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To Laura and Steffi


Preface

This book presents the theory of threaded cognition, a theory of the workings of the multitasking mind. The collaboration leading up to this book began in 2005, when each of us was developing a separate computational account of human multitasking (Salvucci, 2005; Taatgen, 2005). Our individual approaches had some successes, but also some limitations, inspiring us to work together to find a more complete theory that unified the best aspects of each approach. This work led to our first description of threaded cognition (Salvucci & Taatgen, 2008) focused on concurrent multitasking—doing multiple tasks at the same time. Using this work as a basis, we further developed an account of sequential multitasking—alternating between multiple tasks, such as during an interruption—and revisited Niels’ account of multitask learning to reframe it in the context of the new theory. This book aims to describe threaded cognition, its theoretical foundations, and its applications to empirical phenomena in a single, accessible volume.

Because our central purpose is to present the theory of threaded cognition, the book does not attempt to cover comprehensively the bountiful research efforts related to multitasking and its conceptual cousins (attention, cognitive control, etc.). Other recent volumes (e.g., Kramer, Wiegmann, & Kirlik, 2007; Wickens & McCarley, 2007) have served this purpose admirably, and we did not wish to duplicate these efforts. Also, the book is not intended to be a trade book with very broad but high-level coverage of multitasking phenomena. Nevertheless, it is critical that we relate our theory both to existing research and to everyday issues and questions. We have thus structured the book to include these aspects: each chapter begins with general questions about practical issues, and ends with some answers to these questions as derived from our theory. Each chapter also includes a self-contained section that connects the theory to closely related research in that chapter’s topic area.

We have written this book primarily for a scientific audience, particularly researchers and students in the areas of cognitive psychology, computer science, and human factors and ergonomics. At the same time, the book is also intended for researchers and practitioners in applied domains, especially in the broad domains of transportation human factors and human–computer interaction. As may be evident from the table of contents, we have tried to emphasize the theory in the context of application domains by alternating book chapters between theoretical components, and applications to illustrative domains. Finally, we also hope that the book will be of interest to general readers with a scientific background, and/or those with a deep curiosity for the workings of the mind and the nature of human multitasking.

We owe many debts of gratitude to the great many people that inspired this research and helped to see this work come to fruition. In terms of research, the ACT-R theory (Anderson, 2007) is clearly the central foundation for our own work, and we are indebted to John Anderson and many members of the international ACT-R community for their guidance, comments, and assistance with implementation and testing. The research efforts of Erik Altmann, Greg Trafton, Dave Kieras, Dave Meyer, and Chris Wickens have also been an important influence on our own work, and the work of Jelmer Borst was a critical foundation for the theory. Dan Bothell has generously helped with coding issues related to the ACT-R architecture. We are also very grateful to Paul Bello and Susan Chipman at the Office of Naval Research (#N00014-03-1-0036, #N00014-09-1-0096, #N00014-08-10541), Ephraim Glinert at the National Science Foundation (#IIS-0426674, #IIS-0133083), and Jerome Busemeyer and Jun Zhang at the Air Force Office of Scientific Research (#FA95500710359) for their steady guidance and support.

For the book itself, Catharine Carlin, Valerie Patruno, Stefano Imbert, and colleagues at Oxford University Press have been a pleasure to work with throughout the publishing process. We sincerely thank them for their many efforts in bringing this work to fruition. We also thank Frank Ritter for his valuable guidance; Stu Card, Pete Pirolli, and Alex Kirlik for their advice on the book-writing process; and Brad Best, John Lee, Mike Schoelles, and one anonymous reviewer for their many helpful comments and suggestions.

D.D.S.: I would also like to express my sincere thanks to colleagues and student collaborators at Drexel University, who supported this work and helped to flesh out a number of complementary ideas; to Duncan Brumby, whose collaboration inspired a novel perspective on multitasking that greatly benefited this work; to Bonnie John and her research team, whose collaboration shaped our own research on prototyping and evaluation tools; to former colleagues at Nissan Cambridge Basic Research, who steered the early research on driver behavior; to the Henrietta Hankin Library for a comfortable work environment during my sabbatical; to Jill and Ron Moyer for their encouragement and a weekly home office away from home; to my parents for their ever-present love and support; to my children for helping me to understand the benefits of interruption and distraction; and to Laura, for the thousand little things that make it all possible and for showing me what multitasking is all about—I love you.

N.A.T.: Good research often requires a good team of people, and I have been lucky to have had very talented people working for and with me both in Pittsburgh and in the Netherlands. In both places, Jelmer Borst has been a Masters and now Ph.D. student on the project of multitasking, and his research is one of the cornerstones of this book. My collaboration with Hedderik van Rijn also spans both places and involves, among many other topics, the perception of time, an underestimated factor in cognition. In Pittsburgh, several very talented people worked on the projects discussed in this book: Ion Juvina on the many issues of control and individual differences in multitasking, and Daniel Dickison, David Huss and Stefan Wierda on the FMS project. Many people in the ACT-R group were stimulating and supportive of my research. I don’t mind mentioning John Anderson once more, but also Christian Lebiere, Dan Bothell, Andrea Stocco, Jennifer Ferris, Jon Fincham, Scott Douglass and Lynne Reder. Thank you all!

