
PREFACE

This book is written in the conviction that our own existence once
presented the greatest of all mysteries, but that it is a mystery no
longer because it is solved. Darwin and Wallace solved it, though we
shall continue to add footnotes to their solution for a while yet. I wrote
the book because I was surprised that so many people seemed not only
unaware of the elegant and beautiful solution to this deepest of
problems but, incredibly, in many cases actually unaware that there
was a problem in the first place!

The problem is that of complex design. The computer on which I am
writing these words has an information storage capacity of about 64
kilobytes (one byte is used to hold each character of text). The
computer was consciously designed and deliberately manufactured.
The brain with which you are understanding my words is an array of
some ten million kiloneurones. Many of these billions of nerve cells
have each more than a thousand 'electric wires' connecting them to
other neurones. Moreover, at the molecular genetic level, every single
one of more than a trillion cells in the body contains about a thousand
times as much precisely-coded digital information as my entire
computer. The complexity of living organisms is matched by the
elegant efficiency of their apparent design. If anyone doesn't agree that
this amount of complex design cries out for an explanation, I give up.
No, on second thoughts I don't give up, because one of my aims in the
book is to convey something of the sheer wonder of biological
complexity to those whose eyes have not been opened to it. But having
built up the mystery, my other main aim is to remove it again by
explaining the solution.
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XIV Preface

Explaining is a difficult art. You can explain something so that your
reader understands the words; and you can explain something so that
the reader feels it in the marrow of his bones. To do the latter, it
sometimes isn't enough to lay the evidence before the reader in a
dispassionate way. You have to become an advocate and use the tricks
of the advocate's trade. This book is not a dispassionate scientific
treatise. Other books on Darwinism are, and many of them are
excellent and informative and should be read in conjunction with this
one. Far from being dispassionate, it has to be confessed that in parts
this book is written with a passion which, in a professional scientific
journal, might excite comment. Certainly it seeks to inform, but it also
seeks to persuade and even - one can specify aims without
presumption - to inspire. I want to inspire the reader with a vision of
our own existence as, on the face of it, a spine-chilling mystery, and
simultaneously to convey the full excitement of the fact that it is a
mystery with an elegant solution which is within our grasp. More, I
want to persuade the reader, not just that the Darwinian world-view
happens to be true, but that it is the only known theory that could, in
principle, solve the mystery of our existence. This makes it a doubly
satisfying theory. A good case can be made that Darwinism is true, not
just on this planet but all over the universe wherever life may be found.

In one respect I plead to distance myself from professional advocates.
A lawyer or a politician is paid to exercise his passion and his persuasion
on behalf of a client or a cause in which he may not privately believe. I
have never done this and I never shall. I may not always be right, but I
care passionately about what is true and I never say anything that I do not
believe to be right. I remember being shocked when visiting a university
debating society to debate with creationists. At dinner after the debate, I
was placed next to a young woman who had made a relatively powerful
speech in favour of creationism. She clearly couldn't be a creationist, so I
asked her to tell me honestly why she had done it. She freely admitted
that she was simply practising her debating skills, and found it more
challenging to advocate a position in which she did not believe.
Apparently it is common practice in university debating societies for
speakers simply to be told on which side they are to speak. Their own
beliefs don't come into it. I had come a long way to perform the
disagreeable task of public speaking, because I believed in the truth of the
motion that I had been asked to propose. When I discovered that
members of the society were using the motion as a vehicle for playing
arguing games, I resolved to decline future invitations from debating
societies that encourage insincere advocacy on issues where scientific
truth is at stake.
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CHAPTER 1

EXPLAINING
THE VERY IMPROBABLE

We animals are the most complicated things in the known universe.
The universe that we know, of course, is a tiny fragment of the actual
universe. There may be yet more complicated objects than us on other
planets, and some of them may already know about us. But this doesn't
alter the point that I want to make. Complicated things, everywhere,
deserve a very special kind of explanation. We want to know how they
came into existence and why they are so complicated. The ex-
planation, as I shall argue, is likely to be broadly the same for com-
plicated things everywhere in the universe; the same for us, for
chimpanzees, worms, oak trees and monsters from outer space. On the
other hand, it will not be the same for what I shall call 'simple' things,
such as rocks, clouds, rivers, galaxies and quarks. These are the stuff of
physics. Chimps and dogs and bats and cockroaches and people and
worms and dandelions and bacteria and galactic aliens are the stuff of
biology.

