can respond to the abnormal situation. The information includes the input
message from the HITS controller, part number, and error types involved in an error. In
this work, for each type of errors, the interface plays media file to provide the human
with audible instructional notices.
The source code used to create the executable module is as shown in Figure 617. The ‘PlaySound’ command incurs an appropriate WAV file to play a recorded
audible instruction for each error type. There are three different audible instructions and
each of them gives detailed information for correcting an error as shown in Figure 6-8.
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Figure 6-17: Audible instruction play module in the C++ source code for the interface
controller.

6.4 Limitation of Implementation
Although the controllers for an affordance-inspired human-machine cooperative
material handling system are implemented in this work, there still exists an issue of
representation of human perceptual properties in the system. As discussed in Chapter 3,
affordances and effectivities are defined as perceivable properties of AES. In this work,

124
however, we assume that affordance-effectivity states are evaluated by sensory data, such
as size and location of a part, vice states, location of a human operator, and viewing
direction of the human. It may not be true that the satisfaction of the action conditions
within the implemented system reflects true human perception of affordances,
effectivities, and possible actions. In this implementation example, it is possible to
evaluate if a certain physical system object (such as a part, controllable vice and ports)
are located within the human operator’s range of visual perception, while the exact
information of what he or she perceives and recognizes cannot be evaluated.
To resolve this limitation, it is necessary to implement more sophisticated sensory
systems using eye/head tracking to evaluate human perceptual states in complex and
dynamic system environments more accurately.
In spite of these limitations of implementation, we aim to include human
perceptual properties in formal modeling and control frameworks and develop a
controller for a human-machine cooperative system with shared control of system
operations. In this study, we focus on building control environments and leave the issue
on measuring perceptual properties and human performances for the future research.

6.5 Chapter Summary
In this chapter, the detailed implementation components and procedures were
presented. The description of the simple material handling shop floor system and the
control scheme was proposed, and then methodologies for the construction of the
physical system components including the MPSG controllers, sensory instruments, and
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human interface were discussed. The MPSG graphical representations of each controller
were provided to show the control flow of the entire system. Checking affordance and
effectivity states at vertexes that have outgoing arcs of human tasks, a set of ultrasonic
proximity sensors were employed to measure the location and viewing direction of the
human operator. To detect part states in the system and human material handling errors,
the inductive proximity sensory instrumentation was described with the MH controller
through the I/O board connection. Also, the interface implementation that provides
audible instructional message to correct system errors was presented.
Finally, an important issue on evaluation of perceivable properties was discussed.
In this study, we leave further development of system environments that can capture
accurate information of human perceptual states and performance data as future research.
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Chapter 7
DEMONSTRATION

In this chapter, the human-machine cooperative material handling system
discussed in the previous chapter is physically constructed and executed. Through
empirical tests with human subjects in the physical system and analysis of control graphs,
the hypothesis of this research is tested and confirmed. The affordance-based control
scheme accommodates human participation based on dynamic conditions of human
perceptual properties and physical restrictions to enable shared control in dynamic
environs.
The remainder of this chapter is organized as follows. Section 7.1 describes the
physical implementation example. Section 7.2 presents methodologies and assumptions
in demonstration of the proposed model. The empirical demonstration results and
analysis of connectivity graphs are discussed in section 7.3 and 7.4, respectively. Finally,
section 7.5 summarizes this chapter.

7.1 Problem Statement
The proposed control model for human-machine cooperative material handling
systems are presented in chapter 6. When modeling human-involved systems in which a
human operator is considered a crucial system component, it is necessary to evaluate and
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investigate the physical system conditions and the human perceptual properties that give
a chance of human participation in dynamic system operations, for the shared control
between human and machine. The system and human perceptual properties are mapped
into the proposed control model, which are evaluated from sensory data.

