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Why is the Physical World So Comprehensible?

P.C.W.Davies

A vexing scientific mystery of longstanding con-
cerns the peculiar conjunction of simplicity and complexity
that pervades the universe. We believe that the underlying
lawsof physicsaresimpleinform, yet theactual statesof the
worldarehighly complex. Itisonly inrecent yearsthat any sort
of general understanding of the source of thiscomplexity has
emerged.

Themost striking feature of many complex systems
is their non-random nature. The universe is populated by
distinct classes of recognizable things. galaxies, stars, crys-
tals, bacteria, people. Given the limitless variety of waysin
whichmatter and energy canarrangethemselves, almost all of
whichwould be*“random,” thefact that the physical worldis
acoherent collection of mutually tolerant, quasi-stable enti-
tiesissurely akey scientific fact in need of explanation.

The non-random nature of cosmic complexity is
captured by the concept of organization, or, to use a more
fashionableword, depth.* A ccordingtothebest cosmological
theories, the universe began in an exceedingly simple state.
Indeed the initial state might well have been essentialy
smooth empty space. It is hard to think of anything more
“shallow.” All the depth that has arisen in the universeisthe
result of asequenceof self-organi zing and sel f-compl exifying
processes that have occurred since the initial bang. The
epithet “creation” in connection with the big bang seems a
seriousmisnomer, sincealmost all thecreativeactivity that has
generated the richness and variety of the present state oc-
curred after the big bang.?

The seemingly unidirectional advance of complex
organization, or depth, imposes on the universe an arrow of
time, which is related to, but distinct from, that due to the
second law of thermodynamics. Some people haveperceived
an element of paradox in the growth of organization in a
universeinwhichentropy alwaysrises. True, theformer arrow
does challenge the spirit of the second law, which predicts
continual degeneration. But thereisno conflict withtheletter
of the law. Self-organization costs entropy. But whereas
entropy is a measure of information loss, organization (or
depth) refers instead to the quality of information. Entropy
and depth are not each other’s negatives.

Amongthemoreinterestingcomplex organized sys-
temsto have arisen thusis the human brain. Containing asit
doesaninternal representation of thephysical world, thebrain
standsinanunusual relationshipwiththeworld. And herethe
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conjunctionof simplicity and complexity isinverted: thebrain
isincredibly complex, but the mental states that it supports
make the world seem deceptively ssimple. We are able to
function as human beings because our mental model of the
world bestows upon it a coherent unity. When we talk about
“understanding” some aspect of nature, we mean slotting the
phenomena associated therewith into our existing mental
model of “how things are out there.”

Isthis process of understanding a surprise? Doesit
tell usanything significant about the structure of the brain or
the world, or both? Many people have puzzled about such
issues. Why is the universe knowable? After all, given the
enormouscomplexity and i nterconnectedness of the physical
world, how can we know anything without knowing every-
thing? Indeed, how can we know anything at all?

As astarting point in addressing these tough ques-
tions, let us agree at least on the following statements:
A. Thereexistsareal external world which containscertain
regularities. These regularities can be understood, at least in
part, by a process of rational enquiry called the scientific
method.
B. Scienceisnotmerely agameor charade. Itsresultscapture,
however imperfectly, some aspect of reality. Thus these
regularities are real properties of the physical universe and
not just human inventions or delusions.

“Why isthe Physical World so Comprehensible?’ was first
published in Complexity, Entropy and the Physics of Information,
Addison-Wesley Press, and we thank both the author and the
publisher for their permission to reprint it in the CTNS Bulletin.
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In making these assumptions one has to eschew extreme
idealistic philosophies, such as those in which the mind
somehow imposes the regularities on the world in order to
make sense of it. Unless one acceptsthat the regularities are
in some sense objectively real, one might aswell stop doing
science.

Asscience progresses, so someregularitiesbhecome
systematized aslaws, or deductionsfrom them. At thisepoch
the laws found in our textbooks image only imperfectly the
actual regularities. Two pointsof view can bedetected among
practicing scientistsregarding the ontological status of these
laws. Thefirstisthatthereexist“real” laws, or “thecorrect set”
of laws, towhich our current theoriesare only an approxima-
tion. As science progresses so we converge upon the “true’
laws of the universe, which are regarded as eternal, timel ess,
and transcendent of the physical states.

