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Preface


This book is about minds—functional entities that can think—as explored in artificial intelligence (AI) and cognitive science, with the guiding assumption that it can be useful to ground such an exploration in what can be learned from both fields. If what you are looking for is an analysis of the current state and future prospects of deep learning and generative models—the current white hot and wildly successful approach(es) to AI—this book may not be the best place to start, although such topics do make an appearance where appropriate.

If instead what you seek is a deeper understanding of a broader take on AI and cognitive science from the perspective of a researcher who has spent most of the last half-century trying to understand what it means to put all of the pieces together into cognitive architectures that provide the fixed structures and processes underlying general humanlike intelligence, and who has spent a number of the past years reflecting on this experience—as well as on integrative approaches to minds more generally and on the combination of AI and cognitive science as a discipline—this book will hopefully both intrigue and inform you. Even if your interest is primarily in generative models or deep learning, this book may be of interest to the extent you care about building complete minds.

I’ve always had a tendency to reflect, whether on my own actions or on the content of my studies. As my life and career have progressed over the decades, this tendency has only grown, while being grounded in an ever-broader body of experiences and, hopefully, an increasingly mature perspective. Although most of my career has focused on developing and understanding a sequence of cognitive architectures—from XAPS to Soar to Sigma—a decade-long hiatus between the last pair, during which I explored new directions for the University of Southern California’s Information Sciences Institute (USC/ISI), led to an extensive set of reflections on computing that ultimately ended up yielding a book.

On Computing: The Fourth Great Scientific Domain, which was published by the MIT Press in 2012, made the argument that computing was not only a scientific discipline but a great scientific domain, on a par with the physical, life, and social sciences. This involved reflections on the nature of computing, science, and engineering, and what it means for an intellectual discipline to be a great scientific domain. It also involved developing the relational model that was to provide insight into how the various disciplines within computing could be understood in terms of relationships between computing, itself, and the other three domains.

In the current book, the focus shifts from these earlier reflections on computing to more recent ones on minds, driven by attempts to better understand and explain my own work on Sigma, the community’s work more broadly on cognitive architectures, and how this all relates to the even broader body of work in AI and cognitive science as a whole. Rather than yielding a single systematic story, as in the earlier book, this has yielded a set of three semi-independent stories that center on definitions, dissections and mappings, and integrations and that serve as the themes of the three parts of this book. Still, a key feature of telling these three stories in the same context is the value added that results from their interactions.

The relational model from the earlier work plays only a peripheral role in the overall story here, but the definitional work there—on computing, science, engineering, great scientific domains, and interdomain relationships—developed into the methodology of essential analysis that is at the heart of part I’s focus on definitions. In guiding how to rethink the definitions of key terms in AI and cognitive science, it has proven fruitful in exploring multiple topics critical to the study of minds. Four of these explorations are included in this part, on architectures, symbols, intelligence, and theories. The first two are relatively short and straightforward while still taking these topics in new directions. The latter two are longer and more complex, reflecting their more challenging nature but, hopefully, also correspondingly rewarding.

As an undergraduate, a nascent interest in philosophy led me to enroll in a course on ethics that I hoped would provide insight into ethical systems. However, the course turned out instead to center on what seemed like endless arguments concerning the meanings of ethics-related terms such as ought. Not seeing how this addressed the fundamental questions about ethical systems that had led me to take the course, this experience largely distanced me from an interest in philosophy for a number of years. Although the focus in part I is similarly on definitions, the idea here is to leverage essential analysis to cut through existing Gordian knots rather than further entangling them. In the process, the aim is to provide fresh insights into key aspects of the philosophical basis of the field. As a consequence, this part is likely to be of more interest to those focused on understanding minds than to those wanting to leverage them for more practical ends.

Part II, concerning dissections and mappings, grew out of several failed attempts in 2019 to publish explanations of how Sigma was able to support many of the capabilities found across AI and cognitive science without including distinct modules within the architecture specifically built for them—satisfying the core Sigma desideratum of functional elegance. Reconsidering this effort more generically, as an attempt to understand the space of technologies relevant to minds—whether symbolic or neural (although with more of a slant toward the former given my own background and how rapidly the latter is advancing)—evolved into the methodology of dichotomic analysis, of how contrasts such as asymmetric versus symmetric processing have shaped, and can shape, how we understand this overall space.

A cross product of dichotomies effectively dissects the overall space of technologies into regions with uniform properties, with differences across regions providing contrasts, to ultimately yield a structured view of the space and of how the individual technologies both relate to and complement each other. Dichotomic analysis also yields insights into how combinations of technologies across regions yield integrated systems such as cognitive architectures, and how extensively such systems can span the full space. When combined with relevant evaluation criteria—such as accuracy, efficiency, and generality—and an understanding of how these criteria fracture across dichotomies, dichotomic analysis further provides a way to compare the trade-offs embodied in both individual technologies and systems that combine multiple of them.

Altogether, this supports structured mappings of technologies, and of their associated criterial trade-offs, that span both the entire discipline and systems within it, making part II ideally of interest to anyone working in the field who seeks a better understanding of the discipline, its space of available technologies, the systems that integrate together these technologies, and the criterial trade-offs involved in all of this. To facilitate following this analysis, appendix A provides informal characterizations of the various technologies mentioned in it.

Part III is a personal intellectual memoir that was begun as I was recovering from a serious illness and that reflects on my career—and life—as a whole.1 Here I characterize myself as an architectural explorer. Much of this concerns my personal grand challenge of developing cognitive architectures that aid in understanding the human mind and in understanding and building artificial minds, plus work on the common model of cognition, an attempt at developing a community consensus concerning what must be in any architecture that is to support humanlike cognition. However, given the broad notion of architecture developed in part I, this notion of architectural exploration turns out to be one way to view much of the rest of my research career. As a result, part III also includes material related to the dichotomic analysis of part II as well as material from the earlier book on the relational model and the idea that computing is the fourth great scientific domain. It does not, however, include material related to part I, related to essential analysis, as that developed after the memoir was completed.