Within the Netherlands I would like to thank Sander Martens for teaching me everything about the Attentional Blink, and the people of the Cognitive Modeling group, who have always remained supportive during my absence: Leendert van Maanen and Fokie Cnossen. John Michon deserves special thanks, because he got me interested in cognitive modeling in the first place. In addition, I have eventually picked up two of his main interests, time perception and driving. My final thanks are for Steffi, without whom at least my part of this book would never have been written, but to whom I am grateful for so many other things that her bringing me to Pittsburgh seems almost insignificant.
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The Multitasking Mind


1

A Unifying Theory of Multitasking

Standing at the corner of 32nd and Market Streets in Philadelphia, signs of our multitasking world are all around. Two Drexel University students have an animated chat while walking through a crowd, waving to friends and navigating around others on their way to class. Another student hurriedly checks her voice mail while looking for oncoming cars at the traffic light. The woman in the Lexus sedan changes lanes while slowing down at the light, all the while chatting on a cell phone. The two food vendors, impossibly crammed into their tiny mobile cart, take orders from seven different customers while filling the orders first-come, first-served. A parking officer, standing at an expired meter, listens to the car owner’s pleadings while writing him a parking ticket. And we, your dutiful authors, move our attention from person to person, jotting down notes as we watch each multitasking scenario unfold before us.

Just as in this street-scene microcosm, multitasking pervades our everyday lives. Office workers juggle phone calls, email, paperwork, and meetings. Parents feed, clothe, shuttle, entertain, and otherwise look after their young ones. Farmers perform daily duties of feeding and milking while doing long-term planning for planting and harvesting. Carpenters saw, drill, nail and screw while continually checking for structural strength and integrity. Taxi drivers check in with dispatchers while talking to passengers and navigating through traffic. Doctors and nurses talk to patients while examining them and diagnosing their ailments. Examples of everyday multitasking abound.

In part, multitasking is thrust upon us by the ever-changing technology and increasingly hurried nature of today’s world; at the same time, we ourselves contribute to the multitasking frenzy through countless actions in our everyday lives. For example, a recent study of employees at an information technology company (Gonzalez & Mark, 2004) examined the average continuous, uninterrupted amount of time spent on a variety of common office tasks: talking on the phone, managing email, reading paper documents, interacting with colleagues, and so on. Except for formal meetings, the employees spent an average of only 3 minutes per task before switching to another task. Although half of those switches represented external interruptions such as the phone ringing or an email arriving, the other half represented self-initiated switches including making a phone call or leaving the desk. So not only do we multitask at an extremely high level, we ourselves are at least partly to blame for our own multitasking craziness.

That is not to say that multitasking is a bad thing. Multitasking often allows us to perform tasks efficiently and effectively; office workers, parents, and doctors would be hard-pressed to do their work if they were forcibly made to focus on a single task for an extended period of time. However, there are also environments in which our multitasking may be dangerous if not lethal. For instance, consider the world of today’s typical automobile driver, navigating congested roadways while interacting with similarly congested in-vehicle environments filled with onboard gadgetry and mobile devices. Drivers in the United States, for example, accumulate over 3 trillion miles of driving per year, and these drivers have become more distracted than ever. One study (GMAC, 2006) reports that 40% of drivers talk on cell phones while driving, 24% of younger drivers aged 18–25 send text messages, and 20% select songs on an iPod while driving. Multitasking thus has become commonplace in an environment where our safety, and that of others, is continually threatened by our desire to multitask.

The challenges of living in a multitasking world are numerous and complex. The technological challenges have been an ongoing focus of the engineering community, and to this point we have a range of fabulous new technology unimaginable only a few decades ago. However, many of the difficult challenges raised by multitasking are not technological ones, but rather scientific and societal ones. The scientific challenge reduces to a single, central question: What is the nature of human multitasking? Research has explored this central question from many angles, using both tried-and-true methods of empirical study and more recent methods of computational modeling and simulation. The many results from these fields are now converging to paint a rich picture of human multitasking behavior. In this book, we present our own theory of human multitasking that aims to unify the many disparate areas of multitasking research under one theoretical framework. At the same time, using this framework, we aim to provide a rigorous but accessible account of the latest scientific views of how humans multitask.

Only with a better scientific understanding of human multitasking can we seriously address the associated technological and societal challenges. Technological developments can and should be guided by knowledge of how users interact with the technology—for example, when deciding whether a new type of desktop alert is too annoying, or whether a new type of in-car navigation system is too unsafe. Given new technology and a scientific understanding of multitasking, we as a society can then make informed decisions about whether and how this technology should be used. Although the technological and societal aspects of multitasking are not central themes in this book, we will occasionally interject these issues as they arise, to more fully consider the context of the scientific issues. Our hope is that, by focusing on scientific understanding of multitasking, we can inform and guide future work that more closely addresses the technological and societal challenges of our multitasking world.

The Scientific Challenge of Multitasking

What is the nature of human multitasking? Why do we multitask? How do we multitask? And, for two or more specific domains, how well do we multitask? Sometimes, multitasking can feel extremely easy—so easy that we hardly realize we’re multitasking. Talking while walking, showering, or eating a meal often feels effortless. We can mix a bowl of ingredients while reading a recipe, wave at neighbors while whistling on the porch, listen to the radio while pulling weeds in the garden—all without feeling overworked. We may be interrupted by a phone call, doorbell, or email, or we may interrupt ourselves to find something, or to talk to someone; in these cases, even if it takes a second or two to recall and resume the interrupted task, it typically (especially after brief interruptions) does not feel taxing or straining. In some cases, it almost seems that people have a compelling need for multitasking, exemplified by people chatting on cell phones or listening to iPods while doing just about anything—sitting on a train, walking to work, driving a car—that offers even a bit of spare mental processing time.