The difference is one of complexity of design. Biology is the study of
complicated things that give the appearance of having been designed
for a purpose. Physics is the study of simple things that do not tempt us
to invoke design. At first sight, man-made artefacts like computers and
cars will seem to provide exceptions. They are complicated and
obviously designed for a purpose, yet they are not alive, and they are
made of metal and plastic rather than of flesh and blood. In this book
they will be firmly treated as biological objects.

The reader's reaction to this may be to ask, 'Yes, but are they really
biological objects?' Words are our servants, not our masters. For
different purposes we find it convenient to use words in different
senses. Most cookery books class lobsters as fish. Zoologists can




















































































The Blind Watchmaker

become quite apoplectic about this, pointing out that lobsters could
with greater justice call humans fish, since fish are far closer kin to
humans than they are to lobsters. And, talking of justice and lobsters, I
understand that a court of law recently had to decide whether lobsters
were insects or 'animals' (it bore upon whether people should be
allowed to boil them alive). Zoologically speaking, lobsters are
certainly not insects. They are animals, but then so are insects and so
are we. There is little point in getting worked up about the way
different people use words (although in my nonprofessional life I am
quite prepared to get worked up about people who boil lobsters alive).
Cooks and lawyers need to use words in their own special ways, and so
do I in this book. Never mind whether cars and computers are 'really'
biological objects. The point is that if anything of that degree of
complexity were found on a planet, we should have no hesitation in
concluding that life existed, or had once existed, on that planet.
Machines are the direct products of living objects; they derive their
complexity and design from living objects, and they are diagnostic of
the existence of life on a planet. The same goes for fossils, skeletons
and dead bodies.

I said that physics is the study of simple things, and this, too, may
seem strange at first. Physics appears to be a complicated subject,
because the ideas of physics are difficult for us to understand. Our
brains were designed to understand hunting and gathering, mating and
child-rearing: a world of medium-sized objects moving in three di-
mensions at moderate speeds. We are ill-equipped to comprehend the
very small and the very large; things whose duration is measured in
picoseconds or gigayears; particles that don't have position; forces and
fields that we cannot see or touch, which we know of only because
they affect things that we can see or touch. We think that physics is
complicated because it is hard for us to understand, and because
physics books are full of difficult mathematics. But the objects that
physicists study are still basically simple objects. They are clouds of
gas or tiny particles, or lumps of uniform matter like crystals, with
almost endlessly repeated atomic patterns. They do not, at least by
biological standards, have intricate working parts. Even large physical
objects like stars consist of a rather limited array of parts, more or less
haphazardly arranged. The behaviour of physical, nonbiological objects
is so simple that it is feasible to use existing mathematical language to
describe it, which is why physics books are full of mathematics.

Physics books may be complicated, but physics books, like cars and
computers, are the product of biological objects - human brains. The
objects and phenomena that a physics book describes are simpler than


















































































Explaining the very improbable

a single cell in the body of its author. And the author consists of
trillions of those cells, many of them different from each other, organ-
ized with intricate architecture and precision-engineering into a work-
ing machine capable of writing a book (my trillions are American, like
all my units: one American trillion is a million millions; an American
billion is a thousand millions). Our brains are no better equipped to
handle extremes of complexity than extremes of size and the other
difficult extremes of physics. Nobody has yet invented the
mathematics for describing the total structure and behaviour of such
an object as a physicist, or even of one of his cells. What we can do is
understand some of the general principles of how living things work,
and why they exist at all.

This was where we came in. We wanted to know why we, and all
other complicated things, exist. And we can now answer that question
in general terms, even without being able to comprehend the details of
the complexity itself. To take an analogy, most of us don't understand
in detail how an airliner works. Probably its builders don't compre-
hend it fully either: engine specialists don't in detail understand wings,
and wing specialists understand engines only vaguely. Wing specialists
don't even understand wings with full mathematical precision: they
can predict how a wing will behave in turbulent conditions, only by
examining a model in a wind tunnel or a computer simulation - the
sort of thing a biologist might do to understand an animal. But how-
ever incompletely we understand how an airliner works, we all under-
stand by what general process it came into existence. It was designed
by humans on drawing boards. Then other humans made the bits from
the drawings, then lots more humans (with the aid of other machines
designed by humans) screwed, rivetted, welded or glued the bits
together, each in its right place. The process by which an airliner came
into existence is not fundamentally mysterious to us, because humans
built it. The systematic putting together of parts to a purposeful design
is something we know and understand, for we have experienced it at
first hand, even if only with our childhood Meccano or Erector set.