Interwoven into part III are personal details that influenced my path throughout this career, or have some entertainment value, or simply reveal key aspects of my life. This part in toto thus reflects integrations across disciplines, technologies, architectures—which themselves focus on integrations—and aspects of my life, while wrapping up with a set of maxims in appendix B that have been extracted from this experience and that may be of use to others. The result is likely the most broadly accessible part of this book and is appropriate for anyone interested in such a story.

The core of the book kicks off in chapter 1, which goes into more depth on the book’s overall structure before introducing a reflective method that generalizes across essential analysis, dichotomic analysis, and the relational model. This provides one form of value added that came about from exploring the commonality lurking behind the three semi-independent stories told in this book, although one that readers less interested in methodology may want to either skip or skim. Chapter 1 also provides some background on the Soar and Sigma cognitive architectures, as well as the common model of cognition, which will be drawn upon in various ways throughout parts I (chapters 2–5), II (chapters 6–12), and III (chapters 13–19).2 Chapter 20 wraps things up with final thoughts.



Notes


	1. Part III represents the third version of this story I have attempted to tell. The first version (Rosenbloom, 2023a) is the longest, including a variety of introductory material and personal details. The second version (Rosenbloom, 2025) is an edited-down professional version that eliminates much of the personal detail. The version here is edited down instead by moving selected material from the memoir itself to earlier in the book when it has turned out to provide useful background for discussions prior to part III.


	2. An Apologia. I have occasionally been frustrated, particularly when I was a young researcher but even at times since then, when witnessing some senior researchers make claims about fields of which they know little or fail to ground their claims appropriately in the relevant literature. Such claims seemed both lazy and irresponsible, even when not apparently downright incorrect. However, as I’ve aged, and (hopefully) grown in perspective while also growing more limited in what I can accomplish, I have been increasingly tempted to follow such paths to “put out there” ideas that I believe may be of some use to others even when they fall short of normal standards of academic rigor and responsibility. I hope I am not blinding myself to the weaknesses of such an approach, but I do try to make the attempt in a spirit of humility, with the understanding that these ideas can be nothing more than thought-provoking speculations in their current form. Perhaps this can be considered the privilege of the superannuated. Much of this book may be considered to exist under this privilege.
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1Introduction


I have pursued research in artificial intelligence (AI) and cognitive science for most of the last half-century.1 Both of these disciplines study minds—functional entities that can think. In natural systems they are implemented by organic brains, whereas in artificial systems they are implemented by computers. AI focuses on building artificial minds and thus cares most about how such minds can be built. Cognitive science focuses on modeling natural—preferably human—minds and, thus, cares most for understanding such minds. From their combined perspective, the field of minds can be taken generically to concern the understanding and construction of natural and artificial minds.

Although some early views of cognitive science viewed it this broadly—for example, Simon and Kaplan (1993) described it as “the study of intelligence and its computational processes in men (and animals), in computers, and in the abstract”—and there have been recent attempts to resurrect this view of the field (e.g., Rosenbloom & Forbus, 2019), cognitive science has instead cleaved most closely to the study of human minds, and thus, to cognitive psychology, rather than reflecting this entire field.

In addition to cognitive science—which will be assumed to also act as a stand in for cognitive psychology—and AI, the study of minds also clearly plays an important role in neuroscience and robotics. Neuroscience concerns the structure and function of brains, and thus, with respect to minds, cares most—in the form of cognitive neuroscience—about how they arise from brains. Robotics concerns building and controlling artificial bodies, and therefore, with respect to minds, cares most about how they control such bodies. Philosophy of mind is also relevant, with much of what can be found in this book considerable as part of a sufficiently broad construal of this discipline. Other disciplines also touch significantly on the topic of minds, but my own experience and expertise—and thus, this book—are centered on AI and cognitive science, with these other disciplines playing a role mostly in how they interact with these two.

During my time in the field, many trends have come and gone. Some of the most significant in AI, for example, have centered on search (e.g., Nilsson, 1971), logic (e.g., Genesereth & Nilsson, 1987), knowledge (e.g., Hayes-Roth et al., 1983), probabilities (Pearl, 1988), and machine learning (e.g., Murphy, 2012). The latest trend, deep learning (Goodfellow et al., 2016)—including its more recent variant of generative models and their use in large language models (LLMs) (e.g., Brown et al., 2020)—is a form of machine learning, but one that has likely had more impact than all of the previous ones combined.

My own work has included aspects of all of these trends, except for logic and generative models, but it has not been fixated on any one of them individually. Instead, it has centered on cognitive architectures—that is, hypotheses concerning the fixed structures and processes that yield a mind, whether natural or artificial (Newell, 1990; Chong et al., 2007; Langley et al., 2009; Samsonovich, 2010; Ye et al., 2018; Kotseruba & Tsotsos, 2020; Rosenbloom, 2022a).

Cognitive architectures must be integrative, in striving ultimately to accommodate the full range of capabilities required of a mind. They also must be general, in applying across many, if not all, problems and domains. A breadth of investigations across a sequence of three such architectures—XAPS (Rosenbloom, 2006) → Soar (Laird et al., 1987) → Sigma (Rosenbloom et al., 2016a)—across so many years has more recently inspired an epoch of reflection about both cognitive architectures and the disciplines of AI and cognitive science within which such work occurs.

A communal piece of reflection on cognitive architectures that has formed an important additional basis for the reflections here is work on the common model of cognition (Laird et al., 2017; Rosenbloom et al., 2022), an ongoing effort to develop a community consensus concerning what must be in any architecture capable of supporting humanlike cognition—that is, human cognition plus any other forms of cognition that are similar enough to it to fit comfortably within a common abstraction.