At other times, multitasking can feel difficult, excruciating, or downright impossible. Some scenarios may be difficult primarily because two tasks require the same body part, like trying to interleave typing and mouse movements (both require the right hand), or trying to drive while scanning an onboard navigation device (both require vision). But multitasking in the head is often more intense, and more difficult to work around, than multitasking of the hands or eyes. One good example is trying to read while others are talking: the cognitive, and more specifically linguistic, workload of both tasks creates interference and makes the dual-task scenario difficult. The frequent and sometimes lengthy interruptions in an office setting can lead to losing one’s place in a task. And numerous other work environments, such as that of an air traffic controller, include such strenuous multitasking that frustration and stress can become serious concerns.

Many factors affect the difficulty of multitasking. Practicing one or more of the component tasks is the most obvious way to ease the burden. For example, for a person learning to play piano, every placement of a finger on a key requires mental effort for a beginner; but soon the translation of notes to finger placements becomes easier and routine; then the musician learns to play with both hands and chords with multiple fingers. Then, when a piece is well-practiced, the motor execution becomes straightforward and the musician can spend more mental effort on higher-level aspects such as dynamics and interpretation. The amount of practice needed to achieve expertise in a domain may be lengthy and intense, such as the years of training needed for air traffic controllers to become fully certified.

While practice helps us to multitask, one fascinating trait of our multitasking skill is that we can perform arbitrary tasks together, even those we have never tried previously to combine. Consider two tasks that most people have never performed together, such as washing dishes and doing mental arithmetic: although it may not feel easy, especially at first, we typically find that we can indeed succeed at performing both tasks together. Nevertheless, one task may interfere with performance of the other: Does our arithmetic become slower or more error-prone while we wash dishes, or does our dishwashing become slower or less effective while we perform mental arithmetic? Granted, perhaps getting answers to these specific questions may not be all that important. But exploring such questions can further our understanding of our innate multitasking skill, and can guide us in finding answers to similar questions in important everyday domains (e.g., multitasking while working at a computer, walking, or driving) that affect our daily lives.

Multitasking is—like many aspects of the human system, such as language, vision, and problem solving—a basic human skill that we perform on a routine basis, and yet have great difficulty explaining and understanding, even though we perform it so well. As such, the study of multitasking requires that we step outside of ourselves to examine its true nature through rigorous scientific inquiry. Our scientific approach in this book, namely the specification of a unifying theory of multitasking, aims to accomplish this and shed light on the nature of human multitasking—both its many wondrous capabilities, and its many fascinating limitations.

Threaded Cognition: A Unifying Theory of Multitasking

This book describes a theory of human multitasking that we call threaded cognition. At its core, threaded cognition states that multitasking behavior can be attributed to multiple threads of thought running simultaneously. Just as sewing threads interweave strands of material through a fabric, or Internet forum threads interweave messages related to a conversation topic, cognitive threads interweave independent tasks through the mind, and result in multitasking behavior. Each cognitive thread represents an independent task goal that a person is currently trying to perform; after hearing the phone ring, you might start independent tasks of finishing the sentence you were speaking, looking for the phone, and guessing who might be calling, each of which could be considered an independent thread. The independence of cognitive threads is the key to our multitasking ability; namely, the ability to take single-task skills and combine them as needed to accomplish a higher-level goal. At the same time, depending on the nature of the particular task threads, multitasking interference can arise that hinders the progress of one or more of the tasks. Threaded cognition attempts to formalize task behavior and the potential sources of interference in order to account for multitasking phenomena, and to augment our understanding of human multitasking more generally.1

Threaded cognition builds on a vast array of previous research over the past many decades on multitasking behavior. This previous research has taken many forms, in terms of both the particular domains being studied and the methodologies with which they are studied. One of our major goals in this book is to unify these many efforts under a single theoretical framework, spanning as large a range of domains as possible while utilizing as many methodological tools as possible in our analysis. To this end, we have found it useful to characterize the study of multitasking along three distinct continua, each of which illustrates how sometimes disparate research efforts can be considered along the same conceptual continuum. We describe these continua below, and conclude by clarifying our approach to multitasking in the context of these three continua.

The Multitasking Continuum: From Concurrent to Sequential Tasks

As a first step to our exploration of human multitasking, we would like to bring some order to the broad range of activities that encompasses what we mean by “multitasking.” One useful way to characterize multitasking activities views each activity in terms of the time between task switches, or the typical time spent on one task before switching to another. Figure 1.1 illustrates this characterization on a timeline ranging from sub-second intervals to intervals of several hours or more. In doing so, we define a multitasking continuum that we can use to categorize and reason about particular multitasking activities.


[image: ]

Figure 1.1. The Multitasking Continuum. From Salvucci, Taatgen, & Borst (2009), Copyright 2009 Association for Computing Machinery. Adapted with permission.



On the left side of the multitasking continuum, we find multitasking activities for which people switch tasks at sub-second intervals up to every few seconds. We call behavior at this end of the continuum concurrent multitasking, because each task progresses either simultaneously or with very short interruptions. Concurrent multitasking activities, as described earlier, are extremely common in our everyday routines. For example, we often talk while walking, eating or driving, and both tasks generally progress with little to no interference. Even when one task prevents the other from progressing (e.g., chewing prevents talking), the interruption is brief and the interrupted task soon resumes its progress. As another example, listening while taking notes in a lecture or meeting can be done concurrently with fairly frequent switches (say, every few seconds) between the two tasks.

