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1. Introduction

In everyday usage, information is knowledge or facts acquired or derived from study,
instruction or observation. Information is presumed to be both meaningful and veridical, and to
have some appropriate connection to its object. Information might be misleading, but it can never
be false. Standard information theory, on the other hand, as developed for communications
(Shannon and Weaver, 1949), measurement (Brillouin, 1962) and computation (Solomonoff,
1964; Kolmogorov, 1968; Chaitin, 1975), entirely ignores the semantic aspects of information.
Thus it might seem to have little relevance to our common notion of information. This is
especially true considering the range of applications of information theory found in the literature
of a variety of fields. Assuming, however, that the mind works computationally and can get
information about things via physical channels, then technical accounts of information strongly
restrict any plausible account of the vulgar notion. Some recent information-oriented approaches
to epistemology and semantics go further.

Theusual sense of information isintentional: information isaproperty of representations
that are meaningful to some subject. Systematic studies in epistemology (Dretske, 1981) and
semantics (Barwise and Perry, 1983), though, suggest that information can be conveyed from the
world to our minds. If so, concrete situationsin the world can bear information. Despite this, we
don't normally think of concrete situations as either representationa or intrinsically meaningful.
Dretske tries to resolve this problem by basing information on causal laws, which he claims are
intentional. His claim is dubious unless the concept of intentionality is stretched beyond the limits
of cognitive penetrability. Barwise and Perry aso connect information to causality, holding that
meaning exists in the world of inanimate objects, as well asin our thoughts and ideas. Whether
or not the move to place meaning out in the world is accepted, if we assume even a modest
realism there must be some property of objects that allows us to have information about them.
This property must be causally based and causally communicable to us, as well as being
commensurate with information in the vulgar sense. This paper explores the nature of this

property.

| argue below that even if Dretske, Barwise and Perry areright in thinking that meaning
isout in the world, the property of interest must be characterizable in non-intentional terms. In
the following sections | largely ignore questions of meaning, focusing only on non-intentional
aspects of information. | will use the resources of contemporary information theory to sketch an
account of information intrinsic to external objects. My project is modest. | wish to specify the
characteristics of thingsin the world that allow them to be objects of representations.



There are reasons to suppose the concept of information can be usefully extended to the
non-intentional world. First, cognitive systems are physical (and also biological). This is not
analytic, but it isa"deep" fact about our world. Whatever alows meaningful information at the
cognitive level is constructed from physical resources. Physical readlity constrains the way
cognitive systems can work, including how they can process and interpret information. It is
possible that there are no interesting correlates of cognitive information outside of
representations, but | believe thisis empirically false.

The second consideration is less direct. Any explanation of the veridicality of our
representations must appeal to a connection between them and the world. This connection, if
knowledge is not purely coincidental, must be fairly regular and predictable. The only plausible
candidate is some sort of causal relation. The connection need not be direct, since indirect or
common causeswould serveaswell for information transmission (Dretske, 1981: 38). Theworld
must contain either information itself, or else something that when properly connected to our
cognitive processesis converted into information. This something is transmitted by physical and
biological means; received information at the cognitive level must interface in alaw-like manner
with the transmissions.

| am going to stipulate that what is transmitted is information, irrespective of whether
there is a cognitive receiver. This notion of information is more genera than the common one,
containing it asaspecies. It might be less confusing to use anew term for thisbroader notion, but
technical usage has aready extended information to the non-intentional realm. This move has
produced insights into the interpretation of randomness and probability theory (Kolmogorov,
1965, 1968; Chaitin, 1975), as well asto computational complexity and the thermodynamics of
computation (previous references, and Bennett and Landauer, 1985; Bennett, 1982, 1987). The
extension of the concept isboth relatively harmless and highly productive. Whether thisindicates
some deep truth about the world, | leave to the reader.

2. Information Viewed from the Top and from the Bottom

There are two approaches to understanding information which might be loosely labelled
"top-down" and "bottom-up". The top-down approach starts with statements or other
representations for which intentionality istaken for granted, and tries to specify what determines
their information content. Thisapproach hasboth formal and "informal™ versions. The bottom-up
approach starts with an account of the information content of concrete objects and works up to
intentionality and beliefs. | will arguethat the purely formal top-down approach fail sbecausethere
is no unequivoca way to assign empirically relevant a priori probabilities to statements. The
informa top-down approach is more promising, but needs to be supplemented by the bottom-up
approach. A pure bottom-up approach is likely possible (evolution seems to have accomplished
it), but impractical at present.