Figure 1.1 summarizes the three levels of subject matter upon which the reflections in this book are based, starting with cognitive architectures as the most concrete or specific level. Abstracting and broadening from there yields the common model for humanlike minds. The final level comprises the generic notion of minds, whether natural or artificial, and whether humanlike or otherwise.

[image: A stack of three horizontal rectangles, proceeding bottom up, from Cognitive Architectures to the Common Model of Cognition to Minds.]
Figure 1.1

Three levels of subject matter upon which the reflections in this book are largely based.


Ideally, reflections of any sort should not only provide insight into the past and present but also induce new perspectives that help to frame the future. The intention here is to capture, structure, and present reflections and perspectives that do just this. The three parts of this book are organized around reflections centered on: (I) definitions; (II) dissections and mappings; and (III) integrations.

Each of the first two parts uses a singular form of analysis that is apt for its style of reflection—essential analysis for definitions and dichotomic analysis for dissections and mappings. A third form of analysis shows up briefly in part III—relational analysis—but only as part of a summary of earlier reflections on the broader subjects of computing and science (Rosenbloom, 2012a).

Definitions in general ascribe meaning to terms. Sometimes this is straightforward. For example, a thermometer is by definition an instrument that measures temperature. There may be many different ways of measuring temperature as well as many different scales usable for such measurements, but none of this complexity belies the simplicity and noncontroversial nature of the definition. In other cases, attempting to define a term may lead to unending controversy. This may be because the term has been used colloquially for an extended period of time before any serious attempt has been made to give it a precise definition. Or it may be because it refers to a phenomenon that remains poorly understood. The term consciousness, for example, is difficult to define due to both of these causes, as a colloquial term for a poorly understood phenomenon.

Part I includes reflections on the meaning of four key terms—architectures, symbols, intelligence, and theories—that arise in the study of the three levels identified in figure 1.1, according to the method of essential analysis that yields new definitions, spaces of variations around these definitions, and additional implications of these definitions and spaces (figure 1.2). There has not been a systematic process by which these four terms have been selected as being the most critical ones, either with respect to their importance for the field or the difficulty in defining them. However, in the context of my own work at these three levels, each of these four terms has proven itself to be important enough and difficult enough to define that I was driven to reflect seriously on their meanings and to write up the results for others to consider. The reflections on intelligence and theories proved to be involved, yielding outsized chapters in comparison to those on symbols and architectures.
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Figure 1.2

Part I: Applying essential analysis across the three levels of subject matter to yield new definitions, definitional spaces of variations, and additional implications.


The notion of a cognitive architecture can trace it roots back through computer architecture to building architecture. As characterized in chapter 2, architectures in general concern fixity, inducing decompositions of systems into fixed architectures plus variable content. A cognitive architecture in these terms amounts to the fixed structures and processes that yield a mind, with its accompanying variable content being the skills and knowledge that are acquired, stored, and processed by the architecture. The reflections in this chapter yield implications into such topics as architectural constraint, multilayered architectures, theoretical computational architectures, and architectural exploration.

A particular notion of symbols—the Physical Symbol Systems Hypothesis (e.g., Newell & Simon, 1976; Newell, 1980)—has been central to much of the study of minds since the earliest days of AI and cognitive science. However, the recent ascendance of neural-network-based approaches has raised major questions about both the nature and importance of symbols for minds. Chapter 3 takes a fresh look at the question of how symbols should be defined in the context of minds—as atoms or placeholders—and whether there might be a hybrid rethinking of the classical approach that brings simplicity, flexibility, and coherence to how the term is used, to include not only traditional symbol systems but also neural systems, probabilistic systems, and blends of these. Although intended to support the full scope of AI and cognitive science, the core ideas for this hybrid approach arose more specifically from work on the Sigma cognitive architecture (sections 1.2.2 and 15.4) and the common model of cognition (section 1.2.3 and chapter 16).

Intelligence is at the heart of what minds are about, with both AI and artificial general intelligence (AGI) including it in the very names of their fields. Yet there is little consensus about what it is. This is bad enough when trying to define a single notion of intelligence, but it gets even more complicated when acknowledging that there may be many kinds and levels of intelligence across different natural species and artificial systems as well as across and within individuals of any of these species or systems.

Chapter 4 provides some background on this overall quandary before attempting to bring at least partial clarity to it through identifying three notable levels of intelligence—immediate, cumulative, and full-spectrum—that span many of the existing definitions while also yielding insight into theories of multiple intelligence and a potential pathway toward a simpler, more essential definition of intelligence. This chapter also proposes building out an intelligence space around these levels, via approximations to them, that spans many of the variations of intelligence. From this all we can also begin to derive additional implications for topics such as the intelligence singularity, generative AI, Sigma, ethics, intellectual property, and free will.

Theories clearly matter when considering minds, whether they concern how natural systems work or how artificial systems might be constructed. But they are obviously also critical across all of science and engineering and, in fact, beyond this to most human intellectual endeavors.2 In some of these areas, the nature of theories may seem straightforward and, thus, handleable in standard fashions, but in areas such as cognitive architectures, their nature is both subtle and complex. This has led to the reflections in chapter 5, which focuses on the notion of aboutness (and metasystems) but with a rich space of possibilities around this notion. The approach here has been to start by considering theories as broadly as possible—including what they are, how they are used, and how they are evaluated—while keeping in mind the nature of cognitive architectures, and then to explore the implications of these general results more specifically for cognitive architectures.

Part II uses dichotomic analysis to dissect both the overall field and integrated systems that are on the path to exhibiting intelligence at human level or above (figure 1.3). Dissection provides an opportunity to understand a complex entity by cutting it up in a manner that exposes the pieces out of which it is composed and how those pieces fit together.
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Figure 1.3

Part II: Applying dichotomic analysis across the three levels of subject matter to structure the space of relevant technologies and to understand how they differ from and complement each other, the trade-offs they involve, and how they may combine into integrated systems.