(a) Physical layout

(b) Connectivity graph
Figure 7-1: Physical layout of the system
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The physical layout of the ‘work cell 1’ is constructed as shown in Figure 7-1 (a)
same as described in the implementation chapter. It consists of two ports (arriving and
departing ports), one buffer storage (BS) area for part rotation, one robot (automated
MH), and sets of proximity sensors (ultrasonic and inductive types). The MPSG
controllers of the HITS, MH, and interface communicate each other by transmitting an
appropriate message based on process plans for three different types of parts arrived at
port 1. The connectivity graph of the implemented system is shown in Figure 7-1(b)
For the example system, we employ the ‘work cell 2’ which emulates human
tasks in order to draw the person’s attention from the work cell 1 for the empirical study.
The functionality of the work cell 2 is to provide the human operator with several short
video clips containing manufacturing tasks in order to draw his or her visual attention
toward work cell 2. While the human is watching a video clip at work cell 2, he or she
cannot perceive any situation at the work cell 1 because the human operator’s visual
ranges are restricted by the visual guide.
Figure 7-2 shows the process plans required to accomplish tasks for the types of
parts used in the empirical experiments. The part type 1 is only machine available one,
the type 2 is both human and machine available, and the type 3 is only human available.
The types of parts are discriminated by the size and color of the feature, visually
perceivable properties.
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Figure 7-2: Types of parts and their process plans in the system
During the experiments, the part will arrive randomly by types and the human
operator does not know which type of part will be next. Based on the human perception
at a certain instance, the human decides to do a task or not. If the HITS controller
recognizes the human can perceive a part is available for him or her, the physical system
will stop to ensure the safety of the human and allow him or her to pick the part by
releasing the controllable vice.
To demonstrate dynamic task allocation environments, the part type 2 is designed
to require a complex task of rotation. Even though the part type 2 is supposed to be both
human and machine available one, the robot needs to process far more steps to perform
the task of rotation correctly because of the kinematic limitation of its manipulation while
the human is able to rotate the part much easier. In this reason, the human can process the
part type 2 much faster than the robot does (average processing time of a robot task for
the type 2 part = 27 sec.; that of a human task = 55 sec.).
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7.2 Methodologies
In order to conduct this experiment, the ABB-140 robot and the pneumatic
controllable vice in the Computer-integrated Manufacturing Laboratory (CIM Lab.) at
Penn State were used as shown in Figure 7-3. A controllable vice is installed at port 1
with inductive proximity sensors to measure orientation and location of a part.
Location and orientation errors of a part are measured by using inductive
proximity sensory instruments. These sensors detect a metallic surface, so that metal parts
are covered by insulation layers except the contact areas to proximity sensors as shown in
Figure 7-4. In this figure, the case (a) shows desired orientation of a part on a port, and
other two cases of (b) and (c) represent possible cases of orientation errors on ports.

Figure 7-3: Layout at the work cell 1 : ABB140 robot and controllable vice installation

131

Figure 7-4: Examples of orientation errors

Figure 7-5: The vision guide headset for the experiment
During the experiments, participants are required to wear a vision guide headset
specially designed for the study as shown in Figure 7-5. The vision guide headset has
two major functionalities: 1) it restricts the participant’s horizontal visual range within
120 degree, and 2) it sends out ultrasounds to the listener motes installed on the ports to
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measure the location of the human operator. The location data are updated every 0.5
second, and the HITS controller reads the data to evaluate capabilities and perceptual
states of the human operator.

7.2.1 Hypothesis and assumptions
In order to demonstrate the proposed control model, a human-machine
cooperative manufacturing shop-floor control system with simple material handling tasks
(pick, move, rotate, and put) using an affordance-inspired MPSG control system is
implemented.
The hypothesis tested by empirical experiments can be summarized as follows;
There exists a human-machine cooperative system incorporating the concept of
affordances and effectivities which are resource availabilities and human
capabilities in the system, respectively, such that;
1) It enables shared controls between a human and a machine in a dynamic
environment.
2) It has flexibility for extension to complex systems with reusable formal
frameworks.

The conditions used for the empirical study are;
1) There are three different types of part;
a. Part type 1 : only robot available part,
b. Part type 2 : both robot and human available part, needs to be rotate,
and
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c. Part type 3 : only human available part.
2) A human operator is supposed to engage in tasks for either ‘work cell 1’ or
‘work cell 2.’
3) Once the operator is engaged in a task, he or she is supposed to pay attention
to the work cell without looking around to another work cell.
4) The tasks in the work cell 2 will start when the human operator starts to watch
a video clip. After ending the video clip the operator is allowed to look at
work cell 1 and engage in the material handling task.
5) The human operator has 120 degree horizontal viewing angle, which is
controlled by the vision guide headset.
6) Parts are continuously arrived at port 1 as soon as either the human or the
robot finishes moving the previous part to port 2 without any error.
7) In case of location or orientation error, the human operator is supposed to
correct it. If he or she cannot perceive the error, the interface module will send
out audible alarm.
8) The robot does not make any errors.
9) The human can move the part type 2 faster than the robot does.
a. Average time for robot moving :
i. Part type 1 : 27 sec.
ii. Part type 2 : 55 sec.
b. Average time for human moving:
i. Part type 2 : 10 sec.
ii. Part type 3 : 10 sec.

