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Foreword


It is a distinct pleasure to have been asked to write the foreword to Brian Cantwell Smith’s remarkable book, Computational Reflections. I count myself one of Brian’s oldest friends and colleagues, having known him since the late 1970s when we were both in our twenties, computer zealots working at the Xerox Palo Alto Research Center (PARC).

This volume is ambitious, but Brian’s lead-up to the work laid out in these pages supports his ambitions. He started undergraduate study at Oberlin College in Ohio in 1967, where his interests included both physics and religion. Leaving after two years, he became employed as a programmer at the Division of Physics Laboratory of the National Research Council of Canada (Ottawa); his project involved both the Fermilab (Chicago) and the Lawrence Research Laboratory (Berkeley). At all three sites he “programmed like crazy” in machine language on PDP9 and PDP15 microcomputers, building systems for experimental control and data gathering.

After a few years, Brian moved to Cambridge, Massachusetts, to take classes at the Massachusetts Institute of Technology (MIT), studying what was then known as social inquiry—in particular, the politics of high technology. Brian soon realized that the understanding of computing the social scientists were critiquing was not the understanding of programmers, which he describes as “computation in the wild.”

“What drove me out of social inquiry and back to [computer science] was needing to be back in the practice. That skill was not something that people on the outside understood. I had to go back into the heart of the beast, as it were.”

In order to focus on “computation in the wild,” he began taking classes in the Department of Electrical Engineering and Computer Science.

There was one small hitch, however, in his continuing education: When the MIT administration discovered Brian had not completed an undergraduate degree, they determined he could not be registered for graduate study. However, he so impressed Patrick Winston, the newly appointed head of the Artificial Intelligence Laboratory, that Winston gave Brian an informal oral exam in topics from the MIT undergraduate computer science curriculum. Based on Brian’s performance, he awarded him the necessary credits for an MIT undergraduate degree. This cleared the way for Brian’s admission to the graduate program. Brian’s unusual depth in both analysis and construction was unsurprisingly recognized early; this remarkable intellectual combination has continued to this day.

At MIT, Brian met Terry Winograd, who in 1976 left MIT for Stanford. Terry invited Brian to spend the summer in the Understander Group at PARC, where Brian joined in the development of a Knowledge Representation Language (KRL), which came to embody some of the ideas that Brian later developed in his master’s and PhD dissertations.

These biographical details bring us to the time and place where he and I first met: PARC. It was from this moment that Brian began to build the expertise necessary for the profound but radical thesis of this book:

Member of the Scientific Staff, Xerox PARC

Director, Xerox PARC System Sciences Lab

Adjunct Professor of Philosophy, Adjunct Professor of Computer Science, Stanford University

Founding member of Stanford University’s Center for the Study of Language and Information (CSLI)

Founding member and first president, Computer Professionals for Social Responsibility

President of the Society for Philosophy and Psychology

Professor of Cognitive Science, Computer Science, and Philosophy, Indiana University

Kimberly J. Jenkins University Distinguished Professor of Philosophy and New Technologies, Duke University

Dean of the Faculty of Information, University of Toronto

Professor of Information, Philosophy, Cognitive Science, and the History and Philosophy of Science and Technology, University of Toronto

Senior Fellow, Massey College, University of Toronto

Reid Hoffman Professor of Artificial Intelligence and the Human, University of Toronto

His colleagues described his early work at PARC as follows:


As an exercise in using KRL representational structures, Brian Smith tried to describe the KRL data structures themselves in KRL-0. A brief sketch was completed, and in doing it we were made much more aware of the ways in which the language was inconsistent and irregular. This initial sketch was the basis for much of the development in KRL-1.1 (emphasis added)



In addition, Brian’s input into the (never completed) KRL-1 meant that not only could some parts of a system’s data be about other parts but these data would be more than just commentary. They would actually play a role in the system’s operation. For Brian, working on KRL-1, this use of data was motivated by a desire to formulate aspects of knowledge representation—negation and disjunction—intensionally as knowledge about knowledge, rather than extensionally, as primitives built into the vocabulary of the representation language itself.

Brian called this set of ideas reflection.

This was an assumption at the heart of Brian’s reflective architectures started in KRL-1 but that occupied just one section of one chapter in his proposed PhD. Its resolution has been a lifetime of intellectual thought and work for Brian.

Looking back, it seems that any difficulties in the resolution acted rather like the grit in the oyster, stimulating Brian’s wholesale reconsideration of the nature of computation and computer science as currently practiced, which is, at its heart, what this book is about.

From my own perspective as a computer scientist and student of the philosophy of computation, it seems to me that Brian has accurately diagnosed a problem that the whole field of computing has missed. Brian convincingly argues that this has led the field to be altogether stuck without realizing it. He believes that seeing the problem will unstick the field.

As Brian himself revealed to me in a recent conversation, “That this is important needs to be said.” As computer scientists, as well as philosophers of computing who care about the field, this claim deserves our attention.

Because the discussion is not only interdisciplinary but also relentlessly foundational, it cannot assume a particular starting place. So it is not generally an option to say that this or that term will be used as in one or another field. And this will especially affect the use of standard terms in computer science. The best strategy for the reader is probably to hold definitions in abeyance, and let the ensuing discussion and argument do the work of gradually fixing the meaning of the book’s terminology.

The ideas put forward in this book are dense and, at times, highly technical, but so very important. Brian has described it to me as written rather like a detective story, in which the same set of problems is explored repeatedly, getting closer each time to a complete and self-consistent picture. As he said, “What I’ve written should be read more like a novel than like a manual. What things mean will gradually take shape. Be patient.”