By contrast, some scientists deny that there are any
“true”’ laws “out there,” existing independently of scientific
enquiry. What we call laws, they maintain, are simply our
attemptsto cope with the world by ordering our experiences
inasystematic way. Theonly lawsare our laws, and they are
tobejudged solely onutilitariangrounds, i.e., they areneither
true nor false, but merely more or less useful to us. My
impression is that many scientists who practice what one
mightloosely call applied scienceinclinetothelatter phil oso-
phy, while those engaged in “fundamental” research, for
exampl e, on quantum cosmol ogy or the unification program,
adopt the former position.

The issue of whether the laws of nature are discov-
ered or invented is sidestepped if we view the world
algorithmically.® The existence of regularities may be ex-
pressed by saying that theworldisalgorithmically compress-
ible.* Given some data set, the job of the scientististo find a
suitable compression, which expresses the causal linkages
involved. For exampl e, thepositionsof the planetsinthesolar
system over someinterval constitute acompressibledataset,
because Newton's laws may be used to link these positions
at all timestothepositions(andvel ocities) at someinitial time.
Inthiscase Newton’ slaws supply the necessary algorithmto
achieve the compression.

Viewed thisway, the question“Why istheuniverse
knowable?’ reducesto “Why isthe universe algorithmically
compressible?’ and “Why are human beings so adept at
discovering the compressions?’

First it should be noted that our mental model of the
worldisitself analgorithmiccompression. If theworldwerenot
compressibleinthisway, there could be no cognition. Sothe
very fact that we exist as observers aready constrains the
universeto havethe property of algorithmic compressibility.
Of course, this anthropic reasoning does not constitute an

explanation of why the universe is compressible; it merely
tells us that we could not be around to debate the issue were
it not so. (There is another anthropic connection here. The
existence of biological organisms implies depth. But an
algorithmically incompressibleuniversewoul d necessarily be
shallow.)

Given the limitless variety of ways in which
matter and energy can arrange themselves,
almost all of which would be “random,” the
fact that the physical world is a coherent
collection of mutually tolerant, quasi-stable
entitiesis surely a key scientific fact in need of
explanation.

Secondly, thereisawide class of physical systems,
the so-called chaotic ones, which are not algorithmically
compressible.® Onecanimagineauniverseinwhichthereare
no regularitiesat all, only chaos. Thefact that thereiscosmos
rather than chaosi sthestarting point of science. Theexistence
of non-chaotic dynamical regimes is a profound fact about
nature, and one can ask for an explanation of thisfact. | don’t
know whether wewill ever have such an explanation, or what
sort of explanation it might be. But one possible strand of
reasoning might run thus: The non-chaotic nature of many
systemsseemstohingeontheir approximatelinearity andthis,
in turn, depends on the smallness of certain coupling con-
stants, radiative corrections, etc. At present we do not have
a theory of coupling constants, but one may emerge from
attempts at grand, or super, unification. If a satisfactory
unified theory is found for which these constants are fixed,
thenthat will constituteapartial answer astowhy chaosiskept
at bay.

Merely avoiding chaos in the technical senseis a
necessary, but not sufficient, condition for practical algorith-
mic compression. One can imagine a world in which the
relevant algorithmsareimpenetrably complicated, too compli-
cated to be discovered by systematic enquiry, or even too
complicated to be tested in the age of the universe by any
conceivable computational system. Part of the reason for the
apparent simplicity of thelaws of physicsrestswith the key
property of locality. If everything in the universe interacted
with everything elsein ahighly non-local manner, we could
not untangle all the components to discover the algorithms.
That is, we could never know something without knowing
everything.
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Infact, thestudy of quantum cosmology compelsus
to addressthe question of how quasi-locality has been estab-
lished in the universe.® One expects the quantum state of the
universe which emerged from the Planck era to describe
unlocalized matter and energy. Thequasi-locality that wenow
observe, inwhichmaterial objectsandthecosmological scale
factor are described by sharply peaked wave packets is,
according to some, an extremely unusual state. The explana-
tionfor thisstateisevidently to be sought by appeal to avery
specid initial quantum state of the universe, combined with
argumentsabout environmental decoherence.” The point that
| wish to make here is that algorithmic compressibility in
principle is one thing, but our ability to actually effect the
compressionisquiteanother, andlikely tobepossibleonlyin
a universe in which strong constraints are placed on, for
example, theinitial quantum state. Without special choice of
guantumstate, itisvery likely that wecoul d not know anything
without knowing everything.