On the right side of the continuum, we find multitasking activities for which people switch tasks after lengthy periods of execution on only one of the tasks. We call behavior at this end sequential multitasking: although there may be some overlap between tasks during switching periods (e.g., when a person finishes typing a sentence before picking up a ringing phone), each task receives focused attention during most of its allocated execution time. Our office-worker domain represents a classic example of sequential multitasking: the worker might focus on writing a paper for several minutes to hours before switching to another task, perhaps later resuming the original interrupted task. We could imagine another example involving cooking while reading a book: a person spends an hour preparing a casserole dish, places it in the oven, and switches to reading until the dish is ready.

While the distinction between concurrent and sequential multitasking is a useful one, it is by no means clear-cut. Consider a situation in which a person is watching a baseball game while talking to a friend: if the person talks continually while closely monitoring the game, we would consider this behavior to be concurrent multitasking; then again, if the person only talks between innings, the behavior more closely resembles sequential multitasking. In fact, our example of talking while driving might be considered sequential if the driver only talks at traffic lights, and our example of cooking and reading might be considered concurrent if the person reads while cutting vegetables. Thus, as we refer to the concurrent-versus-sequential distinction throughout this book, it is important to remember that each category represents only a rough range along the multitasking continuum, and that specifics about particular tasks, as well how those tasks are performed at each instance, heavily influence where they fall along the continuum.

A fair-minded reader may then ask, why make the concurrent-versus-sequential distinction at all? First, much of the previous research done on multitasking has focused exclusively on either concurrent or sequential multitasking. On the one hand, basic research on concurrent multitasking has examined the fine-grained details of a “cognitive bottleneck” in the performance of concurrent simple laboratory tasks (Byrne & Anderson, 2001; Hazeltine, Teague, & Ivry, 2002; Meyer & Kieras, 1997; Pashler, 1984; Schumacher et al., 2001; Welford, 1952). Applied research has also tried to understand dual-task interference and workload in domains such as driving (Alm & Nilsson, 1994, 1995; Brookhuis, De Vries, & De Waard, 1991; Lee et al., 2002; McKnight & McKnight, 1993; Senders et al., 1967; Strayer & Drews, 2004), aircraft piloting (Kantowitz & Casper, 1988; Parasuraman, Sheridan, & Wickens, 2000; Wickens, 2002b), and game playing (Lebiere, Wallach, & West, 2000; Ritter & Wallach, 1998).

On the other hand, basic research on sequential multitasking has focused on performance of alternating simple tasks and the costs of switching that arise therein (Altmann & Gray, 2002, 2008; Rogers & Monsell, 1995; Rubinstein, Meyer, Evans, 2001; Sohn & Carlson, 2000). Applied research has often framed sequential multitasking in terms of task interruption and resumption, again in diverse domains such as human–computer interaction (Bailey & Iqbal, 2008; Cutrell, Czerwinski, & Horvitz, 2000; Czerwinski, Cutrell, & Horvitz, 2000; Iqbal & Bailey, 2005, 2006; Monk et al., 2004, 2008; Trafton et al., 2003), aviation (Dismukes, Young, & Sumwalt, 1998; Latorella, 1999) and emergency room care (Chisholm et al., 2001). Unfortunately, there has been surprisingly little crosstalk between these areas of study, particularly across the concurrent–sequential “boundary” (as artificial as it may be). As a matter of exposition, we present our own theory in terms of each of these categories because it allows us to relate our theory more easily to this previous research. Nevertheless, in keeping with the unifying spirit of the theory, we will discuss how to merge the treatments of concurrent and sequential multitasking into a unified view that best reflects the space of multitasking as a continuum, rather than two distinct categories of behavior.

The Application Continuum: From Laboratory to Applied Tasks

The second continuum with which we can characterize the study of multitasking is what we call the application continuum. Multitasking research has focused on task domains and paradigms that range from basic psychological tasks to complex applied tasks, and everything in between. The application continuum represents, for a particular studied domain, the extent to which the domain is conceptually close to and relevant for some everyday task scenario. In the depiction of the application continuum in Figure 1.2, common tasks are considered applied and appear on the right side of the continuum. In contrast, highly controlled and greatly simplified tasks, as might be performed in the psychology laboratory, are much less applied and appear on the left side. Between these extremes lies a range of domains that could be considered both applied in some respects, and not applied in other respects.
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Figure 1.2. The Application Continuum.



To illustrate this idea, let us consider examples across the application continuum. The top area of the figure shows sample tasks related to the common task of writing and sending email, shown on the right side in the applied area of the continuum. At the laboratory end of the continuum, we can consider basic tasks that have investigated people’s ability to use a standard computer interface, such as those examining the speed and accuracy with which people type or make mouse movements. In between, we have tasks that have been studied in the laboratory but involved more realistic behavior than simply typing a word or moving a mouse; for example, the task of computer text editing has been studied in a controlled laboratory setting, but involving a number of realistic aspects of computer use (Bovair, Kieras, & Polson, 1990; Polson & Kieras, 1985; Rosson, 1983; Singley & Anderson, 1987).