An early formal version of the top-down approach is the Carnap/Bar-Hillel account of
semantic information (Bar-Hillel, 1964). They use the resources of inductive logic to define the
information content of a statement in a given language in terms of the possible statesit rules out.
For "technical reasons’ they calculate the states ruled out as a number of state descriptions. A
state description isaconjunction of atomic statementsassigning each primitive monadic predicate
or its negation (but never both) to each individual constant of the language. The information
content of a statement is thus relative to a language. Evidence, in the form of observation
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statements, containsinformation in virtue of the class of state descriptionsthe evidence rulesout.
(They assumed that observation statements can be connected to experience unambiguously.)
Information content, then, isinversely related to probability, as intuition would suggest.

It turns out, though, that our pre-systematic intuitions confuse two different measures of
information content, both of which have plausible but incompatible properties. Thefirst measure
of theinformation content of statement i is called the content measure, cont(i). It isdefined asthe
complement of the a priori probability that i is true:

cont(i) = 1- p(i) [1]

Thismeasurefailsthe additivity condition, according to which the combined information content
of two inductively independent statements' should be the sum of their individual information
contents (Bar-Hillel, 1964: 302). It also fails some natural assumptions about conditional
information. These problems motivated the introduction of another measure, caled the
information measure, inf(i):

inf(i) = log, (1/(1- cont(i))) = -log, p(i) [2]

The vaue of this measure is in bits. Although inf satisfies additivity and conditionalization
requirements, it has a property that some people find counter-intuitive. If some evidence eis
negatively relevant to a statement i, then the information measure of i conditional on e will be
greater than the absolute information measure of i. This violates a common intuition that the
information of i given e must be less than or equal to the absolute information of i. The content
measure, cont(i), does satisfy thisintuition (Bar-Hillel, 1964: 306-7). Personally, | do not share
this widespread intuition since it requires effort to correct the inference based on e that i isless
likely. Theissue requires further study, but is not relevant in what follows.

Elegant though the Carnap/Bar-Hillel account may be, it has problems. Because they use
methods restricted to applied first order languages with identity, Carnap and Bar-Hillel cannot
deal with complex scientific predicateslike mass, temperature and energy. This could perhaps be
corrected with a more sophisticated inductive logic using a more holistic view of theories. Any
movetowardsamore holistic view, however, underminesthe use of basic sentencesto determine
apriori probabilities. The probabilities of individua sentences of atheory become dependent on
theoverall apriori probability of thetheory. At theleast, thiswill greatly complicate calculations
of information content. The demise of the analytic/synthetic distinction and the implausibility of
pure observation statements presents a similar but even more fundamental problem.

This problem arises from what has misleadingly been called the theory-ladenness of
observation. Observation statements, if they are not purely demonstrative, assign predicates to
evidence. This amounts to a classification of the evidence. Individua bits of evidence are
particulars that don't carry with them the rules for their own classification. If the information
content of a statement is information about the world, not an artifact of the way evidence is
classified, the assignment of predicates to experiences must reflect some sort of regularity in the
evidence itself. Any non-arbitrary classification of evidence under some predicate presumes its
smilarity (at least) to other evidence or possible evidence (see Collier, 1987). Barring
astonishingly good luck, this presumes some information about appropriate similarities. Thus

"Inductive independence means that the conditional probability of each statement given the
other isthe same asitsinitial probability.



knowledge is presupposed in determining the information content of a piece of evidence; the
information is not determined purely by syntactic relations. Something about the evidence itsdlf,
the workings of the mind, or both, must determine thisknowledge. Since none of these are purely
formal, the formal top-down approach cannot work.

The informal top-down approach resembles the structuralist approach to scientific
theories, which uses informal model theory and empirical constraints to determine acceptable
interpretations of scientific theories (see Stegmdiller, 1979 for areview). The approach startswith
meaningful representations and tries to specify their interpretation, making use of available
empirical constraints. Barwise and Perry (1983) are engaged in this project. On their view, the
interpretation of arepresentationisgivenintermsof theinformation it conveys. Unliketheformal
top-down approach, in which information content is determined entirely by the structure of
language (or other representational system), informationin thisapproach isthe content (or factual
content) of arepresentation (or information-report) (Israel and Perry, this volume).

The goal of this approach is to connect meaningful representations to the concrete
situations represented. Perry and Barwise base this connection on nomic regul arities, which they
cal "constraints' (Israel and Perry, thisvolume). Information is conveyed to us by causal chains
connecting situations in alawful way. The information indicated by a situation is relative to the
causal chains connecting the indicating situation both to our beliefs and to the situation the
information is about. Thus, "The information a factual state of affairs carries is relative to a
constraint”. Complete determination of the reference of a representation (at least in cases
involving indexical terms) also requires specific circumstances. The information content of a
representation available to us is delimited by our knowledge of these constraints and
circumstances. Further evidence could modify this available information, and it may be that
complete knowledge would determine the absolute information content of a representation.