What about our own bodies? Each one of us is a machine, like an
airliner only much more complicated. Were we designed on a drawing
board too, and were our parts assembled by a skilled engineer? The
answer is no. It is a surprising answer, and we have known and under-
stood it for only a century or so. When Charles Darwin first explained
the matter, many people either wouldn't or couldn't grasp it. I myself
flatly refused to believe Darwin's theory when I first heard about it as a
child. Almost everybody throughout history, up to the second half of
the nineteenth century, has firmly believed in the opposite - the


















































































The Blind Watchmaker

Conscious Designer theory. Many people still do, perhaps because the
true, Darwinian explanation of our own existence is still, remarkably,
not a routine part of the curriculum of a general education. It is
certainly very widely misunderstood.

The watchmaker of my title is borrowed from a famous treatise by
the eighteenth-century theologian William Paley. His Natural
Theology - or Evidences of the Existence and Attributes of the Deity
Collected from the Appearances of Nature, published in 1802, is the
best-known exposition of the 'Argument from Design', always the
most influential of the arguments for the existence of a God. It is a
book that I greatly admire, for in his own time its author succeeded in
doing what I am struggling to do now. He had a point to make, he
passionately believed in it, and he spared no effort to ram it home
clearly. He had a proper reverence for the complexity of the living
world, and he saw that it demands a very special kind of explanation.
The only thing he got wrong - admittedly quite a big thing! - was the
explanation itself. He gave the traditional religious answer to the
riddle, but he articulated it more clearly and convincingly than
anybody had before. The true explanation is utterly different, and it
had to wait for one of the most revolutionary thinkers of all time,
Charles Darwin.

Paley begins Natural Theology with a famous passage:

In crossing a heath, suppose I pitched my foot against a stone, and were
asked how the stone came to be there; I might possibly answer, that, for
anything I knew to the contrary, it had lain there for ever: nor would it
perhaps be very easy to show the absurdity of this answer. But suppose I had
found a watch upon the ground, and it should be inquired how the watch
happened to be in that place; I should hardly think of the answer which I
had before given, that for anything 1 knew, the watch might have always
been there.

Paley here appreciates the difference between natural physical objects
like stones, and designed and manufactured objects like watches. He
goes on to expound the precision with which the cogs and spring's of a
watch are fashioned, and the intricacy with which they are put
together. If we found an object such as a watch upon a heath, even if we
didn't know how it had come into existence, its own precision and
intricacy of design would force us to conclude

that the watch must have had a maker: that there must have existed, at
some time, and at some place or other, an artificer or artificers, who formed
it for the purpose which we find it actually to answer, who comprehended
its construction, and designed its use.
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Explaining the very improbable

Nobody could reasonably dissent from this conclusion, Paley insists,
yet that is just what the atheist, in effect, does when he contemplates
the works of nature, for:

every indication of contrivance, every manifestation of design, which
existed in the watch, exists in the works of nature; with the difference, on
the side of nature, of being greater or more, and that in a degree which
exceeds all computation.

Paley drives his point home with beautiful and reverent descriptions of
the dissected machinery of life, beginning with the human eye, a
favourite example which Darwin was later to use and which will
reappear throughout this book. Paley compares the eye with a designed
instrument such as a telescope, and concludes that 'there is precisely
the same proof that the eye was made for vision, as there is that the
telescope was made for assisting it'. The eye must have had a designer,
just as the telescope had.

Paley's argument is made with passionate sincerity and is informed
by the best biological scholarship of his day, but it is wrong, gloriously
and utterly wrong. The analogy between telescope and eye, between
watch and living organism, is false. All appearances to the contrary,
the only watchmaker in nature is the blind forces of physics, albeit
deployed in a very special way. A true watchmaker has foresight: he
designs his cogs and springs, and plans their interconnections, with a
future purpose in his mind's eye. Natural selection, the blind, uncon-
scious, automatic process which Darwin discovered, and which we
now know is the explanation for the existence and apparently purpose-
ful form of all life, has no purpose in mind. It has no mind and no
mind's eye. It does not plan for the future. It has no vision, no foresight,
no sight at all. If it can be said to play the role of watchmaker in
.nature, it is the blind watchmaker.