Rather than dissecting along traditional module/capability boundaries, dissection occurs here across three core dichotomies—(a)symmetric, (un)controlled, and (meta)data. This dichotomic analysis yields multidimensional maps that organize the field’s core technologies and help in understanding the similarities and differences among them. With the introduction of relevant evaluation criteria, these maps also yield insight into the trade-offs embodied by both these technologies and the integrated systems they combine to form.

Each dichotomy cuts the field in two, so dissecting it along all three dichotomies yields a map with eight regions, all of which are distinct from the others while sharing properties with those that align along any of the dimensions. Smaller maps based on just a subset of these dichotomies are also possible and, in fact, can be useful in a variety of ways.

As shown in figure 1.3, dichotomic maps come in two flavors. Disciplinary maps span the study of minds, providing an overall space in which the field’s underlying technologies can be situated, their similarities and differences can be assessed along each of the dimensions, and the distances among them can be measured. Such maps can, for example, enable decomposing traditional, relatively uninformative, coarse-grained distinctions, such as the one between rules and neural networks, into combinations of finer grained, more meaningful similarities and differences.

In this case, both rules and neural networks are asymmetric and uncontrolled but differ in whether they focus on symbolic data versus quantitative metadata—that is, data about data. They are thus not opposites, as they are often portrayed. Opposition here would involve differing along all three dimensions, whereas these two technologies differ along only one dimension, making them simply two variations in a much larger space. When considering the entire map, technologies such as nonmonotonic logic, problem space search, and planning are more truly in opposition to neural networks than are rules.

Architectural maps are similar to disciplinary maps and are structured along the same three dimensions. However, as will be seen in chapter 6, they concern the technologies implicated in individual systems, such as cognitive architectures and the common model of cognition, rather than to the field as a whole. Consider, for example, the cross product between the first two dichotomies, (a)symmetric and (un)controlled. The latest incarnation of the Soar cognitive architecture (Laird, 2012) employs distinct technologies at each of the four locations yielded by the cross product of these two dimensions: a procedural memory that contains parallel rules (asymmetric uncontrolled); semantic and episodic memories that contain facts and episodes (symmetric uncontrolled); operator selection and execution (asymmetric controlled); and an impasse-driven reflection capability (symmetric controlled) (Rosenbloom, 2019a).

As will be seen in chapters 6 and 11, similar analyses are also possible for more neurally oriented systems such as AlphaZero (Silver et al., 2018) and LLMs (Vaswani et al., 2017), implying important relationships with the more traditional approaches while also identifying key differences. Architectural maps in general enable understanding such connections and, in combination with the evaluation criteria mentioned earlier, enable comparisons of entire integrated systems. They may also guide the development of new systems based on motivated combinations of technologies.

In addition to defining the dichotomies and laying out these maps, part II also yields multiple further results. It reduces a potpourri of preexisting dichotomies from across the field down to the core three—such as by mapping both the distinctions of rules versus logic and heteroassociative versus autoassociative networks onto (a)symmetric—helping to reduce the cacophony of ways researchers have previously attempted to divide up the field. The evaluation criteria that are introduced in chapter 7—which, at a high level, are accuracy, efficiency, generality, simplicity, improvability, usability, and operability—also help to explain the trade-offs induced by the various dichotomies and why it can make sense to support both ends of each rather than arguing—sometimes endlessly—for one end versus the other. This further inspires explorations into how these dichotomies might be spanned so as to yield the best of both worlds.

The integrative reflections (part III) take a rather different form, as a personal intellectual memoir that highlights my intellectual journey as an architectural explorer, starting with work on cognitive architectures and the common model of cognition, through the broader study of the mind, to the understanding of computing and science. These latter bits, concerning computing and science, resulted from an earlier period of reflection—summarized in Rosenbloom (2012a) and shown graphically in figure 1.4—that was inspired by a decade away from work on cognitive architectures exploring new directions for the University of Southern California (USC) Information Sciences Institute (ISI). This included early forms of essential analysis focused on the definition of computing and on the nature of great scientific domains, such as the physical, life, and social sciences, to make the case that computing was not only a science but in fact the fourth such domain—the computing sciences. In the process it also reinterpreted the meanings of both science itself and its companion, engineering. Beyond these early applications of essential analysis, this work introduced relational analysis, although called the relational model there, that identified how the various disciplines across the computing sciences—as well as potentially all human intellectual endeavors—could be understood in terms of a combination of the domains implicated in those disciplines and the relationships that hold among them.
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Figure 1.4

The structure of the material in On Computing: The Fourth Great Scientific Domain (Rosenbloom, 2012a) as two levels of subject matter plus two forms of analysis.


In combination, the reflections to be covered in this book can be seen in figure 1.5 as a composition of figures 1.1–1.4. This composite structure assumes that minds are a special case of computing, matching my own perspective as well as the dominant view in AI and much of cognitive science.
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Figure 1.5

The five levels of subject matter plus three forms of analysis included in this book. This overall structure can also be viewed as a map of my career, although a somewhat different map is used to drive the memoir in part III.


As will be discussed further in part III, figure 1.5 can be seen as an extension to figures 13.6 and 19.1, which were earlier developed as maps of my career. This extension has been driven by a combination of what has been learned while formulating the material in part I, which postdates the memoir, and the process of melding the material in this book into a coherent whole.

Part III also includes a smattering of material on other topics I have worked on during roughly the past half-century that don’t quite fit this overall narrative, as well as background on me as a human being, that together help round out my character and history and how this combination has impacted my intellectual journey. This part concludes with a set of maxims inspired by this journey that may be of use to others, either directly by application to them or by indirectly inspiring reflections in them that yield more individually relevant alternatives.