Be patient, dear reader. If you care about computer science, as a practitioner, theorist, or concerned citizen, this book matters for you. Its conclusions matter, even if parts of it initially seem abstruse to you. So even if, as a programmer, you find it difficult to see why you should care if the theorists have got it wrong, be patient. If you are a theorist, and you initially find Brian’s critique irrelevant or founded in misunderstanding, be patient. If you are a citizen, and the technical details are off-putting, be patient.

If you are patient, and stay the course, when you get to the end you will be well-rewarded by new insights in unlikely places, arguments elegantly made, important fissures in our understanding of computing spotlighted, and the way forward clearer than before. You will surely have learned what a subtle and committed mind finds important. There is a vision presented in these pages; I know that I as a practitioner am asking myself what I can do to realize this vision. As citizens, we need to cheer from the sidelines, and keep asking these fundamental questions about computing, especially in our contemporary era of machine learning and AI. Our future depends on it.

Henry S. Thompson

Toronto and Edinburgh

November 2024




	1. Bobrow and Winograd, “Experience with KRL-0.”









1  Overview


This is a book about the foundations of computing—about what computing is, and how we understand it. It starts by identifying several problems in our current understanding that came to my attention in the early 1980s, in the course of developing what I called a reflective programming language. Though I made some effort to repair the difficulties then, the proposed reconstructions did not go deep enough. Cracks remained: confusions about what is sign and what is signified, what is concrete and what is abstract, what is model and what is modeled. The issues have permeated computer science since the outset, going back at least to the 1936 Turing paper that launched computer science.

The story told here builds on the 1980s investigation but deepens the analysis and broadens the scope, ultimately growing into a systematic critique of the field as a whole. In the end I argue for reconstituting the theoretical framework on which present-day computer science rests. Conceptual clarity, intellectual coverage, and doing justice to programmers’ intuitions require a foundation that is semantically clearer, ontologically less ambiguous, and more conceptually rigorous. Among other things, building such a framework means not taking “computing” or “computation” as a basic conceptual category, since the very notion of computing something is murky. Instead, a wholesale reconstruction is recommended, covering the full spectrum of active, intentional, physically embodied systems. No part of this edifice is coextensive with computer science as we know it, though everything we have learned about computing has a natural place within it.

Strong conclusions, in need of strong defense.


A — Introduction



1  Meaning and Mechanism

Computation involves a dialectical interplay of meaning and mechanism.

The realm of meaning—or intentionality, to use the philosophical term—includes representation, language, symbolism, expression, signification, models, reference, theory, and so on: the general category of phenomena that are directed toward or “about” other things. Meaning is essential to computing—to any symbolic or intentional system, including all the information-processing machines we have built and programmed to do our bidding. Meaning, in this broad sense, is not limited to that which we have called computational. It is equally fundamental to our human ability to think, talk, calculate, reason, and imagine. To have a thought is to be in a state “about” (intentionally directed toward) some situation or state of affairs in the world—a knock on the door, the demise of democracy, an inner pain. Similarly, to say that a machine computes a sum or calculates a trajectory, that an algorithm can determine whether a proposed distribution of resources is equitable, or that a computer is monitoring someone’s blood pressure, requires interpreting a pattern of bits in or produced by a machine as meaning something.

In the case of digital computers, we use patterns of “0” and “1” to classify the states and configurations of the devices that perform these computations—the states and configurations that are, in turn, about the computation’s subject matter. The numbers themselves are not the states; numbers are abstract, and there is only one number 1; states are numerous, and concrete (their occurrences have causal consequence). Per se, uninterpreted arrangements of bits are legion, and boring. What matters about those configurations—whether they denote numbers, represent answers to decision problems, can be taken as evidence of flight delays, or have any other significance, require acts of intentional interpretation. If we take the output of a program to indicate that some route is the shortest, that a particular refugee should be granted asylum, or that a given number is prime—all these things are interpretations. Even to say that a given set of bits is an instruction for a machine is an intentional claim, transcending the brute mechanical facts about the machine’s physical makeup and behavior.1

If meaning is essential, the realm of mechanism is, if anything, even more fundamental. It too has a much wider scope than computation. Read broadly, the idea of mechanism, or of mechanical workings, along with associated concepts of causality and effectiveness, underlies our understanding of the entire physical world. Issues of mechanism have to do with the interactions of concrete physical configurations, with time and dynamics, with temporal evolution, with impact and action, with whether it is possible for a device to trigger an action or respond to an input—with whether it can be impinged upon by an antecedent cause or have a consequent effect.2

Issues of meaning and mechanism are identified front and center by Turing himself. “The computable numbers,” he says in the very first line of his classic paper, are “real numbers whose expressions as a decimal are calculable by finite means.”3 The notion of expression implicates meaning and representation, and that of calculation, mechanisms to achieve certain ends. Because numbers are abstract, they cannot be touched by mechanisms per se. What Turing machines demonstrate are mechanisms to manipulate concrete, effective representations or proxies of numbers—numerals, to be precise. On a classical view, that is, computers should be understood as numeral crunchers, not as number crunchers—though it has been a long time since the domains represented by configurations of computation-internal bits have been restricted to the arithmetical or mathematical.

Informally, the ends to which we put computational mechanisms are typically not formulated mechanically but in terms of the entities that their symbols represent or mean: adding numbers, deciding problems, drawing inferences. This practice of classifying computational structures and phenomena indirectly via the interpretations of their symbols and states4 is not restricted to describing their inputs and outputs, or to stating the goals they are devised to meet. We also routinely use such indirect classifications in describing their inner states and what they are doing overall. Without assuming a numeral-number relation, you could not say that computers so much as add or count, let alone calculate distances or solve equations. Without assuming a relation between configurations of bits and employees, you could not say that a program had developed a schedule for part-time workers. Without adverting to (or at least assuming) representation, you could not describe an internal procedure as calculating a square root, as verifying a user’s identity, or as translating English into Japanese.