The middle area of Figure 1.2 shows three analogous tasks for the domain of using a phone, including dialing and conversation. At the less applied end, we can consider basic linguistic and cognitive tasks that investigate very specific abilities to construct concepts and phrases—for example, our ability to analogize between complex concepts (Holyoak & Thagard, 1989; Salvucci & Anderson, 2001), or to recall a list of numbers for dialing (Anderson & Matessa, 1997). Grounding these core processes in the particular setting of phone use, we can imagine scripted phone-use tasks that do not actually involve dialing and conversation, but simulate the real tasks sufficiently for some purpose; for example, user-interface designers may test behavior on a partially-functional prototype of a dialing interface (Pew & Mavor, 2007). Finally, the applied phone task would involve dialing in a completely natural way (e.g., using either a keypad or an address book) and would allow for natural conversation between caller and callee.

The bottom area of Figure 1.2 includes tasks related to the domain of driving. At the leftmost extreme, we could identify a host of basic-research domains that relate to the real driving task, such as a manual tracking task in which a person tries to keep a moving cursor within some target boundaries (Wickens, 1976). At the rightmost extreme, the real-world driving task—control of a vehicle with the goal of traveling to a destination—is a fabulously complex task with many multitasking components (controlling the vehicle, monitoring other vehicles, deciding on a route to the destination, performing secondary tasks, etc.). In between, we can identify more realistic tasks that do not yet reach the complexity of the full-fledged driving task. In particular, as a less costly and safer alternative to real driving, a large class of studies have utilized computer-based driving simulators to collect driver performance data. These simulators fall along an application continuum in their own right: they range from game-like desktop systems, to larger simulators with projection screens and more realistic controls, to multimillion-dollar simulators with a realistic vehicle, moving base, and surround projection with as much realism as technology can provide. The more complex simulators thus provide a more realistic driver experience at the expense of (sometimes extravagant) manufacturing and experimental setup costs in time and money. At the rightmost extreme lie studies which indeed involve driving in a real vehicle.

Given these three sample domains and their variants across the application continuum, we can easily imagine combinations of tasks that embody less applied or more applied forms of multitasking. More often than not, studies combine tasks that both reside in roughly the same slice of the continuum: two laboratory tasks (e.g., a basic cognitive choice task while tracking) or two applied tasks (e.g., unconstrained phoning and driving) are combined and performed together. Many studies are performed in a controlled setting with an experimenter providing directions or instructions—for instance, a study of dialing a phone while driving in a simulator in which an experimenter occasionally asks the driver to perform this secondary task (e.g., Reed & Green, 1999; Salvucci, 2001a). Other studies simply observe and analyze natural behaviors directly in their naturalistic setting (e.g., Neale, Dingus, Klauer, Sudweeks, & Goodman, 2005), collecting data from drivers performing exactly those tasks that they would normally perform in the course of their everyday lives. However, both tasks need not reside in the same slice of the continuum, and a number of research efforts have combined simplified forms of one task with more realistic forms of another. For example, some work on driver distraction has utilized real driving with laboratory tasks such as a serial-addition task (Brookhuis, De Vries, & de Waard, 1991). Such studies aim to study how “cognitive distraction” affects driver performance, and thus try to constrain the cognitive load placed on drivers to best control the experimental setup. On the other hand, some work has involved realistic, unconstrained conversation while driving, but with data collected in a driving simulator (Drews, Pasupathi, & Strayer, 2008). In this case, the critical goal was to study realistic conversation with the (reasonable) assumption that effects in the simulator correlate well to effects in a real vehicle (see, e.g., Reed & Green, 1999).

Thus, all points along the continuum provide different tradeoffs among the desire for practical applicability, the particular investigational focus of the study, and the overhead costs of developing and running the study. The basic-research studies focus on very particular components of the human system and allow us to understand the individual contributions of these components. Basic research on multitasking has appeared in many contexts, such as under broad headings of “attention” and “executive control processes” (e.g., Baddeley, 1986; Kahneman, 1973; Kramer, Wiegmann, & Kirlik, 2007; Logan, 1985; Meyer & Kieras, 1997; Norman & Shallice, 1986; Posner & Petersen, 1990). Applied studies of multitasking and workload in particular domains provide us with a broader understanding of how these components integrate and result in the complex behaviors associated with common tasks (e.g., Dismukes & Nowinski, 2007; Kantowitz & Casper, 1988; Mitchell, 2000; Strayer & Drews, 2004; Wickens, 2002b). Ideally, our theoretical efforts should aim to account for as wide a range as possible along the application continuum—after all, the empirical phenomena, whether laboratory or applied, arise from a single system, the human system. In addition, a solid theoretical framework also provides a way to unify ideas across the continuum by integrating lower-level theories into higher-level ones (Anderson, 2002; Gluck & Pew, 2005; Gray, 2007; Newell, 1990; Pew, 1974). As will become evident in subsequent chapters, our approach to studying multitasking involves a bootstrapping effort in which we simultaneously evaluate theories against empirical results, gathered from as many points as possible along the application continuum.

The Abstraction Continuum: From Milliseconds to Months

The multitasking continuum and application continuum provide two ways to characterize a task domain being studied in terms of the frequency of multitasking, and the applied nature of the task. The abstraction continuum speaks to the theories that we develop about these task domains, as well as the particular data and measures used to validate these theories. In essence, we can study any given domain at different levels of abstraction, corresponding to the levels of behavior in which we are most interested. What are these levels of abstraction, and how do they impact our study of multitasking?