There is something "out there in the world" that can be transmitted to intelligent beings
who can understand the information it contains, and pass it around among themselves. What the
transmitted something is called at various stages along the route is not all that important. Either
thissomething is pre-existing meaningful information or elseit can be converted by cognitioninto
meaningful information. If conversion is necessary, since the content of representations is
characterized in intentional language, whereas the referents of veridical representations don't
require intentional characterization, an account of reference should characterize referents in
non-intentional terms commensurate with the characterization of representational content,
otherwise there will be a gap. Barwise and Perry (1983: 94) held that meaning pre-existsin the
world, hoping thereby to avoid the gap. Their choice, though, is question-begging unless there
is a characterization of things out in the world that is commensurate with intentional language.
Normally, thingsin the external world are not described in intentional terms. The Barwise/Perry
approach needsaninformation-theoretic account of nomic regularitiesand causal interactions, and
of the transmission of the information these nomic regularities and causal interactions contain.
Thisaccount will be largely empirical. If nothing else, factual constraints are the only way to rule
out clever but fanciful exceptions. The selection of an appropriate characterization, though, isa
philosophical matter.

Superficialy, Dretske's (1981) approach to information resembles the Carnap/Bar-Hillel
approach. He also defines the information content of a piece of evidence in terms of the cases
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ruled out. A major difference is that Dretske does not try to specify representations purely

gyntactically. Rather than calculating the information content of statements, he uses states of

affairs directly. His measure of information is similar to the inf definition (Dretske, 1981: 52):
I(s) =-log, p(s), in bits, [3]

where p(s) is the probability of the state of affairss.

From the examples and discussion of the first part of his book, Dretske appears to adopt
a variety of the informal top-down approach. He describes perceived situations that rule out
possihilities until only one relevant possibility isleft (e.g., 1981: 4-6, 48, 53, 78, 95). Dretske's
treatment of intentionality in this part of the book supports this interpretation: "The ultimate
source of intentionality inherent in the transmission and receipt of information is, of course, the
nomic regularities on which the transmission of information depends’ (1981: 76). Thisissimilar
to Barwise and Perry's placement of meaning in the world. Although it is doubtful that the
presumed intentionality of laws’ satisfies Dretske's| ater characterization of intentionality (Dretske,
1981: 172-173), there is no need to pursue the matter here. Even if we accept that natural laws
areintentional, the concrete situations that manifest them don't need intentional characterization,
and they are not normally characterized intentionally. The gap in the Barwise/Perry treatment
exists for Dretske as well.

Dretske's definition of information in terms of the cases ruled out might seem to fall afoul
of the problem of background knowledge that plagues the Carnap/Bar-Hillel approach. Dretske
admitsthat information received, as commonly understood, isrelative to background knowledge
(1981: 80-81), but argues (1981.: 87) that the background knowledge can be treated in the same
way as the received knowledge. This process is iterated until all background knowledge is
accounted for. The problem with this solution is that prior knowledge of what possibilities need
to be diminated still seemsto be necessary. Dretske meets this objection by turning in the second
part of his book to the bottom-up approach.®

The idea behind the bottom-up approach is that concrete situations are sources of
information that can be transmitted through channels that don't themselves generate new
information (Dretske, 1981: 115; see also below, section 4). Information istransmitted (perhaps
indirectly) from structure to structure according to causal laws. If it istransmitted to a structure
with theright order of intentionality* there is knowledge. The causal processes producing beliefs
eliminate other possibilities from consideration; what isimportant is not that we have reasonsfor
rejecting other possibilities, but that the correct causal connections are made. This approach is
bottom-up because we start with information out in the world, and ask what makes it into the
content of a belief.

?Dretske argues from the modal quality of laws.

*Remnants of the top-down approach of the first part continue to appear throughout his
book.

“See (Dretske, 1981: 171-189) for a discussion of how higher orders of intentionality are
formed from structures of lower order.



Thereisalot of information intheworld. Much of itisn't very interesting to creatureslike
us. Some information isinteresting and useful, though, and we are attuned to picking it up (see
Israel and Perry, thisvolume). Aslong asthereisareliable causal connection (possibly indirect)
between the source of the information and the higher order intentional structures Dretske
describes, we have knowledge. We may have sceptical doubts about the efficacy of the channels
involved, leading to doubts about the nature of the source, but these doubts are irrelevant to
whether or not wereally have knowledge. The bottom-up approach allows usto have knowledge
without requiring justification. We do not need to eliminate all possibilities other than the correct
one, or to know what the alternative possibilities are. The correct causal connections through
reliable channels do al thiswork for us.