7.2.2 Demonstration Procedure
Total five participants are involved in this study. Each participant engages in a
scenario: an affordance-inspired material handling system for shared control. The
affordance-inspired system control processes parts by allocating tasks between the human
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and the robot based on their availability and capability evaluated by ultrasonic sensors in
dynamic situations.
For instance, the controller allows a human operator to perform a part moving
task if and only if the human resides within 10 ft from the part located in his or her
perceivable viewing angle, when the type 2 part arrives at port 1. In this case, the
controller will wait for the human task for 10 seconds, and if the human does not take any
action, it will allocate the task to the robot instead. In case of type 1 parts, the system
behaves the same as the original MPSG control model without human-involvement. If a
part with type 3 arrives, it behaves in the manner as modeled by the extended-MPSG
controller so as to let a human operator know he or she needs to take an action. Each
participant is asked to follow the experimental procedure stated as follows;

1) In a test scenario, the human-machine cooperative material handling system is
required to move total 10 parts assigned randomly by the part types (two type
1, six type 2, and two type 3 parts) at the work cell 1. At the same time, the
human operator needs to watch six video clips at the work cell 2. The video
files have different running times (30, 60, 90, 120, 150, 180 sec.) and they are
chosen in random ways. The screen shot of the video clips are as shown in
Figure 7-6. The video clips draw the human attention not to make the operator
look at the work cell.
2) In the affordance-inspired control system, based on the human operator’s
location and viewing direction detected by the ultrasonic sensors, the HITS
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controller decides whether it allocate a task to the robot or allow the human to
move the part.
3) If all 10 parts are processed and the human operator finishes watching the six
video clips, the scenario will end and the total time take to accomplish the
scenario will be recorded.

Figure 7-6: Example screen shots of video clips in the work cell 2.

7.3 Empirical Results of the Shared Control Model
The experimental results for five participants as human material handler in the
system are as shown in Figure 7-7. Each participant is asked to perform a scenario of
affordance-inspired system control model for 10 parts moving with two replications. The
type of parts processed at port 1 is randomly assigned within pre-defined ratios of part
types (two type 1 parts, six type 2 parts, and two type 3 parts).
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Figure 7-7: Experimental results of human-machine cooperative systems (five
participants)
In the experimental results, it is shown that the system allocated tasks between
human and machine in dynamic situations. In some cases, even though the controller
allocated a task to the human operator, the task was done by the robot, instead (shaded
blocks in Figure 7-7). These cases fall into the category of ‘transition errors’, which
means the human operator failed to access or decided not to access a part within a
required process time (10 seconds in this experimental study). For all of the transition
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errors, the HITS controller successfully reallocated a task to the robot to precede material
handling processes.

Figure 7-8: Control flow of the HITS controller
Investigating the experimental data, all empirical results are fitted into and
worked the same as what we can expect within the control flow shown in Figure 7-8. As
a share controller incorporating the concept of prospective control of human tasks, the
affordance-inspired share controller is implemented and it shows that the dynamic task
allocation between human and machine based on human perceivable resource
availabilities and human capabilities works with the real system operations.
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7.4 Analysis of Control Graphs
When a human operator is involved in the system operation as a material handler,
the connectivity graph grows because the human can ideally 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 7-9 shows the
change in the connectivity graph brought about by involvement of a human operator.