Allen Newell (1990) famously described human behavior as residing along a range of “time scales of human action,” as shown in Figure 1.3. Newell divided the time scales into four “bands of cognition”: the Biological Band for neural and physiological processes at the sub-second level, the Cognitive Band for actions and unit tasks (see Card, Moran, & Newell, 1983) lasting a few seconds, the Rational Band for tasks ranging from minutes to hours, and the Social Band for long-term behavior (days, weeks, and beyond). Newell and others (Anderson, 2002; Pew, 1974) have argued that in the study of human behavior, larger tasks can be decomposed into smaller component tasks, allowing us to develop theories of component tasks and then work on unifying them into larger theories of the higher-level tasks. The figure shows the three sample task domains related to email, phone, and driving tasks. For instance, in the email task, we can build on the physiological processes at the left extreme of the continuum, and integrate these into domain-relevant movements such as moving a mouse or pressing a key. These basic interface actions can be composed into unit tasks—commonly repeated tasks on the order of several seconds, such as deleting an email message or searching for text. Further still, we can compose these unit tasks into larger-scale tasks, like responding to all new email, and at the rightmost extreme we have the highest-level goals related to maintaining a sense of community with family, friends, and colleagues.


[image: ]

Figure 1.3. The Abstraction Continuum (based on Newel l, 1990).



Considering task domains at different time scales provides us with the power of abstraction: focusing on aspects we deem most interesting for the domain, and abstracting over (ignoring) those aspects less relevant to our purposes. When developing theories of behavior at a chosen time scale, we typically focus on data and measures that best quantify behavior at that time scale. These measures are shown along with sample tasks in Figure 1.3. Returning to the email example, if we were primarily interested in understanding behavior at the level of basic interaction with the email application, we might collect data in the cognitive band—by recording, for instance, all mouse clicks and keystrokes along with the time at which they occurred. If we were more interested in larger-scale issues, such as how frequently a user wrote email over the course of one day, it may suffice to collect coarser-grain data—for example, the number of times the user switched to the email application and how long, on average, they used the application before switching away. When considering two tasks in a multitasking scenario (such as talking and emailing, or driving and dialing, as shown), the measures for the individual tasks are essential for determining the effects of multitasking; we might, for instance, measure driver performance while driving alone, and compare this to performance while dialing a phone number, thereby gauging the effects of dialing on driving.

In fact, abstracting over time is only one method of abstraction, and there are often other ways of formulating a theory with respect to the level of approximation needed or desired. Consider a computer user moving a mouse pointer to an onscreen target object. A useful engineering approximation might simply take an average time for all mouse movements across a range of common user tasks: Card, Moran, and Newell (1983) derived an estimate of 1.1 seconds, an approximation that does not require specification of the distance to the target. As a more specific formulation using distance, we can use (one form of) the well-known equation known as Fitts’ law (MacKenzie, 1992):

[image: ]

This equation states that movement time (MT) is a function of D, the distance to the target, and of W, the width of the target in the direction of movement; because W appears as a denominator, the equation thus states that the thinner the object, the longer the movement time. (The values a and b are constants that do not change with the target.) While Fitts’ law is an extremely useful description of movement time, it does not account for the fact that two-dimensional target objects have a width and height. Additional research (e.g., Accot & Zhai, 2003) has suggested that Fitts’ law can be reformulated in terms of both target width and height. And we might easily imagine a host of variations on this theme, taking into account, for example, changes that might arise as a function of mouse hardware characteristics, software differences that change the pointer’s movement characteristics, the user’s visual acuity, and so on. Deciding which theory is “best” depends wholly on its purpose; namely, finding the most important factors that may influence behavior, and abstracting over the other factors to find the most useful approximation of behavior.

All of these issues play into our development of a general theory of multitasking. Ideally, we would like to account for tasks all along the abstraction continuum, with a theory that provides detailed predictions at all levels of abstraction—but in practice, this is not possible. Indeed, individual research efforts have focused on behavior within a narrow slice of the abstraction continuum; even Newell’s (1990) “unified theories of cognition” focused on the cognitive band, with, as he deemed, much less relevance to the other bands. At the same time, research efforts focused on one time scale often draw on general understanding from other time scales; for example, research on user behavior in the cognitive band may build on known characteristics of brain function in the biological band, and research on driver performance in the cognitive band might have implications for safety at the social band. Like Newell, we will primarily emphasize the cognitive band of behavior, with frequent excursions in the rational band. Nevertheless, we will also base our ideas on known aspects of the biological band and draw out implications for social band as much as possible, with the hope that these looser connections can be further developed in future research.

Representing the Theory in a Computational Cognitive Architecture

The rest of this book presents the theory of threaded cognition, and how it can account for a range of task domains across the multitasking, application, and abstraction continua. The question remains, however, of how to express the theory and codify it as a tool for understanding and predicting multitasking behavior. The underpinnings of any theory lie in the experimental work that, generally speaking, reveals the overall level of multitasking interference between particular tasks. For example, empirical studies have explored whether a simple visual–manual task (seeing and typing) interferes with an aural–vocal (listening-and-speaking) task—a case where tasks do not overlap in terms of physical resources (eyes and hands versus ears and mouth), but do overlap with respect to cognitive resources needed by each task (to be described in Chapter 2). Experimental results typically address the presence or absence of such interference (did each task affect the other during multitasking?) and, if present, the size of the interference effect (how much did each task affect the other?).