Reference to such interpretations are crucial in order for programmers to know what software to build, to figure out how to build what they select, and to interpret their results. Programming, in fact, can be understood as an exploration in the space of meaningful or signifying mechanisms—a search for mechanically (physically) implementable designs that meet meaningful (semantic or intentional) goals. Sans semantic interpretation, all we could claim about computers is that they are machines that rearrange stupefyingly complex uninterpreted inner states, which produce and respond to bewilderingly complex physical flutterings at their boundaries.

The emphasis on the interplay of meaning and mechanism has permeated computer science from the beginning. The devices we take to be the earliest examples of computing or “calculating devices”—abaci, Babbage’s Analytical Engine, programming cards for Jacquard looms—are all understood under interpretation, in terms of what their mechanical arrangements mean. The brilliance in their design typically stems from the ingenuity embodied in the ways their mechanical configurations are constructed to allow them to meet those interpreted goals (that is, goals formulated in terms of the states of affairs that the states represent). Although he claimed to be focused on numbers and mathematical functions, Turing’s originality lay in how he was able to devise mechanisms to manipulate representations of those numbers and functions—mechanisms with which to achieve goals framed in terms of the numbers and functions that those representations mean.

It was soon realized, after publication of Turing’s paper, that computational “meaning” was not limited to relations between concrete states and abstract numbers—or perhaps, to construe the same point from a perspective that Turing might have preferred, that the meaning relation defined over computational states need not “stop” with numbers; those represented numbers may, in turn, be taken to represent arbitrarily more general domains. As Newell noted in his landmark “Physical Symbol Systems” paper, he and Simon emphasized this wider interpretation throughout their work:5


We insisted that computers were symbol manipulation machines and not just number [sic] manipulation machines. The mathematicians and engineers [in the 1950s] responsible for computers insisted that computers only processed numbers—that the great thing was that instructions could be translated into numbers. On the contrary, we argued, the great thing was that computers could take instructions and it was incidental, though useful, that they dealt with numbers.… Our aim was to revise opinions about the computer.6



This was the insight that unleashed artificial intelligence and the computer revolution. Even if computers were originally described in mathematical terms, at heart they involve the effective or mechanical manipulation of meaningful symbols of unrestricted variety—symbols representing entities, problems, and phenomena in arbitrarily diverse domains.7

It follows that computer science—the study of computing—should encompass three things: (1) a study of mechanism, at least at the level of abstraction at which it is relevant to the fundamental meaning/mechanism dialectic; (2) a study of meaning, or anyway an account of the sorts of meaning that are relevant to this dialectical interplay, perhaps including a story about what sorts of configurations of effective ingredients can serve as effective mechanical vehicles for such meanings; and (3) a study of how meaning and mechanism interact, both in practice and in theory—that is, a study of how mechanisms can be structured and led to behave in such a way as to support useful meaningful interpretation.

Needless to say, all three parts of the story should apply to those meaningful mechanisms we call computers—or to the meaningful behavior of computational processes, to characterize the situation more actively—or however the point should be formulated so as best to reveal the interplay of the two foundational notions.

This immediately raises a question.

If, on the one hand, the devices we know as computers are a proper subtype of a broader general category of meaningful mechanisms, a category that presumably includes at least people and animals8—or if computational activity is a proper subtype of active meaningful mechanical behavior more generally, or, again, however one wants to put the point—then a theory of computing should say what that distinguished computational subtype is and account for how it is to be distinguished from the general class. If computation is special, that is, then computer science should say how it is special and explain the consequences of that “specialness.” If, on the other hand, computers are not a distinguished subtype—if computers are not special, and the term “computation” has simply come to be a name for what all meaningful mechanisms do, or “computer” to be a name for all active meaningful mechanisms (or at least active meaningful mechanisms that people build)—then computer science should make that fact plain and present itself as a theory of the structure, operations, and behaviors of meaningful mechanisms in general.

Unless computation can be shown to be special, that is, the account should be a theory of the structure, operations, and behaviors of all meaningful mechanisms qua meaningful mechanisms—in other words, a theory of meaningful mechanisms simpliciter.

What might such an account look like? Regularities underlying mechanism have to do with causal profiles and effective properties—in the computational case, with concrete configurations of computational devices and the operations they engender or undergo. Focusing on mechanisms and effective properties fits seamlessly into our contemporary intellectual worldview—our concern with causes and effects, with physical bodies, with “how things work,” as explored since the seventeenth century under the head of the age of mechanism and the development of the natural sciences.

Because it not only highlights the interpretation of physical configurations but also typically ignores differences between distinct physical configurations that support the same interpretation—that is, because interpretively equivalent configurations can typically be constructed or assembled out of different materials—computer science’s conception of “how things work” is typically more abstract (more “coarse-grained”) than that pursued in the physical sciences. In most cases, computational analyses and individuation criteria abstract away from specific considerations of, for example, material, energy, and heat, often classifying the states and configurations of interest mathematically. Yet, no matter how abstractly formulated, it is physical causation that ultimately grounds the difference between what can and what cannot be done, even if it is mathematically modeled.

Even if computer science examines effective properties through a mathematical lens—that is, even if it theorizes them as if they were themselves abstract—it is clear on analysis, and is foundational in the understanding of programmers, that the constraints on what can be done stem from the capacities and limitations of mechanisms qua concrete mechanical devices. It is this effective focus that gives computer science its claim on being a science.