The bottom-up approach disarms sceptical doubts as an objection against the possibility
of knowledge. Thisgain hasits cost, though. Our pre-systematic intuitions about information are
not suited to the bottom-up approach. We can no longer think of information in terms of the
reduction of pre-determined possibilities. The reduction isthe effect of the receipt of information
on us. The information source must have some intrinsic property that produces this effect. The
whole approach is somewhat fanciful if the source does not really contain information (or some
equivaent) capable of having this effect. The bottom-up approach needs adefinition of intrinsic
information content.

3. Intrinsic Information

Physical things have propertiesthat give them adefinite structure and causal capabilities.®
If information is an intrinsic property of physical objects, then it seemslikely that it is contained
intheir physical structure. Brillouin (1962: 152) distinguished two types of information: free and
bound. The two forms of information differ in how they are regarded; Brillouin did not rule out
the possibility that they might refer to the same thing. Freeinformation depends on possible cases
which are regarded as abstract and have no specific physica significance. Bound information
depends on possible cases which are the complexions® of aphysical system; itisaspecia case of
free information. The information of a concrete situation, then, if it is either of these, is bound
information.

On Brillouin'saccount, the bound information of amacroscopic systemisinversely related
to its entropy and directly related to its negentropy, the difference between the maximal entropy
of the system and its actua entropy. Negentropy and information are reversibly interconvertible,
and Brillouin may have considered them to be identical. A measurement, which produces
information, must also produce negentropy, which must, according to the second law of
thermodynamics, be produced at the expense of producing entropy someplace else. The
duplication of information requires the conversion of available energy into entropy someplacein

° will leave the question of whether it is possible for the same thing to have different causal
capabilities under different natural laws open, since this question isirrelevant to intrinsic
information content.

The complexions of a system are the possible microscopic states it can bein, given its
macrostate.



the system or its surroundings. Likewise, the transfer of information must be compensated for by
the production of entropy in the system fromwhichit istransferred. If ameasured systemisopen,
its entropy can remain constant (effectively duplicating the information transmitted), but the
entropy of its surroundings must increase.

Landsberg (1984), following Layzer (1975), defined the order of asystem in termsof the
difference between its actual entropy and its maximal entropy:

Order = S, - Su [4]
where

S = klogP, [5]
and

Sat = -k p(m;)log (p(my)), [6]

where p(m) isthe probability of thei™ microstate, and Pisthe number of € ementary complexions
of the system. The constant k can be eliminated by choosing base 2 for the logarithms. Thisgives
theentropy in dimensionlessentropy units(Brillouin, 1962: 118). Order, inthiscase, hasthe same
form astheinf definition of information content. S, isreached when al complexionsare equally
likely. This is the equilibrium condition. The order is non-zero only if the system is not in
thermodynamic equilibrium, i.e., if some elementary complexions are more probabl e than others.

The order is sometimes called the "intropy" of the system (in contrast to its entropy). It
iswell defined only if the actua entropy S, and the equilibrium entropy S, are well defined.
Both entropies are well defined only if the elementary complexions (the possible microstates) of
the system are well defined. This requires that the macrostate be well-defined, or else it is not
clear which microstates should beincluded as possible. Asinthetop-down approach, information
inthe statistical version of the bottom-up approach requiresreferenceto possibilities. Inthiscase,
however, we do not need to know what the possibilities are; they are determined by the physical
circumstances that prevail.

Although many writers have assumed that macrostates are subjective, | doubt they are
right. Irreversibility isaconsequence of the second law of thermodynamicsunder non-equilibrium
conditions. The explanation of the second law isin terms of statistical mechanics, which assumes
the objectivity of macrostates. Thus irreversible chemical reactions depend (factually) on the
objectivity of macroscopic phenomena. The existence of our bodies depends on such irreversible
reactions; its maintenance in the living state depends on its not being at thermodynamic
equilibrium. The modest assumption that the mind depends on the body, and that subjectivity
depends on the mind, leadsimmediately to the conclusion that if macrostates are subjective, then
aprecondition for the mind's existence isits own existence. Thisis patently absurd, as Prigogine
(Prigogine and Stengers, 1984) has pointed out. One of these assumptions must go.

| maintain that macrostates have a mind-independent existence. | have argued elsewhere
(Collier, 1988b) that the basis of the objectivity of macrostatesis cohesion.” Cohesionisproduced
by the causal interactions among the parts of a system that make it insensitive to fluctuationsin

"It is possible to imagine non-cohesive macrostates. These are artificial, and have no
macroscopic causal properties. An example would be the state of the gas moleculesin an
arbitrary unbounded one metre sphere.



its microstates. This insensitivity is not absolute; large enough perturbations can destroy a
cohesive macroscopic system. Nonetheless, if cohesion is strong enough, thereis a causal basis
for macroscopic entities and their macroscopic properties. Cohesion keeps the macrostate stable
while allowing minor externa influences to change the microstate unpredictably, given the
macrostate. These external influences are empirically likely, and justify a statistical treatment of
microstates (Prigogine, 1962: 265-269), in turn justifying the use of probabilities in equation [6]
above.