(a) MPSG connectivity graph

(b) Extended MPSG connectivity graph

Figure 7-9: Connectivity Graphs of Shop Floor Systems (with two MPs, one MH, BS,
Port, and a human MH)
In general, when there are n pieces of equipment in a system, 2×n additional arcs
for human tasks are needed to generate a control graph. For instance, in a humaninvolved automated shop floor system (Figure 7-9 (b)) with two MPs, one BS, one Port,
and a human MH, the number of arcs in the connectivity graph 2×4+2×4 = 16, while the
same system without human-involvement has 2×4 = 8 arcs in the connectivity graph as
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shown in Figure 7-9 (a). This shows that the complexity of the connectivity graph
increases in a linear way, when human is involved in system operations. Thus, in the
extended-MPSG control for human-involved shop floor systems, a human operator works
based on controller messages and all transition arcs in the connectivity graphs are
possible to be incurred.
In the implementation example of affordance-inspired control systems as shown in Figure
7-1(b), the number of equipment is three (MP: port1, BS, and port2), and the number of
arcs in the connectivity graph of the work cell 1 is 12. The system control was physically
implemented and validated. The implementation represents a specific instance of system
operations for part moving between two equipments. Each node in the work cell 1 in
Figure 7-1(b) means a system state and it has sub-states connected to outgoing arcs for
human tasks as shown in Figure 7-10 (a). If the number of equipment increases, the HITS
controller graph can be constructed by simply adding instances with additional node
representing equipment, associated arcs, and sub-states for perceivable properties as
shown in Figure 7-10 (b).
In this case, some of transitional arcs do not even exist in dynamic system control
phases, because the human possible tasks are generated within conditions of human
perceivable and accessible system properties. The existence of arcs in control graphs is
dependent on human perception. If the human operator in the system perceives the
physical conditions of all equipments in the system, the connectivity graph is the same as
that of the extended-MPSG. However, if the human perceives only some part of physical
conditions in equipments, the connectivity graph only increase by the number of arcs
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associated with the perceivable equipment resources, which is less than 2×n, the number
of arcs for the extended MPSG system shown in Figure 7-11(a).

(a) With three equipments

(b) With four equipments

Figure 7-10: Connectivity Graph of the Affordance-inspired MPSG System.
Consequently, the number of arcs increased by human-involvement in affordanceinspired control systems is summarized as follows; when the number of equipment is n,
the number of human perceivable equipment is k (k≤n) at time t, and the number of
human material handlers is l, then the number of arcs increased by the humaninvolvement in the connectivity graph at time t is 2 × k × l ( ≤ 2 × n × l ). This shows that
the complexity of the connectivity graph in the affordance-inspired MPSG system
increases in a linear way. Moreover, in dynamic situations where the human operator can
perceive and access some part of system resources, the number of arcs in controller
connectivity graph and control complexity would decrease.
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(a) Increased number of arcs in the extended-MPSG system representation

(b) Increased number of arcs in the affordance-inspired MPSG system representation
Figure 7-11: The Number of Arcs Increased in Connectivity Graphs by Humaninvolvement

7.5 Chapter Summary
In this chapter, the affordance-inspired MPSG shop floor controller was
physically implemented and demonstrated empirically. With the affordance-inspired
system for the shared control between human and machine, material handling tasks were
allocated and the system operation was done successfully.
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The proposed modeling and control formalism is easily extensible by simply
adding instances of nodes, arcs, and associated sub-stated for additional equipment which
represent human perceivable properties of system availabilities and human capabilities.
The complexity of control graphs for affordance-inspired MPSG systems was
investigated and it shows that the control complexity increases in a linear manner.
In dynamic situations, the controller encountered tasks existing within perceivable
and accessible ranges of the human operator. The affordance-inspired control concept in
this work decreases system complexity by filtering feasible transitions in the control flow.
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Chapter 8
RESEARCH CONTRIBUTIONS AND CONCLUSIONS

This chapter concludes the dissertation and describes the research contributions.
The possible future research directions are also discussed. The reminder of the chapter is
organized as follows: section 8.1 presents the summary of this research; the impact and
contribution of this research are discussed in the section 8.2; section 8.3 discusses
possible extensions to this research as future work.