Digging more deeply into figure 1.5, parts I and II of this book can be seen to focus on two distinct forms of analysis that bracket the bottom three levels of subject matter. Part III focuses on a single trajectory through multiple levels of subject matter—most particularly the lower ones—while also traversing all three kinds of analyses that bracket the full set of five levels. Together these three parts yield a complementary set of perspectives in which minds are conceptually at the heart—as they are in figure 1.5—while extending to both more specific and more general levels of subject matter and to multiple forms of analyses across these levels. This complementary combination of perspectives, plus how they mesh together into a coherent whole in figure 1.5, is part of the value added from bringing all of this material together in one place in this book. Taken as a whole, the hope is that this all provides significant food for thought for readers with a variety of interests around the study of minds.

The subtitle of this book is Reflections of a Cognitive Architect. All three of the coming parts focus on reflections that typically are either grounded in my own work on cognitive architectures or have implications for cognitive architectures more broadly. The remainder of this chapter leads into to this by providing necessary background on reflective methodology and cognitive architectures.

Section 1.1 reviews the three methodologies included in figure 1.5—essential, dichotomic, and relational analysis—and which will be employed in parts I–III, before introducing the reflective method as a generalization over them. In doing so, this section not only explains the methods that will be used in the remainder of the book but also adds its own (methodological) contribution.

Section 1.2 provides introductory material on cognitive architectures, with a focus on two in which I have played central roles—Soar and Sigma—plus the common model of cognition. In contrast to section 1.1., no new contributions are introduced here.


1.1Methodology

In Rosenbloom (2012a), I referred to reflections on computing as a form of metascience—that is, science about science. This might more conventionally be considered as philosophy of science, but it was further argued that an appropriately broad definition of science would include philosophy as part of it. Most of the reflections found in parts I–III may also be considered as instances of metascience, although here typically concerning minds rather than computing. In these terms, the five levels of subject matter in figure 1.5 can be seen as parts of science, whereas the three forms of analysis at the heart of this book can be seen as parts of metascience.

This section lays out some of the groundwork for this metascientific activity by pursuing a form of meta2science—that is, science about metascience. In particular, it breaks down into two pieces. Section 1.1.1 reviews the three analytical methods applied in this book—essential, dichotomic, and relational analysis. One form of added value that has arisen from juxtaposing these three previously distinct methods in this manner has been the identification of a more general method—the reflective method—that effectively subsumes all three of these more singular forms. Much of the detail in this section is necessary to establish and relate the four methods, but for readers more interested in the results of the various reflections than in the methodology used for these reflections, focusing on just the specifications of the methods without worrying about much of the rest of the commentary should be more than enough to understand the reflections in the coming chapters. This new method is explored in some detail in section 1.1.2, along with how each of the earlier methods can be viewed as a specialization of it.


1.1.1A Review of Essential, Dichotomic, and Relational Analysis

Essential analysis grew out of early work—reviewed in chapter 18 of part III, on (re)defining the notions of computing, science, engineering, great scientific domains, and interdomain relationships—before being crystalized as a means of (re)defining the notions of architectures, symbols, intelligence, and theories in part I. As articulated in Rosenbloom (2023b), it comprises a sequence of four steps.


	1. Strip out many of the elaborations that are normally part of a topic’s definition, and which are often a source of dissonance among researchers and communities, to yield its essence.

	2. Use what has been stripped out, and possibly more, in specifying a definitional space of variations on the topic.

	3. Populate this space with exemplars that flesh it out.

	4. Derive novel implications from the results of the first three steps.



For example, in chapter 3 the notion of a symbol is first stripped down to the essence of an atom or placeholder in step 1. In step 2, a definitional space is based on aspects of traditional definitions of the notion that are thus stripped out—composition, designation, and interpretation—plus the addition of an option for a symbol to be hybrid. In step 3, a few exemplars are introduced in examing physical symbol systems, hybrid symbol systems, and neural-network systems. Finally, in step 4, implications are derived, including proposing replacing the physical symbol systems hypothesis with the hybrid symbol systems hypothesis.

Dichotomic analysis, as applied in part II, is a four-phase method that reflects on dichotomies, evaluation criteria, technologies relevant to AI and cognitive science, and systems that combine such technologies. The first phase (chapter 6) employs a manual, informal variant of conceptual clustering (e.g., Michalski, 1980) to group many of the existing dichotomies into three categories, with an essential, or core, dichotomy identified for each of these categories. The second phase (chapter 7) explores criteria for evaluating the technologies of interest and that may thus be useful in understanding trade-offs across the individual dichotomies and, beyond this, to cross products among them. In the third phase, each of the essential dichotomies is explored in some detail (chapters 8–10), including partitioning the space of AI technologies across its poles; identifying a list of existing dichotomies that map onto it; and exploring the dichotomy’s relationship to learning, the criterial trade-offs the dichotomy involves, and how it might be spanned to achieve the best of both worlds. The fourth phase explores interactions among the three essential dichotomies along with the implications of these interactions (chapter 11).

A set of maps proves to be crucial to the latter two phases of dichotomic analysis. Locations in these maps are identified by the poles of the dichotomies that define their dimensions; so, for example, a 1D map has two locations, a 2D map has four, and a 3D map has eight. One variant of these maps localizes AI technologies along these dimensions, providing insight into their similarities and differences and into how they may be combined in integrated systems. A second variant identifies the criterial advantages characteristic of the various locations—such as which differentially advantage accuracy or efficiency—for use in evaluating technologies, dichotomic trade-offs, and integrated systems. To support the development of this second variant, a criterial advantage (CA) language is developed that facilitates succinct representations of the potential advantages characteristic of the different locations in these maps.