Cohesion acts as a constraint on the range of possible states of the system, determining
not only the objectivity of the macrostate, but also thevalue of S, for the system. Thusthe basis
of the objectivity of entropy isalso the basis of the objectivity of intropy. Cohesive entities at one
level can serve as the basis for the complexions at higher levels, alowing application of the
statistical methods of modern thermodynamicsto very large scal e entities (e.g., Ulanowicz, 1986;
Brooks and Wiley, 1986, 1988; Collier, 1986, 1988b). This allows the notion of intropy and its
related information to be applied to a wide range of systems. Since cohesion guarantees the
irrelevanceof lower level fluctuationsto the macrostate (Collier, 1988b), theintropy of acohesive
system depends only on the states of the next lower cohesive level. Fluctuations at still lower
levels are screened off by the cohesion of the elements at thislevel. This dramatically simplifies
the calculation of intropy. For example, to determine the information in a gas we don't need to
consider the nuclear microstates of its atoms.

Many situationsarenot cohesive, sincethey lack thenecessary internal causal connections.
These non-cohesive situations are epiphenomenal .2 Epiphenomenal situations are either part of
alarger cohesive situation that provides their causal basis, or are non-cohesive combinations of
cohesive parts. In the first case, the intropy of the situation is determined by how it alters the
probability of the microstates of the inclusive situation from the equilibrium expectation, i.e.,
according to equation [6]. Equation [4] then givestheintropy of the situation. Theintropy of the
partial situation will generally belower than the intropy of theinclusive cohesive situation. Inthe
second casg, the intropy of the situation is the sum of the intropies of its cohesive parts. (Any
apparent order of the parts has no macroscopic effect, since by assumption there is no cohesion
amongst the parts, therefore this order has no macroscopic effects.) In both cases, the intropy of
the situation is due entirely to the factual conditions that make it up. Thisis as required for a
physical basis for the information of concrete situations.

Unfortunately, things are not quite this smple. The intropy is not the only part of the
system that bearsinformation. The causal relations producing cohesion a so contain information.
(Thisinformation is called constraints in information theory. It is not interna to the systemin a
gpecial technical sense. See Collier, 1986 for adiscussion of internal information and constraints).
For many purposes, like analysis of the self-organization and evolution of systems, the internal
information is al that need be considered in order to understand system behaviour. For
perceptual and semantic purposes, however, we must presume an external perspective. The
constraints on the system are part of its complete description.

80ften our interactions with situations will create alarger system with closed loops which
can generate cohesion, as when we sort adeck of cards into suits, but thisis certainly not
necessary for something to be a situation.



Some examples will be helpful here. The dtatistical measure of information (intropy)
appliesbest to theidealized case of anideal gas made up of non-interacting point sized molecules.
The intropy ranges from zero to some maximal value depending solely on the position and
momentum distribution of the molecules. The intropy is equivalent to the ability of the system to
do work internaly. It is zero at equilibrium, and non-zero under non-equilibrium conditions.
Another extremetypeof systemisacrystal. A perfect crystal hasonly one possible microstate for
its macrostate. It is completely ordered. Its information content is very low, asis its entropy.
There can be no difference between S, and S,,.. The order of the crystal comes from causal
interactions between its molecules, which confine it to an entirely rigid structure, so that only its
size and location remain undetermined. Of coursethere are no perfect crystals, but actual systems
can approximate this state. A more interesting case is a configuration which has a great deal of
variety initsstructure, but is causally constrained to take on only one possible state. An example
is a state of the physical embodiment of a message with low redundancy, such asthe signal in a
telephonecable. Inthiscase, asinacrystal, S, and S, are numerically close, but theinformation
content of the state isintuitively very high.