8.1 Research Summary
Modeling human-involved complex systems poses significant challenges on how
one represents the system components and interactions among them. In order to provide a
systematic approach to represent human involvement as a part of a dynamic system, this
research presented a formal automata model of human-machine cooperative systems that
incorporates human capabilities with respect to physical system conditions.
The formal model presented in this research provides a methodology for mapping
human activities on the finite state automata. More often than not, a human operator is
not the same as machines because he or she can take an action after he has perceived,
measured, and made a judgment in the system. For this reason, the affordance for a
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human operator in the system needs to be considered as an important factor for system
representation. It can then contribute to the assessment of the human effects on the
system.
To describe the system affordance for a human, a formal model of affordance is
constructed and incorporated into this well-established model. Affordances are modeled
as environmental preconditions for actions, and effectivities are treated as human
capabilities under a given circumstance. As a result, the properties generated by a
juxtaposition function can be mapped on a set of possible actions that can be made by a
human.
Specifically, we presented a control model for human-involved shop floor
systems based on FSA and affordance theory. The proposed model provides a formal
framework to represent human involvement into systems operations in consideration of
perceptual properties of affordances and effectivities. To demonstrate the functionality of
the proposed shared control scheme, a Human-In-The-System (HITS) controller was
developed using the affordance-based MPSG formalism. The affordance-inspired humanmachine cooperative material handling system was implemented by using the HITS
controller.
The empirical study to validate the affordance-inspired material handling system
was conducted. Through the empirical demonstration, it is confirmed that the affordancebased control systems allocates tasks based on the resource availability and human
capability within human operators perceivable ranges. Also, the complexity of
connectivity graphs was analyzed and it shows that the affordance-inspired system
increases the control complexity in a linear manner at most. The affordance-inspired
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system control is extensible and scalable to complex manufacturing environments which
have a large number of resources by adding instances of basic building blocks composed
of additional nodes for equipments, connecting arcs, and sub-states for perceivable
properties of resource availabilities and human capabilities.
The research outcomes developed in this study are summarized as follows;
1) Affordance-based FSA formalism can be developed for human-involved
systems which represent both physical activities in the system level as
well as human cognitive activities in sub-state levels.
2) An affordance-inspired Human-In-The-System (HITS) controller model
can provide with shared control between human and machine based on
perceivable physical system conditions and human.
3) An affordance-inspired material handling shop floor example of humanmachine cooperative systems and its physical implementation can be
quickly developed and implemented.
4) Empirical demonstration of the proposed control model and analysis of
control complexity in connectivity graphs can also be quickly obtained.

8.2 Research Contributions
The main objective of this research has been the development of an advanced
modeling methodology for inclusion of perception-based human actions into formal
system representations. This research aims to propose a novel approach to bring the
ecological concept of affordance into the system modeling and control. It develops a set
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of FSA-based formalisms for both descriptive and predictive modeling technologies. The
controller developed by the affordance-based FSA formalism has capability of shared
control between human and machine under dynamic situations. The proposed formal
models and HITS controller for manufacturing systems will develop the breadth and
depth of the modeling and simulation application areas which contain complexity and
variety of human activities.
The major research contributions of this work are as follows:
1) It provides a novel modeling formalism to represent continuous and
perception-based human task environments within the discrete event
system specifications for the use of computing environs.
2) It provides an affordance-based system control model for human-machine
cooperative systems which enables a human to play some controlling role
for seamless and cooperative system operations.
3) It provides a communication framework between a human and an
automated manufacturing system from dynamic evaluation of human
capabilities and system affordances.
4) It provides an implementation framework for a dynamic work allocation
between human and machine based on the dynamic resource availabilities
and system physical conditions in human-machine cooperative system
environs.

The proposed formal framework provides with a basic building block for
modeling and prospective control of human-involved complex systems with a large
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number of resources under dynamic situations. We contend that the models illustrated in
this paper can be used to create reusable and extensible software for control of complex
systems. Thus far models can be developed for several environs to illustrate the concept
for a variety of applications. Initial CASE tools have been created so that resources
within models can be easily defined.