This is why the fundamental theory underlying computer science is called a theory of effective9 computability. The limitations theorized in the computability and complexity results that are central to our current theoretical conception of computer science derive from what are ultimately mechanical properties of computational substrates.10 If one changes the physics, or the encoding schemes by which the numbers and functions are represented in the mechanisms, or otherwise messes with the meaning-mechanism relation, it is straightforward to alter the mathematically formulated computability limits—claims about noncomputability, about complexity classes of mathematical relations, and so on. (If all constraints on the representation relation between concrete mechanical configurations and abstract numbers are relaxed, for example, it becomes trivial to solve the halting problem.11) This manifest dependence on substrate and encoding makes it evident that the limits are not fundamental to the abstract mathematical realm, but to how they are represented in concrete mechanical form.

As well as giving it scientific credibility, this mechanical focus has allowed computer science to restrict its attention to proximal properties of computational processes. By concentrating on what is effective, that is, computer science has been able to focus solely on matters “within the machine” or immediately impinging on its boundaries—in other words, to theorize local properties of effective structures and operations upon them. Metaphysically, this proximal focus stems from the spatiotemporal locality restrictions of causal effectiveness.

I will argue that this restriction of theoretical focus to local mechanical issues is ultimately untenable (insufficient for explaining computing as computing), but it has had obvious practical benefit. While, as we will see, mechanism alone cannot explain what computation is, understanding the structure of the mechanical substrate is critical for knowing how to construct what we think of as computers and implement those processes we deem computational. While it leaves many theoretical questions unanswered, a focus on effective mechanism is a useful foil for those who want to build. It also explains why many computer science departments are in engineering schools.

The regularities underlying meaning are very different in kind. At least in general, meaning involves deferential relations to that which is distal—relations to situations and states of affairs at least potentially lying beyond the reach of the causal and the effective. Relations to abstract numbers, satellite trajectories, the organization of far-flung corporations, hypothetical situations, future and past events, and the like, are not causal, one might say, but I believe it is better and more precise to use the computational term and say they are not effective. Semantic relations to distal subject matters, including reference relations, cannot be blocked by putting up a physical barrier. If I were to launch a computational process modeling proton decay, simulating traffic problems in Bangalore, or calculating the first million digits of π, the process would still do these things even if it were placed in a lead vault, or run on Alpha Centauri.

Needless to say, it is metaphysically fortunate that the inaccessibility and even nonexistence of a situation that a computation is about does not entail the ineffectiveness or nonexistence of the computation itself. The noneffectiveness of reference in the philosophical sense (the sense in which the word “Matterhorn” refers to a pyramidal mountain in the Alps) is utterly essential to anything we can imagine as computation. It is so fundamental to our understanding of both the human and the computational case—to the very notion of intentionality, to all intentional phenomena, including understanding itself, and to the fundamental character of “aboutness”—that it is impossible to imagine its not being true. If reference were restricted to being an effective relation, the world would disappear, reasoning would become useless, hypotheticals impossible, counterfactual reasoning inconceivable, and fantasy lives metaphysically banned.

Some will argue that meaning is at least partially constituted by effective relationships and causal behaviors in which the effectively implemented meaningful structures play a causal role. This intuition permeates what is called embodied cognitive science, it is a theme in various pragmatist ideas about human thought and language (such as that we “do things with words”), and it is hugely popular throughout contemporary humanities and social sciences—for example, in so-called new materialism, in theories of radical embodiment, and the like. The intuition also meshes with widespread contemporary endorsement of naturalistic theorizing. In all these theoretical efforts it has become de rigueur for theorists to emphasize the critical relevance of effective material properties, physical bodies, causal interactions, and constitutive materialities of intentional phenomena. In parallel—though for at least superficially different reasons—focusing on the causal behavior and the effective character of meaningful structures will resonate with many computer scientists.

Yet no matter how constructive or embodied one’s view, no matter how pragmatist one’s epistemological predilections, no matter how much such “embodiment” intuitions hold true, no matter how materialist or concrete one’s metaphysical sensibilities, many of intentionality’s most fundamental properties, including not only truth but reference as well, can never be entirely constituted locally or effectively.12 On the contrary, they paradigmatically reach beyond the limits of the effective. This is an ultimate and irrevocable fact—even if it does not occupy a prominent position at the forefront of present-day theoretical imagination.

No accumulation of embodied, causal, physicalist, or materialist intuitions, that is, can undermine the fact that meaning and intentionality are constitutively oriented (directed) beyond the effective—beyond what is physically or immediately proximate. We would not even know about the world, if that were not true. Not only would we not be able to get home, once home disappeared over the horizon; we would not be able to think about home—would not be able to think about or have a notion of home, or indeed think about anything else—if the reach of meaning and aboutness was foreshortened to the boundaries of effect. In fact, I would even go so far as to say that “reaching beyond the effective horizon” is intentionality’s point.



2  Deference

Why call reference relations deferential? Because the norms that govern the effective states and mechanical operations of the devices we build (norms of correctness, e.g.) are determined at least in part and often wholly by facts about and relations to and among those distal situations—by facts about the situations toward which they are intentionally directed. If I write an algorithm to enumerate prime numbers—if, that is, I devise a strategy to cause a machine to produce a list of decimal numerals representing prime numbers—and my program prints out «38»,13 then it has made a mistake. That it is a mistake, however, cannot be determined by close inspection of the sequential characters «3» and «8». That «38» denotes thirty-eight, for starters, depends on our assumption that we are using a base-ten representation scheme; if we were using base-eleven, «38» would denote forty-one, which is prime. Plus, even assuming the standard base-ten representation, the fact that the number thirty-eight is not prime, and therefore that the computer has erred, is a fact about the distal, abstract number that the two-character numeral «38» represents, or is anyway taken to represent. And since the stated goal was to “enumerate prime numbers,” it is an abstract fact about that nonproximal number thirty-eight that matters—the abstract, noneffective fact about primality that establishes the norm that my algorithm is mandated to honor.