Building on these empirical results, some theories aim to express multitasking interference in quantitative terms. For example, Wickens’ (1984, 2002a, 2008) multiple-resource theory characterizes dual-task interference in terms of four dimensions: stages (perceptual/cognitive, response), sensory modalities (auditory versus visual and others), codes (visual versus spatial), and visual channels (focal versus ambient). Using his theory and associated methodology, one can create a matrix of values that represent the interference across these dimensions and, in the end, a single numeric value that represents overall interference. Such a theory can be very useful for capturing the basic effects of multitasking at a high level, when accounts of behavioral event sequences and/or domain-specific measures (e.g., time on task, errors, etc.) are not needed.

A more detailed description of multitasking behavior examines how behavior unfolds over time. Such a description, often called a process model, characterizes behavior as a temporal sequence of events, and is often depicted along a timeline or box diagram making this sequence explicit. Figure 1.4 shows a possible box-diagram process model for a simple choice task that we will explore further in Chapter 2. In a visual–manual version of this task, the person sees a visual stimulus and presses an associated key in response. Previous research (e.g., Pashler, 1994) has characterized behavior in this task as a 3-stage process of stimulus perception, response selection, and response execution, illustrated by three boxes in the upper portion of the figure. This model is straightforward in the single-task case, and when considering a dual-choice scenario with two choice tasks performed simultaneously, the model helps to understand interference effects. The bottom portion of the figure shows an aural–vocal version of the choice task, in which an audible stimulus evokes a verbal response. As will be discussed in Chapter 2, the two tasks can proceed independently for the most part, because of their use of distinct perceptual and motor channels; however, the “select response” stage can produce interference between tasks because both tasks require cognitive processing at the same time, causing the second task to be delayed at point (A). Such interference can be neatly represented and visualized in these types of box-diagram process models. More complex box-diagram representations, such as those provided by CPM-GOMS (John, 1990; see also Gray, John, & Atwood, 1993; John & Kieras, 1996) and similar frameworks (e.g., Freed, 1998), allow for explicit specification of the cognitive, perceptual, and motor processes in a schedule chart, from which an analysis can derive the critical path, and thus the total processing time, for the task.
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Figure 1.4. Box diagram of a dual-choice task, with a response-selection bottleneck at point A.



While a box diagram can depict the temporal processing of behavior at a gross level, it has a number of limitations when addressing a complex task such as driving or air traffic control: behavior can easily span many seconds to minutes or hours, making depiction of the full timeline infeasible; the perceptual stimuli change continually, creating a complex dependency between the person’s behavior and the changing state of the interactive system; and standard measures of interest for the task, such as vehicle lane position (in driving) or gaze frequencies for visible aircraft (in air traffic control), may be difficult or impossible to predict. In other words, a box diagram abstracts over the details of the underlying interaction, and for complex tasks, this abstraction sometimes does not provide the kind of detail (in terms of data and measures) needed to understand behavior and evaluate theories of behavior.

To address this issue, in a tradition dating back several decades to the onset of work in artificial intelligence, many researchers now develop computational process models to represent their theories of behavior. Very generally, a computational model is a formal description of behavior in a computational framework that can generate behavior through a computer simulation. In modern frameworks, the models typically interact with an actual task simulation, often the same simulation used to collect data from human participants in an experiment. For example, a model may obtain perceptual information as an onscreen interface changes, or may move the mouse and click on objects in the visible interface. When integrated into robotic systems (e.g., Trafton et al., 2006, 2008), computational models can also explore and act in the world via robotic perceptual sensors and motor actuators.

Our approach to multitasking centers on a major class of computational frameworks known as cognitive architectures. A cognitive architecture is a framework that facilitates the creation of computational models of behavior: given some task domain, the architecture allows for specification of a process model that performs the task, typically (as mentioned earlier) through interaction with a realistic simulation of the task. At the same time, the cognitive architecture incorporates a rigorous theory of human cognition and performance, including both the abilities and constraints of the human system. For example, a cognitive architecture typically includes some type of memory system that provides the ability to store and recall knowledge; at the same time, the architecture places constraints on this ability—for instance, by dictating how a piece of information decays in memory such that, after some time without rehearsal or retrieval, that information may be forgotten. Similarly, the architecture would include perceptual resources that acquire information about the external world, and motor resources that perform actions in the world—both with constraints to reflect these systems’ limitations, such as an inability to see details outside the eye’s fovea, or specification of motor movement times from one location to another.

Cognitive architectures have been used to model and account for multitasking behavior in a range of task domains. Table 1.1 includes a sampling of such models, some of which were explicitly intended to account for multitasking, others of which were intended to model behavior in some complex task and only implicitly accounted for multitasking as part of the work. One of our primary goals in this book is to learn from these efforts, and to generalize the underlying ideas into a unifying theory of multitasking. The cognitive architecture in which we have chosen to develop our work is the ACT-R cognitive architecture (Anderson, 2007; Anderson et al., 2004). We will describe relevant aspects of the ACT-R theory incrementally as they relate to our exposition detailing threaded cognition and the associated modeling efforts.