This brings me to the question of why, even in a

The issue of whether the laws of nature are
discovered or invented is sidestepped if we view
the world algorithmically. The existence of
regularities may be expressed by saying that the
world is algorithmically compressible.

guasi-local universe, humans are so good at discovering
nature’ salgorithms. | consider thisto be asharper version of
Wigner's famous question about the “unreasonable effec-
tiveness’ of mathematics in the physical sciences.® Math-
ematics emerges from the highest form of human mental
activity (which is possibly the deepest known complex pro-
cess) yet it findsready application to the external world at its
most basic level. More specifically, the fundamental laws of
physics seem to be expressible as succinct mathematical
statements. But these statementsare precisely thealgorithms
which compress the data of experience. Hence we arereally
dealing with our “unreasonable” ability to spot those algo-
rithms. Again, doesthisfact tell ussomethingimportant about
the structure of the brain, or the physical world, or both?

L et me expressthis point in asomewhat novel way.
Hawking hasclaimedthat “theend of theoretical physicsmay
be in sight.”® He refers to the promising progress made in
unification, and the possibility that a“theory of everything”
might be around the corner. Although many physicistsflatly
reject this, it may nevertheless be correct. As Feynman has
remarked, we cannot go on making discoveriesin physicsat
the present rate for ever. Either the subject will bog downin
seemingly limitlesscomplexity and/or difficulty, orit will be

completed.X®

Supposethat thelatter optimisticviewiscorrect, and
suppose further that the superstring theory or something like
it emerges in a few decades as a satisfactory “theory of
everything.” ! Thenitwill bethecasethat avery limited period
mathematical development (300 or 3000 years, depending on
whereyoustart) will haveproved sufficient to encapsul atethe
ultimate laws of the cosmos. But this raises the curious
question of why such a glittering prize, so sweeping in its
explanatory power, demands a nontrivial, yet so astonish-
ingly limited, amount of mathematics.

Onecanimagineaworldinwhichtheprinciplesare
transparent tousall at aglance, or another worldinwhichthe
principlesareimpenetrably complicated and subtle. Giventhe
limitlessamount of mathemati cswhich could (and maybewill)
be developedinthe (possibly infinite) future, isn’tit remark-
ablethat one could haveall of fundamental physicswrapped
up with so modest amathematical investment? Giventhat the
world does require some subtle and sophisticated mathemat-
icstodescribeit, why isit (relatively!) soeasyfor ustoachieve
this unifying description?

Thereisanother aspect to this point. Again, assum-
ing a“theory of everything” iswithin our grasp, why isit that
the requisite mathematics is achievable by the (severely
limited) human brai n using an education spanthat islessthan
atypical humanlifespan?! confessl findthisexceedingly odd.
The learning capabilities of the brain, and the length of the
human life span, are both dictated by Darwinian criteria, and
(presumably) have no connection whatever with the math-
ematical form of thefundamental laws of the cosmos.

It is often said that, because the brain is a physical
system (i.e., part of the physical world), it isno surprise that

... algorithmic compressibility in principleis
one thing, but our ability to actually effect the
compression is quite another, and likely to be
possible only in a universe in which strong
constraints are placed on, for example, the
initial quantum state.

it reflects so efficiently theworkingsof that world, i.e., that it
generatesjust that mathematicswhich expressthevery law of
physics that govern its own activity. | consider thisto be an
entirely erroneousargument, based onaconfusion of concep-
tual levels (a muddle between hardware and software). As|
have discussed thisin detail elsewhere,*? | shall here restrict
myself to anew devel opment that hasabearing on thisissue,



Davies. Physical World

19

namely, the question of computability in physical law.

Most mathematicians subscribe to the so-called
Church-Turing hypothesis, which is to say that a Turing
machine, or universal computer, can performany computable
mathematical operation. In other words, if a mathematical
problemissolvable, aTuring machinecansolveit (solongas
thereisnorestrictionontheavail ablememory storagespace).
This is usually regarded as telling us something about the
foundations of mathematics or logic, but as David Deutsch
has pointed out, it also tells us something about the physical
world.®® To perform its modest repertoire of operations, a
Turingmachinemust empl oy thelawsof mechanics. If thelaws
of thephysical universewerevery different, then someopera-
tionsthat are computablein our universe might nolonger be.
Conversely, certain operationswhich arenon-computablein
our universemight becomputableinahypothetically universe
withdifferentlaws.