Deference is a fundamental norm underlying all thinking—including all of science. If a theory parts company with the facts, then the theory is wrong and needs to be rejected or repaired. More generally, right and wrong, true and false, correct and incorrect, and the like all have to do with whether effective states and operations correspond appropriately to that which they mean or that to which they refer—in other words, with that toward which they are intentionally directed. As I say, this is not to reject pragmatism, or the Wittgensteinian maxim that meaning is use, or any other view that takes meaning to include material activity, and/or to depend on facts about situations and states of affairs in addition to those toward which they are primarily directed. Those ancillary situations and activities, too, qua being intentional, typically reach beyond the local and proximal “bumping and shoving” of pure mechanism. (Wittgenstein was no solipsist, physical reductionist, or any other form of psychological internalist.14)

The moral of “deference to that which is distal” holds just as true in computational contexts as in any other.

I call these relations normative because, in the context of use, the roles played by the relata are of unequal value or worth.15 True, right, and correct are good properties to have; we strive for them, and work to build computers that achieve them. False, wrong, and incorrect are bad; we strive to avoid them, and design our machines to avoid them as well. Again, this is not because there is something intrinsically right or wrong, per se, with the mechanical configuration of the machines (or our brains) that end up in such states. Rather, the entities and states of affairs toward which those states are directed “hold the cards” with respect to the norms that govern our machines and our brains. If they are not as they are represented as being, then the machine or brain states in question are censurable. Even in that narrow class of cases when it might seem as if all applicable norms could be locally and effectively defined—“arrange a group of unary numerals in order of increasing length,” for example—the fact that it is someone’s goal for the numerals to be in that order will in general rest on distal (nonlocal) facts and considerations. It is not an intrinsic, machine-internal fact about the list of unary numerals, even after they are arranged, that being so arranged was their or anyone else’s goal, or that, per se, being so ordered is good. The goal might have been to arrange them in order of decreasing length, in which case the machine would again have failed, in spite of being in a mechanically indistinguishable state.

Because they are constituted by distal relations, the noneffective aspects of meaning cannot play an immediate causal role in how computations proceed—cannot exert a direct influence within the local space-time envelope of the mechanical goings-on.16 This is the deep metaphysical truth underlying the widespread idea that logical inference must be “formal,” on at least one reading of that problematic term. Yet, to state what is perhaps the most fundamental tenet on which this book is based: Even though it cannot make an immediate effective difference, meaning is nevertheless essential to computing as computing.

With nothing representing anything—nothing normatively governing its operations, nothing determining whether or not what it is doing makes sense—our devices would be as far from computing as random splatterings of ink on paper are far from language, are far from meaning anything. Moreover, as we have already seen, meaning even establishes “what has happened” and “what has been computed,” when those “what” phrases are understood, as a philosopher would put it, “under interpretation”17—in terms of what it is that the concretely manipulated structures mean or refer to or represent. As I keep saying, to claim that a computational procedure has added numbers, figured something out, made a decision, calculated an optimal route, obeyed an instruction, determined a likely outcome, and so on, is to describe that computation through such an intentional lens.

Issues of meaning, in sum, have to do with the relations of effective arrangements of marks and mechanical parts to distal subject matters or task domains—to what they are about, to why they matter, to what they signify. Issues of mechanism, in contrast, underlie what is immediately and proximally accessible, what can be concretely done, how it needs to be arranged in order to do it, how hard it is to accomplish a given result. Because of the locality of physical space-time (at least at any scale relevant to contemporary computing), issues of mechanism tend to reach “inward,” or at least “nearby,” to the nature of and relations among the effective ingredients of the computational process itself, and to surface perturbations or causal couplings of the system to its immediately liminal environment. Issues of meaning, in contrast, in general18 reach “outward,” into the world or context in which the computation is relevant, unlimited by that which is immediately causally accessible.

Mechanism stays local, to put this cryptically, determining what can be done. Meaning reaches widely, governing why we care. It is only because of their interplay that computation is useful, powerful, and important—only because of their interplay that computation is computing.



3  Computer Science

To date, the focus of theoretical computer science has been skewed. Computational theory—computer science as explicitly formulated—has focused almost exclusively on the mechanical side of the dialectic, on what is local, on what is effective, on what configurations it is possible to construct a device to causally manifest. Responsibility for meaning has been relegated to the sidelines, shouldered by the implicit practices and presuppositions of theoreticians and programmers—has been assumed, that is, and presumed to be unproblematic. Mechanism has been on center stage, meaning banished to the wings.

That is not to say or imply that meaning is either invisible or unimportant. It is utterly standard to speak of computations as adding numbers, as making decisions, as calculating routes—phrasings that betray the ever-presence of meaningful interpretation. But as regards direct theoretical attention, meaning relations play only a supportive role in theoretical analysis—crucial, but outside the spotlight.

The depth of this asymmetry, and the extent of the confusions and infelicities to which it has led, have been difficult to appreciate, because of three intricately correlated assumptions and practices. Some readers will immediately rebel against the claim, arguing against the singular importance of the mechanical by citing, as evidence contrary to what I am arguing here, object-oriented languages, modeling languages, purely mathematical formulations of computability and complexity theory, and a variety of other features of contemporary practice. Rather than undermining the point, however, I will argue that these considerations merely show how pervasive has been the influence of these three ultimately distracting assumptions. Disentangling them, documenting the resultant confusions, and clearing the way for a more adequate account are among the aims of this book.