The instantiation of our theory in a cognitive architecture allows for expression of the theory at all the levels of description mentioned above. The theory can be boiled down to general predictions about the presence and amount of interference between two or more tasks; given some knowledge about the tasks at hand (e.g., the visual-manual and aural-vocal dual-choice scenario described earlier), it allows us to reason about whether we would expect interference between tasks and, roughly speaking, whether there would less or more interference than some other combination of tasks. When a process-model description is needed, the theory can be expressed with box diagrams that depict processing across stages of a task—which can be especially useful in determining overlapping processing between multiple tasks, a good indicator of interference. And, for complex tasks where more abstract methods are insufficient, our theory, in conjunction with the underlying ACT-R cognitive architecture, allows task models to run in simulation with actual task interfaces, and generate predictions of the same measures collected from human participants (see, e.g., Ritter & Young, 2001). We shift frequently throughout the book among all three of these levels, with the goal of providing both an overall feel for the theory’s predictions and a rigorous description of the inner workings of its processes.


Table 1.1.A sampling of models developed in a cognitive architecture that incorporate aspects of multitasking behavior


	Domain	Architecture(s)	Reference

	Air traffic control (KA-ATC)	ACT-R	Taatgen & Lee, 2003

	Air traffic control (AMBR)	ACT-R, D-COG, EPIC-Soar, iGen	Gluck & Pew, 2005

	Aircraft maneuvering	ACT-R	Gluck et al., 2003

	Aircraft piloting (TacAir-Soar)	Soar	Jones et al., 1999

	Aircraft piloting	CI	Doane & Sohn, 2000

	Aircraft taxiing	ACT-R	Byrne & Kirlik, 2005

	Attentional blink	ACT-R	Taatgen et al., 2009

	Driving	ACT-R	Salvucci, Boer, & Liu, 2001; Salvucci, 2006

	Driving	QN-MHP	Tsimhoni & Liu, 2003

	Driving	Soar	Aasman, 1995

	Driving & phone dialing	ACT-R	Salvucci, 2001a, 2005; Salvucci & Taatgen, 2008

	Driving & memory rehearsal	ACT-R	Salvucci & Beltowska, 2008

	Driving & secondary task	QN-MHP	Liu, Feyen, & Tsimhoni, 2006; Wu & Liu, 2007

	Dual choice	ACT-R	Anderson, Taatgen, & Byrne, 2005; Byrne & Anderson, 2001; Salvucci & Taatgen, 2008

	Dual choice	EPIC	Meyer & Kieras, 1997

	Dual choice	QN-MHP	Wu & Liu, 2008

	Dynamic systems	ACT-R	Schoppek, 2002

	Flight management system	ACT-R	Taatgen et al., 2008

	Game playing

(Unreal Tournament)	ACT-R	Best & Lebiere, 2006

	Game playing (Quake)	Soar	Laird & Duchi, 2000

	Game playing (Urban Combat)	ICARUS	Choi et al., 2007

	Radar operation (Argus Prime)	ACT-R	Gray & Schoelles, 2003

	Radar operation (CMU-ASP)	ACT-R	Anderson et al., 2004; Taatgen, 2005

	Shooting & mathematical comprehension	ACT-R, IMPRINT	Kelley & Scribner, 2003

	Tactical decision making & instruction following	ACT-R	Fu et al., 2004

	Task switching	ACT-R	Altmann & Gray, 2008; Sohn & Anderson, 2001

	Task switching	EPIC	Kieras et al., 2000

	Timing multiple intervals	ACT-R	van Rijn & Taatgen, 2008

	Tracking & choice	ACT-R	Salvucci & Taatgen, 2008

	Tracking & choice	EPIC	Kieras & Meyer, 1997

	Tracking & choice	EPIC-Soar	Chong, 1998

	Tracking & choice	Soar, EPIC	Lallement & John, 1998

	Tracking & decision making	EPIC	Kieras & Meyer, 1997



(based on Salvucci, 2005)



Looking Ahead

This book maps out the threaded cognition theory of multitasking in three major components. The first component focuses on concurrent multitasking, beginning with an introduction to threaded cognition in Chapter 2. The chapter provides an overview of the foundations of the mind’s critical components (resources, chunks, and productions) as formalized by ACT-R theory, and then outlines the basic principles of threaded cognition, and provides examples from basic laboratory task domains. Chapter 3 continues the theme of concurrent multitasking by highlighting an application of threaded cognition to the important domain of driver distraction. After introducing driving as a single-task behavior, the chapter examines driving when combined with dialing a phone, to highlight perceptual-motor conflicts, and also when combined with memory rehearsal, to highlight cognitive interference. The chapter includes an overview of the challenges of driver distraction, and conclusions for what we might draw from the theory for this domain.

The second component centers on generalizing the account of concurrent multitasking to sequential multitasking. Chapter 4 discusses the central role of problem state—temporary information related to a task—in the conceptual transition from concurrent to sequential multitasking. It describes an account of task suspension and resumption based on memory processes, in which problem state is strengthened during interruption and recalled after completion of the interrupting task (based on Altmann & Trafton, 2002). Chapter 5 highlights the application of this theory to the domain of human–computer interaction. It particularly focuses on broadening the memory-based account to situations in which problem state must be reconstructed from the task environment. The chapter also describes an empirical study of deferrable interruptions that sheds light on how computer users delay task interruptions when possible.

The third component, embodied in Chapters 6 and 7, focuses on learning and skill acquisition, and their consequences for how multitasking behavior can change with practice. Chapter 6 introduces a theory of learning from task instructions that describes how these instructions are codified over time into procedural rules, thereby accounting for speed-up in performance, as well as diminished contention for declarative memory. The chapter illustrates the theory in a basic laboratory paradigm, as well as two tasks involving dictation and game-playing. Chapter 7 expands this account to sequential behavior in two more applied tasks involving simplified air traffic control, and interaction with a flight management system.
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