Relational analysis, as reviewed in chapter 18 of part III,3 focuses on topic areas within computing, but also potentially extending more broadly across all human intellectual enquiry. It interprets these topic areas in terms of the great scientific domains—physical, life, social, and computing—that are relevant to them and the kinds of binary relationships—implementation and interaction—that hold between these domains. Much of computing can then be summarized in a single domain-that-interacts-with-computing × relationship-between-computing-and-the-other-domain map populated with topic areas. To go beyond this map, a metascience expression (ME) language facilitates characterizing topics that involve more than just one relationship between two domains, as well as topics that are completely outside of computing.4



1.1.2The Reflective Method

The reflective method was developed from reflections on essential, dichotomic, and relational analysis. Since these three methods are themselves metascientific—that is, they enable engaging in science about science—work on the reflective method can be viewed as part of meta2science, or science about metascience. This is how it will primarily be viewed in this section. However, the result of this meta2science process is a new analytical method that is a generalization of the previous three, and which, thus, could itself be used directly in pursuit of metascience, either in lieu of any of the existing methods or in areas not covered by them. It turns out it is also possible to view the development of the reflective method as a recursive application of itself. A bit more will be said about this later in this section, but the focus will initially be on how it can serve as a generalization across the three previously identified metascientific methods.

The reflective method is based on the following six steps:


	1. Identify topics of interest.

	2. Amass exemplars of these topics.

	3. Identify the essences of these topics.

	4. Identify structures within and/or across these topics.

	5. Assort exemplars of these topics across these structures.

	6. Derive additional implications from the previous steps.



Although the steps appear ordered here, they need not proceed precisely in the order listed, nor must they be unitized in the sense of occurring at just one point in the process. One example concerns step 2, of amassing exemplars. Some of this may occur earlier to enable conceptual clustering (e.g., Michalski, 1980) for topic identification in step 1, whereas some may also occur later in support of step 5. Another example is step 6, where some implications may be derived after any of the earlier steps. Still, the numbering here provides a roughly useful way to consider the ordering of the steps, as well as providing simple labels that can be used for them.

Given this caveat, step 1 kicks things off by identifying the topic(s) over which reflection is to occur. The title of Rosenbloom (2012a) was On Computing, whereas the title of this book is On Minds, indicating unsurprisingly that the two books are about computing and minds, respectively. However, other related topics are also implicated in each. In the earlier book, this included science, engineering, the notion of a great scientific domain, and the relational structure of interdisciplinary fields. These are summarized in chapter 18 and form the basis for the discussion of relational analysis in the current section. New topics related to mind are also in focus here, such as architectures, symbols, intelligence, and theories in part I, and categories of dichotomies and AI technologies in part II.

Step 2 simply amasses exemplars of the topics identified. These may be well-known exemplars within the field of interest or, particularly if this amassing happens later in the overall process where essences and structures are available to suggest exemplars, ones that are less well known or even only implicit. This latter phenomenon is notable in the dichotomic analysis found in part II. Either way, the exemplars amassed may provide anything from a sparse illustrative set to a dense, and even possibly exhaustive, list of possibilities.

Step 3 is the linchpin of the reflective method, and a key part of the value its application can add, in providing the posssibility of perspective change. It ultimately centers on judgment calls as to what is essential for a topic versus optional with respect to it. This judgment is typically grounded in analyzing any exemplars already amassed and stripping out what does not seem essential, all from the perspective of how the essence is to be used.

In an eloquent guest essay in the New York Times, the Italian physicist Carlo Rovelli (2023) stated, “History has many examples of scientific discoveries that came about through the difficult and subtle art of changing perspective.” He followed this up with “I think that the answer is to grope for a delicate balance—a balance between how much of our previously accrued learning we take with us and how much we leave at home, freeing ourselves to reconsider what we think we know.” This overall captures the spirit of the reflective method, and of step 3 in particular—finding a balance between what to keep and what to leave behind when understanding the essence of a topic, in service of a new perspective on it and the implications that can result from such a perspective.

Consider, for example, the identification of the essence of a symbol as an atom, or placeholder, in chapter 4. This essence is much more minimal than traditional definitions of the term, in service of a unified notion of hybrid symbol systems that subsumes both traditional (and probabilistic) symbol systems and neural networks. When focused solely on traditional symbol systems, aspects of symbols that are essential to constructing fully operational systems—such as composition and designation—are naturally included as part of their definition. Yet, when considering neural networks, such aspects play a much more limited role. The judgment has therefore been that, from the broader perspective of hybrid symbol systems, such aspects should no longer be considered definitional, making them optional rather than essential.

When the exemplars are definitions, as is the case with essential analysis, determining an essence typically involves converting what were previously considered mandatory strictures into optional aspects. A side benefit of this process can be to enable neutral discussions of where the optional aspects are relevant without necessarily introducing additional questions that are more contentious than useful. For example, with respect to symbols it becomes possible to talk about where now-optional aspects of traditional symbols may be relevant in neural networks while avoiding the question of whether this necessarily means that such systems should be considered “merely” as traditional symbol systems.

Although some essences might be simple, such as the notion of an atom (or placeholder) for symbols (chapter 3) and aboutness (or metasystems) for theories (chapter 5), others can be more complex. Cognitive architectures, for example, are intended to serve as the essence of a mind, even if arrived at via more scientific than reflective/metascientific methods, and may end up being quite complex in the process. At an intermediate point of complexity, intelligence (chapter 4) is first defined as a nested, three-level structure, with immediate intelligence nested within cumulative intelligence, which is in turn nested within full-spectrum intelligence, before an attempt is made at a somewhat more minimal essence.

The least common core of a topic might be considered as what is common among the exemplars of the topic, in analogy with a least common denominator for a set of fractions. An essence may be a least common core, but there is also freedom to go beyond this if there is a sufficient reason to determine that the essence should be more minimal. In the process, the topic may absorb other similar but traditionally differentiated topics that then become part of its overall space of variations. For example, the definition that emerges for the notion of a theory in chapter 5 strips out the common notion of lawfulness to include learned bodies of knowledge that may be incoherent, such as the massive sets of learned parameters found in LLMs (e.g., Brown et al., 2020); or unprincipled, such as the large numbers of instances acquired via instance-based learning (e.g., Aha et al., 1991).