3a  Mathematical Vocabulary

One source of misunderstanding has already become apparent: computer science’s near-ubiquitous use of mathematical vocabulary. It is not unusual for computing, computability, and complexity to be described in wholly mathematical terms, both in introductory treatments and in advanced treatises, with no explicit reference to mechanisms at all, or to encodings, representation, or anything else concrete.19

Like so many other things, this mathematical focus was evident in Turing’s original 1936/1937 paper. Ostensibly, the paper’s subject matter was the computation of numbers; specific machines were modeled with mathematical (abstract) quintuples; and so on. The property of being “computable” is officially predicated only of abstract entities: numbers in the first instance, and subsequently functions. All the considerations about numbers adduced throughout the paper, however, and about the functions defined over them, have to do not with numbers themselves, but with numerals—that is, with their concrete representations: with what can be done locally, with what is and what is not directly comparable in a sensory and/or effective way, with what is finite and what can be done by finite means. Turing is explicit about this: “According to my definition, a number is computable if its decimal [i.e., if a standard-form numeral representing it] can be written down by a machine.”20 Think too of his invocation of intuitions about the resources available to a “human computer”: things visible, things close at hand, things that can be stored in a finite and limited memory, and the like. Consider as well the strategy invoked to define the universal machine (and language “interpretation,” in the programmers’ sense, at the same time): of writing the quadruples down on the machine tape, which of course means writing down representations of those quadruples. Yet, although the mechanical properties of numerals are doing all the work, it is numbers that predominate in the attendant imaginary.



3b  Classification

A second complicating issue is also evident in Turing’s paper, keeping the asymmetry of current computational theory at bay. I said above that we use the labels “0” and “1” to classify computational states, using a phrasing that suggests that what we use as classificatory devices are numerals. As far as it goes, that is correct; think of internet addresses such as «192.168.1.254»—labels that do not denote numbers at all, and that play their individuating role as concrete structures.

We also use the numbers themselves, however (that is, the numbers that the numerals denote), including the numbers zero and one,21 to classify computational states—or, as might be said, to model them. Classification in this context, to simplify egregiously, is an epistemic practice we theoreticians engage in—using objects useful for our theoretical understanding and referents of terms in our linguistically framed theories to model or correspond to the entities in the domain that the theory is ultimately about, even though those objects are not themselves what we are talking about. Thus we denote the length of a board by saying that it is “4 feet 7⅜ inches long,” where “feet” and “inch” are classificatory devices we use to characterize lengths; the length in question would be the same identical length, within the applicable margin of error, if we denoted it by describing its extent as “1 meter, 40.65 cm.” “The length doesn’t know from feet and inches,” one might say; the length is what it is, independent of such classifying externalities.

This implies that there are two ways in which concrete computational states are related to abstract numbers: one in which states represent numbers, as for example when computers are taken to add or perform calculations; a second in which the representation relation runs the other way, with numbers being used to represent states, as for example in the suggestion of using 255 as a mask to block or reveal the lowest eight bits of a memory location.

Among other differences, the two cases involve distinct directions of deference. If addition is at issue, then we hold the bit patterns accountable to representing the sum. If we add three and five, using the numerals «3» and «5»—if, that is, we issue (what we interpret as) an instruction leading the machine to do what we call “adding” to the binary representations of the numbers three and five, and assume that the machine should as a result produce a representation of the sum of the two numbers that those two numerals represent—and the computer prints out «7» (i.e., the numeral representing the number seven), then the machine has erred or the program has a bug. The computer or program is normatively enjoined to return «8» (the numeral representing the number eight). If, on the other hand, we recommend or instruct the computer to use the numeral representing the number eight to mask the lowest three bits of a binary storage location, then it is we who have erred; the operative norms in this case are on the binary bit pattern, not on the abstract number that we use to classify that pattern.

Though fallible, understanding the direction of deference can be a useful guide to identify the direction of representation. In some cases, both directions of representation are combined, complicating discernment of the underlying semantic situation. One hears talk, for example, about “adding two eight-bit numbers”—a phrase that on the surface is manifestly oxymoronic. Numbers do not have numbers of bits; “eight-bit” is a property of representations. Addition, however, is not au fond an operation on representations; strictly speaking, it is defined only over numbers. The idea of an “eight-bit number” thus relies on a derivative extension of bits to numbers and of addition to numerals, via an assumed numeral-number representation relation.22



3c  Redefinition

More serious than the ubiquitous use of mathematical language and the collapsing of numeral-number relations is a third complication standing in the way of our proper understanding of computing. In an unremarked development that disturbs the foundations of science, the vocabulary and terms of art that have historically been used to talk about meaning and intentionality have been systematically redefined, in computer science, to refer to effective properties of mechanisms—not to the distal situations, or to relations to those distal situations, to which they would classically have been taken to refer. That is, such ur-semantic notions as reference, value, semantics, and interpretation—even meaning itself—have been reconstrued in computational discourse to refer (in its classical sense) to properties and relations within the proximal, effective realm of the computation qua mechanism. This terminological transformation, symptomatic of a historic mechanization of the topics of intellectual discourse more widely, has complicated the understanding of the discourse of computer science by surrounding disciplines. Suppose a computer scientist writes or talks about “the semantics of program α,” “the meaning of computational configuration β,” or “the referent of program identifier γ.” It would be unexceptional for an outsider to misunderstand such phrases as being about deferential, noneffective relations to distal or abstract task domains—such as numbers, functions, people, sets, employees, satellite trajectories, organizations, or future events. In contemporary computational discursive contexts, however, the meanings of all these terms have been folded back inside the machine—used to refer to the effective consequences of running the program or operating with that structure (even if the structure is mathematically modeled).