Thelow intropy of both alow information crystal and a high information message shows
that the information due to constraints cannot be intropy. Because it is based in the form of the
system, | cal it "enformation”. Production and loss of enformation also involves loss and
production of entropy, just asfor intropy. The entropy increase, however, must be external to the
system, whereas for intropy the changes can be internal as well.® The intrinsic information of a
system, relative to its causal constraints, is the sum of its intropy and enformation:

;. = Intropy + Enformation [7]
Changes in intrinsic information depend on changes in entropy, but |, depends on whatever
determines the quantity of enformation aswell ason S, and S,

The concept of enformation could be avoided by enlarging the system to include the
observer and the processes by which information is conveyed from the object to the observer. All
information would beinterna to the system, so that it could be treated asintropy. This approach
has merit, but it runs into both practical and methodological problems. The approach is
complicated and requires knowledge of physical and physiological processes we don't yet
understand very well. Furthermore, information about an object would be contained entirely in
the perceptual processes; the object would create only external constraints on this information.
This goes against the idea that information contained in the object is transmitted to the observer.

Another way to avoid enformation is to use an absolute entropy not relative to any
constraints. This approach aso runs into trouble. In order to define an absolute entropy for a
system, we need to know its state when all physical constraints havefully relaxed (i.e., the system
has reached equilibrium). This state cannot be determined empirically for two reasons. First, it
isn't known if all physical structures fully relax; for example, it is not known whether protons
decay. It might be possible to use the equilibrium state of the energy equivalent to the matter in
a system to define its S, but there is no guarantee that this is the highest entropy state.
Furthermore, it is unclear in what form the energy should be assumed to be. Second, the system

°Although he does not distinguish explicitly between intropy and enformation, Holzmiller
(1984) discusses the relations of enformation and entropy in macromolecules.
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must be assumed to be closed. This assumption is unrealistic for anything less than the whole
universe. The universeis expanding, so even the whole universe does not have an absolute S, ,,;
Sy IS@ways relative to the size of the universe at some time. We don't know enough to specify
absolute entropies, and even if we did, there is reason to think they do not exist. These
considerations are somewhat esoteric. | include them to indicate the difficultiesin giving apurely
statistical account of intrinsic information.

Evenif we could define absol ute entropies, the intropy obtained would not be very useful
sncewe are usually concerned with small parts of the universethat are heavily constrained (inthe
short run, at least). It would be much more practical to find ameasure of enformation. Standard
approaches to information theory (e.g., Shannon and Weaver, 1949; Brillouin, 1962) use
combinatorial or probabalistic definitions of the amount of information (Kolmogorov, 1965).
These definitions can be applied to intropy, but not to enformation. The standard approaches
apply only to ensembles of systems; we need a conception of information which is applicable to
individual cases. Algorithmic information theory (Kolmogorov, 1965, 1968; Chaitin, 1975) has
this property.

The fundamental hypothesis of agorithmic information theory is that the information
content of something isthe length of the shortest program in binary form that can produceit. The
ideabehind this hypothesisisthat athing can be specified by making aseriesof binary distinctions
(Spencer Brown, 1972). The minimum number of distinctions required isits information content
in bits.*® The algorithmic definition of information content is equivalent to the combinatorial and
probabalistic information contents except for an additive constant representing computational
overhead (Kolmogorov, 1968) that can be made arbitrarily small (Chaitin, 1975). The basic
concepts of information theory can be defined without recourse to probability theory, and are
applicable to individua cases (Kolmogorov, 1968). Furthermore, the relations between
information and probability allow probability theory to be based on algorithmic information
theory.

Algorithmicinformationtheory isvery abstract initsformulation. By analogy to Brillouin's
(1962) definitions, wecan distinguish between freea gorithmicinformation and bound algorithmic
information. The latter depends on computations which are physically possible. Computations,
inthisinterpretation, are causal processesobeying natural laws. Theinformation content of astate
is determined by the most parsimonious causal process that can produce it from disorganized
constituents. Thisisequa to its causal power, which isthe measure of the number of distinctions
the state can causally produce. The enformation is the bound algorithmic information of the
constraints.

If we consider thetotal initial and total final states of any causal process, the information
content of the final state must be less than or equal to the information content of theinitial state.
Thisisjust arestatement of the second law of thermodynamics. If the processis 100% efficient
(i.e., there is no dissipation of available energy into lower grade forms), the total information
content remainsconstant. If astateiscausally effective, but isitself unchanged in acausal process,

The logic of distinctions can be shown to be equivalent to Boolean algebra
(Banaschewski, 1977).
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either theresulting final state containsonly components of unchanged information content, or else
information must be dissipated in one part of the total system in order to produce it elsewhere.
Thisisthe computational analogue to Brillouin's discussion of the negentropy budget. A system
can causally maintain and change its form without dissipation of information, but this requires
total efficiency of the processesinvolved. Thiswill occur only if thereisnofrictioninvolved, eqg.,
for static conditions, or if the system does not deviate from equilibrium.