Step 4 is a second potential source of added value from application of the reflective method. If the topics identified in step 1 can be related to each other in some systematic manner, we can hope to see useful across-topic structures identified. This yields what can be referred to as topical maps—or simply maps—whose purpose is to support deeper insight into how the topics are related. If there is no systematic relationship among the topics—that is, they are simply a hodgepodge or related in an unsystematic manner—there should still be the possibility of useful within-topic structures being identified. This in turn yields what can be called topical spaces whose purpose is to provide deeper insight into the individual topics themselves. Topical maps are central to dichotomic and relational analysis in parts II and III, whereas topical spaces are central to essential analysis in part I, where although there are a number of points of contact among the four topics—architectures, symbols, intelligence, and theories—these contacts are unsystematic.

Step 5 involves assorting exemplars of the topics according to the structures identified in step 4. This is key to a deeper understanding of the exemplars and of the similarities and differences that the structures can reveal among them. Although not as deep a form of value added as may result from steps 3 or 4, the insight that can be provided here into individual exemplars and the relationships among them can itself be of significant value. For example, in part I, there is a significant focus on localizing cognitive architectures within multiple topical spaces, and in thus understanding how they relate to other exemplars of the respective topics.

Step 6 is a catchall for any further implications that can be derived from the results of the prior steps. For example, in chapter 4 (part I), further implications from the analysis of intelligence are considered with respect to the intelligence singularity, generative AI, Sigma, ethics, intellectual property, and free will. Similarly, with the addition of evaluation criteria for AI technologies and integrated systems in part II, further implications can be considered with respect to the comparative advantages across these technologies and systems.

Each of the three analytical methods reviewed in section 1.1.1 can be seen at the top level as specializations of this more general reflective method. However, all but essential analysis also require one or more additional specializations of this method in support of this top-level one. For this reason, only part I will be structured in terms of the relevant specialization of the reflective method, with part II and the relevant portion of part III structured directly in terms of dichotomic and relational analysis, respectively. Yet, it is still worthwhile to understand all three of the analytical methods in terms of the reflective method.

Let’s start with essential analysis, which is both the simplest of the three and the first to be employed in the coming pages. The six steps in the reflective method, as specialized for essential analysis, are:


	1. Identify a topic to be (re)considered.

	2. Amass exemplars and existing definitions of the topic.

	3. Identify an essential definition of the topic.

	4. Identify a definitional space for the topic in terms of the presence/absence of now optional/nondefinitional aspects, and possibly more.

	5. Assort exemplars of the topic within its definitional space.

	6. Derive any additional novel implications from the earlier steps.



As reviewed in section 1.1.1, essential analysis was originally defined in terms of a sequence of four steps. These map onto the six here as follows. The first step there, of identifying the essence of a topic, maps onto step 3 here—steps 1 and 2 here were implicit in the earlier specification. The second step there maps onto step 4 here, with the definitional space providing the topical space for essential analysis. The third step there, of populating the definitional space with exemplars, maps onto step 5 here, although part of step 2 here effectively occurred out of sequence as part of this third step there, where exemplars would be amassed in service of assorting them across the definitional space. The fourth step there maps to step 6 here.

At the top level, dichotomic analysis concerns categories of AI technologies. However, it also depends on two additional specializations of the reflective method, one concerned with categories of dichotomies and the other concerned with evaluation criteria. Going through the four phases of dichotomic analysis identified in section 1.1.1 will result in exploring these two supporting specializations first, before considering the top-level specialization.

To begin, the first phase—of identifying dichotomic categories along with a core dichotomy for each—involves a specialization of the reflective method that proceeds as follows:


	1. Identify categories of dichotomies from across AI and related disciplines.

	2. Amass exemplars of these categories.

	3. Identify a core dichotomy for each category.

	4. Identify the list of core dichotomies.

	5. Assort dichotomies across the list of categories.

	6. Reduce the cacophony of dichotomies across the field.



Steps 1, 2, and 5 here, irrespective of their nominal order, combine to yield a populated list of categories of dichotomies from across AI and related disciplines. Step 3 identifies a core dichotomy for each category, and step 4 simply yields a list of these core dichotomies. Step 6, based on steps 4 and 5, yields a dramatically simplified view of the space of dichotomies found across AI and related fields.

The second phase of dichotomic analysis focuses on the criteria to be used in evaluating AI technologies and integrated systems. It depends on a rather simplified specialization of the reflective method, amounting to identifying evaluation criteria (step 1); structuring them as a hierarchical list (step 4), although with bits of steps 2, 3, and 5 involved in this; and deriving the evaluation criteria for use in dichotomic analysis from the hierarchical list of possibilities identified in step 4 plus the criterial advantage language (step 6).

The third phase of dichotomic analysis focuses on developing a deeper understanding of the individual core dichotomies. Much of this falls under the same specialization of the reflective method that underlies the first phase. It populates the core dichotomies with exemplars (steps 2 and 5), considers their relationship to learning (steps 2 and 6), and considers how to span these dichotomies (step 6). However, two components of this phase are more appropriately considered as parts of other specializations of the reflective method. The component centered on within-dichotomy criterial trade-offs fits best as an additional aspect of step 6 from the second-phase specialization that is focused on criteria. The component centered on partitioning AI technologies across the core dichotomies’ poles fits as part of the to-be-discussed-next top-level specialization at the heart of the fourth phase, where interactions among the core dichotomies come to the fore.

The top-level specialization leverages dichotomies to understand both the space of AI technologies and the structure of integrated systems, with the previous two specializations playing supporting roles in it. This specialization proceeds as follows:


	1. Identify categories of AI technologies with similar properties.

	2. Amass exemplars of these categories.

	3. Identify essences as combinations of poles of core dichotomies.

	4. Identify dichotomic maps based on cross products of core dichotomies.

	5. Assort AI technologies across the categories laid out in the maps.

	6. Derive similarities and differences among AI technologies; the compositional structure and completeness of integrated systems; and criterial trade-offs among technologies and integrated systems.