8.3 Research Limitation and Future Work
In this research, the formal modeling framework and its demonstration are limited
to low level human actions, while the definition of perceptual properties are based on the
higher level abstractions. For this reason, the controller implemented in this research is
labeled as an affordance-inspired MPSG controller rather than an affordance-based
MPSG controller. It should be noted that human perception is a set of non-deterministic
complex cognitive processes that are difficult to define within the context of DES
specifications. More accurate modeling of continuous and complex perceptual properties
of affordances and effectivities within systems theory, and its validation is required to
develop the breadth and depth of applications of affordance-based formalism to represent
of human-involvement in a variety of abstraction levels to computable ways.
In this context, the HITS controller suggested in this research is also limited to a
simple case study. The modeling and control frameworks are designed to accommodate
shared control operations. However, the demonstration and empirical example in chapter
7 does not provide rules and policies for shared control between humans and machines
which should be based on the realistic data (e.g., data from Handbook of human factors
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and ergonomics). Further development of the model will be considered to suggest
generalized reference models for manufacturing systems in the future. The model we will
develop contains libraries of human capabilities and system preconditions which are
generally acceptable and designed to be customizable by users. To do this, it is also
required to consider time variant objects of humans and environments. By converting the
placeholders of a human (X) and an environmental object (Z) in the affordance-based
FSA model to containing a time variable (t) (e.g., X(t) and Z(t)), it could be realized.
In the empirical demonstration, only five subjects were participated to the
experiments. It is obvious that the number of participants is too small to show the validity
of the results if we intended to analyze statistics. However, the purpose of the empirical
study is to demonstrate the implemented HITS controller and show the feasibility of the
proposed modeling and error handling concept, not to analyze the empirical data for
statistical study. In the future, to validate the scalability and extensibility of the control
model, we are planning to design more complex and general experiment with human
participants in various environments.
In spite of these limitations, the methodologies for modeling human inclusion
within human-involved systems and human-machine cooperative systems presented in
this thesis are still attractive. The concept of perceptual properties of affordance,
effectivity, and possible action can play key roles in developing formal modeling
frameworks that can be used in complex networks and ubiquitous environments with
human participation. The proposed modeling framework in this research appears to be
both scalable and extensible to large scale complex systems with human-involvement. In
addition to this, further empirical studies of human-machine cooperative systems by
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analyzing system performances under a variety of environmental conditions, such as the
numbers of resources and human operators, can to be investigated to validate the
efficiency of the share controller.
The proposed formal model is expected to accommodate the breadth and depth of
the supply chain modeling, web-service applications, and agent-based simulation
applications, which contain complexity and variety of human activities toward the new
information technology for ubiquitous computing and service environments.
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APPENDIX A

AFFORDANCE-INSPIRED MPSG INPUT FILES (.M FILES)
<HITS Controller>
>%% definitions
%class
Controller_B
%object
BIGE
%output
BIGE
%states
34
%in
18
%out
17
%tasks
3
%final
30
%assign
part_enter_sb
%%
%% in arc transitions
32 H_alarm_ok_hb 33
17 H_alarm_tb
31
27 unassign_ok_tb 28
13 unassign_sb
26
24 rotate_ok_tb
25
9 rotate_sb
23
20 error_sb
21
17 H_move_ok_tb 18
20 pick_sb
6
17 H_move_nk_tb 19
5 H_move_sb
16
5 ask_sb 14
11 put_ok_tb
12
7 pick_ok_tb
8
3 assign_ok_tb
4
9 put_sb 10
5 pick_sb
6
1 assign_sb
2
0 part_enter_sb
1
%%
%% out arc transitions
33 H_alarm_ok_bt 17
31 H_alarm_bh
32
28 unassign_ok_bs 29
26 unassign_bt
27
25 rotate_ok_bs
9
23 rotate_bt
24
22 error_bs
13
18 H_move_ok_bs 13
12 put_ok_bs
13
19 H_move_nk_bs 20
16 H_move_bt
17
15 ask_ok_bs
5
10 put_bt
11
6 pick_bt
7
4 assign_ok_bs
5
2 assign_bt
3
8 pick_ok_bs
9
%%
%% task arc transitions
29 delete 30
21 error 22
14 ask 15
%%

<Human interface>
%% definitions
%class
%object
%output
%states
%in
%out
%tasks
%final
%assign
%%

Controller_H
HI
HI
4
1
1
1
3
H_alarm_bh

%% in arc transitions
0 H_alarm_bh
1
%%

%% out arc transitions
2 H_alarm_ok_hb 3
%%

%% task arc transitions
1 alarm 2
%%

<MH>
%% definitions
%class
%object
%output
%states
%in
%out
%tasks
%final
%assign
%%

Controller_MH
MH
MH
20
7
8
6
17
assign_bt

%% in arc transitions
14 H_alarm_ok_bt 7
11 unassign_bt
15
3 unassign_bt
18
6 rotate_bt
12
6 put_bt 9
3 H_move_bt
7
3 pick_bt
4
0 assign_bt
1
%%

%% out arc transitions
8 H_alarm_tb
14
8 H_move_nk_tb 3
16 unassign_ok_tb 17
19 unassign_ok_tb 17
10 put_ok_tb
11
8 H_move_ok_tb 11
13 rotate_ok_tb
6
5 pick_ok_tb
6
2 assign_ok_tb
3
%%

%% task arc transitions
7 H_move
8
18 unassign
19
15 unassign
16
12 rotate 13
9 put
10
4 pick 5
1 assign 2
%%
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