It is as if computer science has wrapped all its devices in inward-facing mirrors, which reflect all traditional semantical reference back inside the machine. In a program to determine raises, for example, the official “semantic value” of an identifier like «EMPLOYEE-153» would be taken, in computer science, to be a (potentially abstract model of a) memory record, not a living and breathing employee. Similarly, if «$USER» were a computational identifier for the currently logged-in user, its reference would likely be a concrete login identifier, not the flesh-and-blood person to whom, as outsiders, we would take that identifier to refer. What is considered to be the denotational semantics—not just the “operational consequences” or “behavioral import”—of an instruction to compare the identities of the university having the most students with that having the highest-paid basketball coach will be to return “true” (i.e., the computational identifier «TRUE») if two internal identifiers are the same, not if the two institutions are in fact the same.

Suppose Michigan State and Montana State were accidentally assigned the same label «MSU», leading a computer to return «TRUE» to a question about whether two students attend the same university,23 when in fact the correct response would have been «FALSE». The point is not that this might not happen; such mistakes are legion (and unavoidable). What is problematic is that the «TRUE» response would be deemed correct, according to computer science’s reigning analyses of what is called the semantics of programming languages (not just its account of their operation). What computer science takes to be the standard semantical account, that is, “reaches” only as far as what is internal to the machine; the question of what universities those identifiers actually name is not only considered to be extra-theoretical, but, surprisingly, to be beyond the reach of semantical analysis.

It is left to the programmers, or to the users of these systems, or to theorists’ tacit understanding, to realize that «EMPLOYEE-153» also signifies or denotes or in some other way represents a person, that «INSTITUTION-2714» also signifies or represents a university, and that the instruction will return «FALSE» if the identifiers «INSTITUTION-2714» and «INSTITUTION-699» are distinct, without reference to the people or institutions involved. Or, to invert the example, if one university were to end up identified by two distinct labels, it would again be left to programmers and users to understand that the system would return «FALSE», and would be deemed “semantically correct” in doing so, even if the correct answer would have been «TRUE». By the same token, it is left to designers, programmers, and users to understand whether “adding” «10,000» to a financial record merely represents an update to a computational record, or signals that a live human being has being given a raise. And, of course, the fact that «TRUE» and «FALSE» signify truth and falsity is similarly atheoretical (to say nothing of being noneffective), on current semantical accounts, relegated to programmer or theorist understanding.

How could a machine do something different? Or perhaps more pointedly: How could computer science do something different? Computer science could take a lead from logic, and so long as the program is operating as expected, warrant the computational behavior not to be correct, but to be sound





4  Project










B — Strategy




5  Reflection




	represent its ability to represent;

	represent its ability to act;

	act on its ability to represent; and

	act on its ability to act.










6  Difficulties







	If the computational entity «3» is taken to be a numeral or symbol (e.g., on a “formal symbol manipulation” construal of computing), then «3»’s semantic value is surely the abstract number three—not something that a language processor can return, in fact not a “computation-internal” entity at all.

	If, alternatively, «3» is taken to be a number, on the view that computation is itself abstract, then a number does not seem like something that should have a value at all. There is no problem, on an abstract conception, with numbers being values. But abstract numbers having values seems conceptually awry.





	Someone might suggest a third possibility: that when we describe a computationally internal element using the term “«3»”29 we are indirectly referring to a computational structure—to something concrete, something with effective properties, something that can play a mechanical role—by classifying it in terms of the abstract entity that would classically be called its semantic value. This fits with the practice of saying that an algorithm has “figured out the shortest route to Albuquerque,” or that a decision-theoretic algorithm has “determined that Alex should be given the job.”










	Computational structures are often conflated or identified with what they mean, represent, or denote, in virtue of either (i) being directly identified with them (treated as the same thing) or (ii) having the relation between them left implicit, out of theoretical view.

	When the phrase “the semantics of” (or “the semantic value of”) is used explicitly, it invariably functions to name a computationally internal structure or behavior.30 It may name a structure directly, in which case that structure will be an effective structure of the sort that can be returned as the output of a language processing regimen—for example, as when the semantics of «(QUOTE A)» is said to be the atom «A». Or it may name the structure indirectly, via an intermediating abstract classifying entity, such as a number, function, or truth-value.






	Ontologically, identifying a structure with what it represents or means, without theorizing the representation or meaning relationship explicitly, hides the entire issue of meaning and representation from theoretical view—the first of the two axes constituting computation as computation. Differences between representation and represented are minimized, if noticed at all—including, in particular cases, issues of cardinality, identity, contextual sensitivity, and the like.31 These intentional complexities are critical to the proper functioning of real-world computational systems. Hiding them from theoretical view prevents our understanding of some of the most critical issues in contemporary computing (including, for example, issues of ethics, bias, and coverage).

	Epistemically, using the word “semantics” and “value” for what is returned by language processors, and for other effective relations and operations among computationally internal structures, also robs us of the theoretical vocabulary necessary for understanding the meaning dimension of computing, when it does come into view—for understanding how computing systems are related to the task domains or worlds they are about, and how they are more than merely uninterpreted state machines.32








7  Discussion
















8  2Lisp



	one relation of designation, according to which 2Lisp structures were taken to have denotational, representational, or referential content (the “meaning” side of the dialectic); and

	one relation of simplification, according to which arbitrary program expressions were reduced to simpler, “normal form” co-designating expressions.











	the official story about the nature of computation, running from Turing’s 1936/1937 paper through to the present day, and built into the tacit assumptions underlying contemporary theoretical computer science;

	the tacit understanding of computing on which programmers rely in their daily practice, managing the relation between the code they write and the demands on their code stemming from requirements framed in terms of the projects and task domains for which the programs are being written; and

	long-standing and deeply rooted understandings of how symbols, languages, and representations stand for and orient us toward entities and phenomena in the world around us—the very tradition on which computer science is historically founded.