The first supporting specialization, in identifying the core dichotomies, plays a critical role in supporting all six of these steps. The second plays a more limited, but still essential, role in support of step 6 here. Due to the overall complexity of mapping dichotomic analysis onto the interactions among these three distinct specializations of the reflective method, part II is structured directly in terms of the four phases of the former rather than the three specializations of the latter.

The complexity of relational analysis falls between essential analysis and dichotomic analysis, implicating only a top-level specialization of the reflective method plus one supporting specialization. The latter is in fact just essential analysis applied to a range of existing and novel topics of importance in relational analysis—such as computing, science, engineering, and great scientific domains—as well as the types of relationships that can exist among great scientific domains. Implications of this include the broadening of the notions of science and engineering to understanding and shaping; the proposal that the computing sciences is a great scientific domain on a par with the physical, life, and social sciences; and the development of the ME language based on the great scientific domains and the relationships among them.

It is actually possible to either view this specialization directly as part of relational analysis or simply as a parallel application of essential analysis to the subject matter levels of computing and science. The description in this section aligns with the former, whereas figure 1.4 aligns with the latter. The truth is that it is a bit of both. Relational analysis could not proceed without this application of essential analysis, and the early work on this topic clearly assumed that the latter was in service of the former. However, as discussed in chapter 18, a perspective change led to understanding that identifying computing as the fourth great scientific domain ended up being important in its own right and, in fact, likely of more importance than the notion of relational analysis itself. The title of the resulting book thus focused on this rather than on relational analysis. Still, some aspects of this application of essential analysis—such as identifying the two key relationships among great scientific domains—is best considered as subservient to relational analysis. Thus, a hybrid approach, of considering some parts of this application of essential analysis as subservient to relational analysis and others as parallel to it, may be the most appropriate way to think about what is going on here.

This all being said, the top-level specialization for relational analysis proceeds as follows:


	1. Identify categories of (sub)disciplines in the computing sciences (and possibly beyond).

	2. Amass exemplars of these categories.

	3. Identify ME expressions for these categories.

	4. Identify the structure of the computing sciences (and possibly beyond) in terms of the ME expressions for its (sub)disciplines.

	5. Assort exemplars across the structure of (sub)disciplines.

	6. Derive a better understanding of computing as an interdisciplinary domain; the similarities and differences among its (sub)disciplines; and the nature of complex topics that involve multiple domains, relationships, and/or (sub)disciplines.



In step 4, the structure of dyadic computing, which relates computing to one other great scientific domain, comes across clearly in table 18.1. For more complex forms of computing, described in terms of arbitrary ME expressions, the structure may be less directly apparent, but it is embodied in the nature of the individual expressions and the similarities and differences among multiple of them. These forms of structure are critical for step 6, where, for example, attempts have been made at deriving a better understanding of such complex topics as computing-systems hierarchies, sociotechnical systems, mixed reality, the use of computing in/for science, and organizations that study computing.

Between essential, dichotomic, and relational analysis we have now seen five distinct specializations of the reflective method, with the one for essential analysis showing up a second time in the context of relational analysis. Viewing these specializations as exemplars of metascientific analysis leads to a recursive application of the reflective method that identifies itself as the essence of metascientific analysis, at least in the form evidenced by these exemplars. It is not necessary to lay out the details of this explicitly, as it is just the general method seen earlier, albeit specialized to the topic of metascientific analysis. The first three steps here combine to yield the reflective method as the essence of interest. Although not much emphasis has yet been placed on steps 4–6, that could change with further developments.

The reflective method in general provides a counterpoint to the more traditional divide-and-conquer methodology that presumes you already have a sufficient characterization of the topic and thus can immediately proceed to break it up into at least semi-independent pieces (Simon, 1969) before considering how to approach each of these pieces in turn. The reflective method instead starts with an attitude that can be considered either more humble or more grandiose, depending on your perspective, in questioning at the beginning what the topic really should be before proceeding with further analyses. From a related perspective, in Rosenbloom (2012a) I referred to myself as a lumper (or unifier) rather than a splitter (or decomposer), terminology that stems from mid-nineteenth century biology (Enderby, 2009). The reflective method effectively refines this identification by noting


[image: The scientific method as a cycle from Observation/question through Research topic area, Hypothesis, Test with experiment, Analyze data, Report conclusions, and then back to Observation/question.]








1.2Cognitive Architectures






1.2.1Soar


[image: The early version of Soar, with Working Memory at the center directly connected to Long-Term Memory, Perception, and Action. The latter two modules also connect to embodiment. There are additional paths for Decisions and Chunking.]











[image: The late version of Soar, with extensions for Reinforcement Learning, Semantic Memory and Learning, Episodic Memory and Learning, Appraisals, and a Spatial-Visual System.]






1.2.2Sigma



	Grand unification concerns spanning not only traditional cognitive capabilities but also key noncognitive aspects, such as perception, motor control, and affect.

	Generic cognition concerns spanning both natural and artificial cognition at a suitable level of abstraction.

	Functional elegance concerns yielding broad cognitive (and noncognitive) functionality—ultimately all that is necessary for humanlike intelligence—from a simple and theoretically elegant base.

	Sufficient efficiency concerns executing quickly enough for real-time applications involving virtual humans and intelligent agents/robots, as well as for large-scale experiments in modeling human cognition.
















	


	
	


	
	


	
	





	


	
	


	
	


	
	





	


	
	


	
	


	
	





	


	
	


	
	


	
	





	


	
	


	
	


	
	












[image: Sigma’s graphical and cognitive architectural cycles, with the latter above the former, showing how their elaboration and adaptation phases are instantiated, with the upper pair pointing to the lower pair.]




[image: How modules like those in the late version of Soar map onto different regions of a single extended factor graph in Sigma.]









1.2.3The Common Model of Cognition



[image: The Common Model pointing to a human head/brain and a robotic head/brain. Short-Term Memory connects to long-term memories for Skills and Knowledge, and to Perception and Action modules. There is also a direct link between Perception and Action.]
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