The enformation and intropy of a system are independent if there is no dissipation.
Enformation is converted into intropy if the rate of equilibration (relaxation time) of the system
isgreater than therate of loss of enformation, i.e., under non-equilibrium conditions. Equilibrium
and/or frictionless conditions are rarely if ever encountered in nature. Alternatively, intropy can
do work on the system, sometimes producing enformation. | mention the close theoretical
relations between enformation and intropy in order to strengthen the intuition that there is a
common property of which they are different forms.

To summarize, the causal power of a state of a system has two components, its
enformation and its intropy. Together, these constitute the information content of the state.
Intropy is the ability to do work within the system; it represents the energetic aspect of causal
power. Enformation, on the other hand, isthe ability to alter the form of things; it representsthe
organizational aspect of causation, the ability to guide energy. Both arerequired for useful work.
Thissimpledistinctioniscomplicated by theinter-convertibility of intropy and enformation. Work
produces new enformation. Enformation can also produce intropy at expense of its own
destruction if it is dissipated under non-equilibrium conditions. If friction is present in any causa
process some information islost; it becomes equivocation, or physical entropy. The general idea
should be clear by now: Intrinsic information is a measure of causal power. The less
information, the less causal power.

It isnow possibleto definetheintrinsicinformation of asituation. Situations contain both
enformation and intropy. Many situations are not cohesive; they do not represent independent
objects or systems, what might be termed individuals. Instead, they are epiphenomenal. The
intropy and enformation of cohesive situationsis not problematic. The intropy of epiphenomenal
situations can be defined with respect to the cohesive situations (see above). Smilarly, the
enformation of an epiphenomenal Situation isapart of the enformation of any inclusive cohesive
system. Its enformation isthe sum of the enformation of the cohesive partsthat composeit. This
enformation is equal to the sum of the agorithmic information of the most efficient causal
processesthat can makethe parts. In other words, the enformation of an epiphenomenal situation
is derivative from the enformation of the parts that make it up.

Thedirect relationship between information and causal power may seem paradoxical from
the top-down view of information as a reduction of possibilities. It would seem that a Situation
with less information would alow more possibilities than one with more information, and
consequently would have more causal capahilities. This, however, conflictswith our intuition that
more complex things are capable of doing more than ssimpler things. The bottom-up approach is
morein accord with thisintuition. A situation with lessintropy is capable of doing lesswork than
one with more. Likewise, a situation with less enformation is capable of producing fewer
distinctions than one with more enformation. It isn't the range of different abstract possibilities
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which determine intrinsic information content, but the productive power of asituation in optimal
Cases.

4. Information Transmission

The basics of information transmission are fairly easy to understand, given the above
account of intrinsic information. Sinceintrinsicinformation isameasure of causal capacity, it can
be detected through its effects. An information channel is affected by a source, according to its
ability to do so, but is not significantly affected by other sources whose effects on the channel
might interfere with those of the information source (see Dretske, 1981 115). If there is
extraneous interference, it produces equivocation. Equivocation results in lost information,
because the effect on the channel is the net result of the various causal influences acting on it.
Sincethereisonly one effect for various causes, the individual causes cannot be discriminated on
the basis of the intrinsic information in the channel aone. The desired information from a source
can sometimes be detected by tuning the receiver correctly. Thisinvolvesfinding a channel with
minimal interference from other sources. Such a channel can be termed reliable.

Our senses act asfilters that select generally reliable channels. Presumably evolution has
selected our particular sensory mechanisms because, anong other things, they are reliable. At
higher levelsof cognition welearn to discriminate reliable channelsfrom unreliable ones, ignoring
the unreliable ones by using classifications that don't suit them. This sort of tuning allows usto
detect abstract and genera properties. This selection process allows us to receive information
about particular situations (within thelimitsof theavailablereliable channels). Tuning for abstract
and general properties creates classification systems that reflect natural classifications.

A consequence of thisview of sensation and classification is that the selection of reliable
channelswill maximize transmitted information. The meaning conveyed from the world will thus
be greatest. If unreliable (i.e., noisy or equivocal) channels are selected, the meaning conveyed
will be diffuse and equivocal, even though it might give theillusion of clarity.

A channel cannot transmit more information than the intrinsic information of its states.
However, a situation distant from, but causally connected to an information source can indicate
more information about the source than it contains itself (Dretske, 1981; Barwise and Perry,
1983). For example, the decay of tritium might be the only thing which produces agammaray of
acertain energy, so aphoton with the correct frequency would carry theinformation that atritium
atom had decayed, even though the enformation of the photon is less than the enformation of
either atritium atom or itsother decay products. The extrainformation is contained in the natural
laws of radioactive decay and gammaray production. How is this information transmitted?