Deutsch expresses it thus:*

The reason why we find it possible to
construct, say, electronic calculators, and
indeed why we can perform mental arith-
metic, cannot be found in mathematics or
logic. Thereasonisthat thelawsof physics
‘happen to’ permit the existence of physi-
cal modelsfor theoperationsof arithmetic
such asaddition, subtraction and multipli-
cation. If they didnot, thesefamiliar opera-
tionswould be non-computabl efunctions.

We are so used to the fact that simple arithmetic
works in daily life that we take its efficacy completely for
granted. Yet the world does not have to be that way. The
mathematician R.W.Hammingwrites:’®

| havetried, withlittlesuccess, toget some
of my friendsto understand my amazement
that the abstraction of integers for count-
ing is both possible and useful. Is it not
remarkabl ethat 6 sheep plus 7 sheep make
13 sheep; that 6 stones plus 7 stones make
13 stones? Isit not amiracle that the uni-
verseis so constructed that such asimple
abstractionasanumber ispossible? Tome
thisisoneof the strongest examples of the
unreasonabl e effectiveness of mathemat-
ics. Indeed, | findit both strange and unex-
plainable.

We seem to have encountered a logical loop here.
Thelawsof physicsdefinetheallowed mechanical operations
that occur in the physical universe, and thence the possible
activities of a Turing machine. These mechanical operations

thus determine which mathematical operations are comput-
able and define for us what might be called simple solvable
mathemati cs(likeaddition). For somereason, thosesamelaws
of physicscanbeexpressedintermsof thissimple mathemat-
ics. Thereisthusaself-consistency in that the laws generate
thevery mathematicsthat makesthoselaws both computable
andsimple.

One can now ask whether this is the only self-
consistentloop. Isit possiblethat therecould existaworldwith
very different laws, in which, say, arithmetic could not be
performed, butinwhich someother set of mathematical opera-

The fundamental laws of physics seem to be
expressible as succinct mathematical
statements. But these statements are precisely
the algorithms which compress the data of
experience. . . . doesthisfact tell us something
important about the structure of the brain, or
the physical world, or both?

tions, non-computable in our world, were not only comput-
able, but also described those different lawsin simpleterms?

If there is only one self-consistent loop, then it
impliesthereisonly one possible computable universe. But,
suppose that other loops are possible. What, if anything, is
special about our universe? Might ours be the only universe
that isboth computabl eand cogni zabl €? (Cogni zability might
demand both computability and depth, i.e., acertain level of
organized complexity.) Alternatively, our universemight rep-
resent maximumpotential varietyinsomesense. Smolin' has
suggested that the logical structure of the universe might be
such as to generate the richest variety of organized forms,
echoing Leibniz's“best of all possible worlds.” Y et another
possibility, suggested by Barrow, isthat thelawsof physics
might be “optimally encoded” in the Shannon information-
theoretic sense, rendering them relatively robust to the filter
of observation.

All these specul ations hinge on the assumption that
thelawsof physicsdo indeed involve computable mathemat-
ics, and that the brain isa Turing machine. But some writers
have questioned both these assumptions. Geroch and Hartle'®
have investigated the possibility that at least some physical
processes might involve non-computable mathematical de-
scriptions. They point out that certain procedures for calcu-
|ating pathintegral sin quantum gravity invol ve non-comput-
ablesumsover topol ogies. Recently, Penrose'® hassuggested
that the human brain has capabilities over and above those of
a Turing machine, because humans are able to discover the
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existence of true mathematical statements that no Turing
machine can prove. He claimsthat thisability can betraced to
the influence of quantum mechanics on brain processes. (A
conventional Turingmachineisaclassical system.) If either of
these conjecturesiscorrect, it would add a subtle new twist to
the question of why the universe is comprehensible to us.
Thereisafurther tacit assumptionrunningthroughall
thesearguments, whichisthat thelawsof physicsaretimeless
eternal truths. But the intimate relationship between physics
and computation which is emerging from such studies chal-
lengesthat assumption. If nature can be viewed asacomputa
tional process (“the universe is a computer” according to

.. . suppose further that the superstring theory
or something like it emergesin a few decades as
a satisfactory “theory of everything.”. .. this
raises the curious question of why such a
glittering prize, so sweeping in its explanatory
power, demands a nontrivial, yet so
astonishingly limited, amount of mathematics.