9  Approach




















	Pressure to fit the study of computing into our conception of “science,” complete with its naturalistic presumption of the explanatory adequacy of causal explanation.

	A focus on the things that need to be understood in order to construct intentional systems—that is, an abiding interest in what it takes to implement or build computational processes.

	The fact that computer science started out as, and in many cases remains, an engineering practice, in which programmers and theorists alike understand full well that computation involves issues of representation, but also understand, at least tacitly, that computer science as it stands does not theorize those relations.

	The fact that, in the first half of the twentieth century, what was monumentally significant was the recognition, by now taken as a truism but at that point far from obvious, that it was possible to construct a physical device that could be understood as taking rational steps in a logical argument, under seemingly obvious and self-evident regimes of semantic interpretation.38

	The fact, in spite of Newell and Simon’s reminder that computation is broader than this, that numerical computation has remained the primary focus of theoretical analysis—a case in which, even if the effective structure (of numerals and representations) and the structures they represents (numbers and functions) are not isomorphic, there is sufficiently widespread agreement in practice on which representational schemes are being assumed that confusion has been largely avoided.

	The fact that a pact has been tacitly agreed, by programmers, theorists, and users alike, that it is up to them to shoulder responsibility for navigating the complex intentional and representational nuances and subtleties that accrue to contemporary systems, relating the constructed systems to their task domains.

	Perhaps also, as will be highlighted in chapter 8, a tacit recognition that the subtleties underlying the representational and intentional properties of contemporary computational systems are almost stupefyingly complex, and that dealing with them adequately in compelling theoretical terms will be extraordinarily challenging—far beyond the capabilities of any currently available semantic or even ontological theory.






C — Conclusion







	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	








	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	





OEBPS/nav.xhtml




Contents





		Title Page



		Copyright



		Dedication



		Contents



		Acknowledgments



		Foreword



		1. Overview



		2. Reflection



		3. First Diagnosis — Programs



		4. Second Diagnosis — Semantics



		5. Comparison



		6. Logic



		7. Third Diagnosis — Blanket Mechanism



		8. Conclusion



		Epilogue



		References



		Index











List of Figures





		Figure 1 — Two views of semantics.



		Figure 2 — Four viewpoints on seven topics.



		Figure 4 — Symbol interpretation-L.



		Figure 5 — Logical inference-L.



		Figure 6 — Efficacy predicates



		Figure 7 — PARITY



		Figure 8 — ADD.



		Figure 9 — Wrong ADD.











Guide





		Cover



		Title Page



		Copyright



		Dedication



		Contents



		Acknowledgments



		Foreword



		1. Overview



		Epilogue



		References



		Index











Pagebreaks of the print version





		Cover Page



		iii



		iv



		v



		vii



		ix



		x



		xi



		xii



		xiii



		xiv



		xv



		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18



		19



		20



		21



		22



		23



		24



		25



		26



		27



		28



		29



		30



		31



		32



		33



		34



		35



		36



		37



		38



		39



		40



		41



		42



		43



		44



		45



		46



		47



		48



		49



		50



		51



		52



		53



		54



		55



		56



		57



		58



		59



		60



		61



		62



		63



		64



		65



		66



		67



		68



		69



		70



		71



		72



		73



		74



		75



		76



		77



		78



		79



		80



		81



		82



		83



		84



		85



		86



		87



		88



		89



		90



		91



		92



		93



		94



		95



		96



		97



		98



		99



		100



		101



		102



		103



		104



		105



		106



		107



		108



		109



		110



		111



		112



		113



		114



		115



		116



		117



		118



		119



		120



		121



		122



		123



		124



		125



		126



		127



		128



		129



		130



		131



		132



		133



		134



		135



		136



		137



		138



		139



		140



		141



		143



		144



		145



		146



		147



		148



		149



		150



		151



		152



		153



		154



		155



		156



		157



		158



		159



		160



		161



		162



		163



		164



		165



		166



		167



		168



		169



		170



		171



		172



		173



		174



		175



		176



		177



		178



		179



		180



		181



		182



		183



		184



		185



		186



		187



		188



		189



		190



		191



		192



		193



		194



		195



		196



		197



		198



		199



		200



		201



		202



		203



		204



		205



		206



		207



		208



		209



		210



		211



		212



		213



		214



		215



		216



		217



		218



		219



		220



		221



		222



		223



		224



		225



		226



		227



		228



		229



		230



		231



		232



		233



		234



		235



		236



		237



		238



		239



		240



		241



		242



		243



		244



		245



		246



		247



		248



		249



		250



		251



		252



		253



		254



		255



		256



		257



		258



		259



		260



		261



		262



		263



		264



		265



		266



		267



		268



		269



		270



		271



		272



		273



		274



		275



		277



		278



		279



		280



		281



		282



		283



		284



		285



		286



		287



		288



		289



		290



		291



		292



		293



		294



		295



		296



		297



		298



		299



		300



		301



		302



		303



		304



		305



		306



		307



		308



		309



		310



		311



		312



		313



		314



		315



		316



		317



		318



		319



		320



		321



		322



		323



		324



		325



		326



		327



		328



		329



		330



		331



		332



		333



		334



		335



		336



		337



		338



		339



		341



		342



		343



		344



		345



		346



		347



		348



		349



		350



		351



		352



		353



		354



		355



		356



		357



		358



		359



		360



		361



		362



		363



		364



		365



		366



		367











OEBPS/images/9780262051095.jpg