Dretske (1981), as | mentioned in section 2, tried first to dea with background
information by assuming it is obtained in the same way astheinformation that is directly present.
Thisleaves open the objection that background information about the field of possibilitiesis till
required. Dretske turned to the bottom-up approach to allow the causal conditionsinvolved in
theinformation transmitted to have the reduction of alternative possibilitiesasan effect. Wedont,
therefore, need information about the eliminated possibilities. The case of tritium decay, though,
is not obviously amenable to this sort of treatment. Dretske's treatment requires that the
information transmitted from the indicating situation (the gamma rays) together with previous
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transmitted information that we have retained determines the presence of atritium decay. But if
natural laws are the only thing that ensures that there was a tritium decay, then part of the
information required is information transmitted to us from natural laws. It isn't clear how the
information in a natural law can be transmitted. The universality of natural laws implies that
information transmitted by any particular cases is always deficient. It seems that an inference
beyond the available information is always required. This seems to open a gap into which the
wedge of scepticism can be driven.

If we consider theories to be systems for classifying and organizing empirical evidence,
then atrue theory is one that selects reliable channels for all cases within its scope. If so, every
instance of anatural law within this scope will be transmitted without corruption. This eliminates
the need for inference. Usually, though, selected channels are less than completely reliable. This
doesn't mean that we can't be right; some information will probably get through uncorrupted,
except for very bad choices. It istrue that choice of theory, and thus channel selection, involves
inferences beyond immediate evidence, but if reliable channels are selected, knowledge is the
result. On this approach inference plays arolein the production and identification of knowledge,
but is not a constituent of knowledge.

5. Further Development of the Bottom-Up Approach

As| mentioned above (section 2), the bottom-up approach requiresan account of intrinsic
information, an account of information transmission, and an account of the conversion of
information into a cognitive form. In this paper | have focused on intrinsic information in
particular concrete situations. | have also sketched an account of information transmission, but
have had little to say about its conversion into cognitive form.

Further development of the account of transmission would involve a better
characterization of noise and its avoidance, and of the selection process called tuning. Israel and
Perry (thisvolume) discusstuning from abiological perspective. Natural selection no doubt plays
acentral rolein determining our basic repertoire of channels. The extension of biological concepts
to cognition ismost naturally carried out in the context of developmental psychology, along the
general lines proposed by Piaget (1952). Piaget sees cognitive development as continuous with
both ontogenetic and phylogenetic development. As Matthen (1988) has pointed out, ways of
representing theworld that areinnate for theindividual organism must be acquired by thelineage
of which it is a member. Biological conditions provide not only an analogy for cognitive
development, but are its foundation. Top-down philosophical and empirical studies of cognition,
intentionality, and inductive logic place further constraints on acceptable accounts.

The transformation of raw information into cognitive content remains fairly mysterious.
The continuity between biological selection and cognitive selection suggests that the roots of the
transformation liein evolution. Matthen (1988), for example, discusses biological functionsfrom
an evolutionary perspective, and sketches how it might shed light on how cognitive content
appears. Adaptations are aform of tuning selected by the environment. On the present account,
learning is also a process of tuning, suggesting that it is analogous to adaptation. Thisisin line
with the general trends in Piaget's thought. Problems arise, though, from the fact that what is
useful is not necessarily true. For example, Grandy (1987) used an ecological context to discuss
perceptual content as mutual information of arepresentation and an organism's environment. He
observed that optimal behaviour in conditions with less than complete information may favour
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having mistaken beliefs. This suggests that the selection of reliable channelsis neither direct nor
inevitable.

A full information-theoretic account from the biological perspective is required to make
connectionsbetweenraw physical information and cognitive content. Initial studiesonthisproject
have been done by Brooksand Wiley (1986; 1988), Collier (1986), and Ulanowicz (1986). These
studies are still in their infancy, and there is much to be clarified about the interactions of
biologica organization, ontogeny, ecology, and evolution. The approach seems promising, since
the basis of contemporary systematic biology, the genetic code, has both physical and
representational properties that are amenable to information-theoretic analysis (Collier, 1988a).
Ulanowicz (1986) has used the connections between information and entropy to do information-
theoretic analyses of ecology and fitness. This work needs to be connected to information-
theoretic studies of ontogeny and evolution before connections can be made between intrinsic
information, adaptation, and eventually learning.

Thecurrent state of information-theoreti c approachesto knowledge and semanticsisvery
rudimentary. The applicability of related concepts at a variety of levels and to a number of
apparently disparate applications suggests a large consilience. The major problem is to find
general conceptsthat are broad enough to apply to avariety of applications, but concrete enough
to avoid being vacuous. | believethat keeping closeto the physical and causal basisof information
will avoid vacuity. Generality will come from resolving problems that arise at the interface of
different applications.
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