Fredkin®), then the form of the physical laws might be con-
strained by what can bein principle computed. This point has
been madeby L andauer.?* Onethen hasto addressthequestion
of thecomputational limitsof thecosmos. If something cannot
be computed by the entire universe during the age of the
universe, in what sense can it be said to be computable?

Might thisimply that the laws of physics somehow
“fade away” as one goes back towardsthe initial singularity,
on account of the fact that the computational power of the
universe tends to zero ast — 0? Such a possibility has been
suggested by Lloyd and Pagels.? If so, then the laws of
physics, alongwiththestateof theuniverse, wouldevolvewith
time. Thelawswoul d somehow emergefromthebig bang, and
gradually “congeal” into their timelessform. Such aspecula
tionisnot new, of course; oneof itsmoreel oquent proponents
is John Wheeler.2

Tomakethismoreconcrete, | shouldliketo point out
that one may obtain a natural measure of the information
capacity of thecosmosusingtheHawking-Bekensteinformula
for black hole entropy.? If the entire universe were converted
into ablack hole, it would conceal aquantity of information|
given by

I, GM2/hc

u

whereM isthemassof theobservableuniverse(i.e., withinthe
particle horizon). At the current epochtt, I, 10'®. Atepocht

|0 102t/ )2

sothat atthe Planck time, t, 10,1~ 1, asexpected. The
Bekenstein-Hawking information isthe maximum possible
information capacity for asystem of massM .

The above formula places a bound on the cosmo-
logical equivalent of theamount of “ blank tape” availableto
a Turing machine and suggests that, at the Planck epocht,,,
effective computation must cease. Mathematical operations
associated withlawsof physicswould not beimplementable
at all. Doesthisimply that thelawsof physicsare meaningful
only for t»t.?

Thememory capacity of theuniverseisonly part of
the story. There will be a further bound due to the finite
information processing rate. Thiswill be somewhat model-
dependent. In some cases, such as certain matter-filled
Friedmann models, the computational power goes up asthe
singularity is approached. (Barrow and Tipler have made a
study of this.%) Ontheother hand, auniversewhich startsout
asagravitationally smooth vacuumwoul d seemunpromising
asacomputational device. Evidently some universemodels
might admit sharply defined laws at all times, others not. It
should be emphasized that models which require a“law of
initial conditions’ (e.g., Hartle-Hawking®) made no sense
except in the context of timeless eternal laws.

Onthephilosophical side, thereisanurgent needfor
these speculations to be placed in the context of atheory of
mathemati cs. For exampl e, Platoni stsbelievethat mathemat-
icsenjoysatimel ess, independent existence. Itisalready “ out
there,” and mathematiciansmerely discover it. Thishasbeen
thepositionadopted by Godel, Penrose, and many theoreti cal
physicists who work on fundamental problems. Thus in
guantum cosmology, for example, one writes down the
Wheeler-DeWitt differential equation or theHartle-Hawking
path integral without questioning whether the mathematical
operation involved can actually be performed; mathematics
isassumedto“aready exist.” Furthermore, it isoften specu-
lated that there exist as-yet-undiscovered laws that involve
mathematics which has also yet to be “discovered.” One
often hears this sentiment expressed in connection with the
superstring theory.?

By contrast, others (including many computer sci-
entists) reject Platonism and subscribeinstead to formalism.
Accordingtothis philosophical position, mathematicsisnot
discovered; it isinvented by mathematicians. Mathematical
operations consist of nothing more or less than mappings of
one set of symbols into another; in computer parlance,
mapping bit stringsinto bit strings. Theideathat thereexist,
timelesdy, physical lawsexpressedintermsof unknown, and
possibly uncomputabl e, mathematics, isrejected asmeaning-
less.

It hasto be concluded that, at thistime, the answer
to the question “Why is the universe knowable?’ is un-
known. The dazzling power of mathematicsto describe the
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world at abasic level continuesto baffle us. The ability of a
subset of the universe (the brain) to construct an internal
representation of the whole, including an understanding of
that basic level, remains an enigma. Yet a comparison of
computational and natural complexity surely providesaclear
signpost for the elucidation of these age-old mysteries.

The dazzing power of mathematics to describe
the world at a basic level continues to baffle us.
The ability of a subset of the universe (the
brain) to construct an internal representation
of thewhole. . . remains an enigma.
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