I shall explain all this, and much else besides. But one thing I shall
not do is belittle the wonder of the living 'watches' that so inspired
Paley. On the contrary, I shall try to illustrate my feeling that here
Paley could have gone even further. When it comes to feeling awe over
living 'watches' I yield to nobody. I feel more in common with the
Reverend William Paley than I do with the distinguished modern
philosopher, a well-known atheist, with whom I once discussed the
matter at dinner. I said that I could not imagine being an atheist at any
time before 1859, when Darwin's Origin of Species was published.
'What about Hume?', replied the philosopher. 'How did Hume explain
the organized complexity of the living world?', I asked. 'He didn't', said
the philosopher. 'Why does it need any special explanation?'
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The Blind Watchmaker

Paley knew that it needed a special explanation; Darwin knew it,
and I suspect that in his heart of hearts my philosopher companion
knew it too. In any case it will be my business to show it here. As for
David Hume himself, it is sometimes said that that great Scottish
philosopher disposed of the Argument from Design d century before
Darwin. But what Hume did was criticize the logic of using apparent
design in nature as positive evidence for the existence of a God. He did
not offer any alternative explanation for apparent design, but left the
question open. An atheist before Darwin could have said, following
Hume: 'I have no explanation for complex biological design. All I know
is that Cod isn't a good explanation, so we must wait and hope that
somebody comes up with a better one.' I can't help feeling that such a
position, though logically sound, would have left one feeling pretty
unsatisfied, and that although atheism might have been logically
tenable before Darwin, Darwin made it possible to be an intellectually
fulfilled atheist. I like to think that Hume would agree, but some of his
writings suggest that he underestimated the complexity and beauty of
biological design. The boy naturalist Charles Darwin could have
shown him a thing or two about that, but Hume had been dead 40 years
when Darwin enrolled in Hume's university of Edinburgh.

I have talked glibly of complexity, and of apparent design, as though
it were obvious what these words mean. In a sense it is obvious - most
people have an intuitive idea of what complexity means. But these
notions, complexity and design, are so pivotal to this book that I must
try to capture a little more precisely, in words, our feeling that there is
something special about complex, and apparently designed things.

So, what is a complex thing? How should we recognize it? In what
sense is it true to say that a watch or an airliner or an earwig or a person
is complex, but the moon is simple? The first point that might occur to
us, as a necessary attribute of a complex thing, is that it has a
heterogeneous structure. A pink milk pudding or blancmange is simple
in the sense that, if we slice it in two, the two portions will have the
same internal constitution: a blancmange is homogeneous. A car is
heterogeneous: unlike a blancmange, almost any portion of the car is
different from other portions. Two times half a car does not make a car.
This will often amount to saying that a complex object, as opposed to a
simple one, has many parts, these parts being of more than one kind.

Such heterogeneity, or 'many-partedness', may be a necessary con-
dition, but it is not sufficient. Plenty of objects are many-parted and
heterogeneous in internal structure, without being complex in the
sense in which I want to use the term. Mont Blanc, for instance,
consists of many different kinds of rock, all jumbled together in such a
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Explaining the very improbable 17

The lens, which is really only part of a compound lens system, is
responsible for the variable part of the focusing. Focus is changed by
squeezing the lens with muscles (or in chameleons by moving the lens
forwards or backwards, as in a man-made camera). The image falls on
the retina at the back, where it excites photocells.

The middle part of Figure 1 shows a small section of the retina
enlarged. Light comes from the left. The light-sensitive cells ('photo-
cells') are not the first thing the light hits, but they are buried inside
and facing away from the light. This odd feature is mentioned again
later. The first thing the light hits is, in fact, the layer of ganglion cells
which constitute the 'electronic interface' between the photocells and
the brain. Actually the ganglion cells are responsible for preprocessing
the information in sophisticated ways before relaying it to the brain,
and in some ways the word 'interface' doesn't do justice to this.
'Satellite computer' might be a fairer name. Wires from the ganglion
cells run along the surface of the retina to the 'blind spot', where they
dive through the retina to form the main trunk cable to the brain, the
optic nerve. There are about three million ganglion cells in the 'elec-
tronic interface', gathering data from about 125 million photocells.

At the bottom of the figure is one enlarged photocell, a rod. As you
look at the fine architecture of this cell, keep in mind the fact that all
that complexity is repeated 125 million times in each retina. And
comparable complexity is repeated trillions of times elsewhere in the
body as a whole. The figure of 125 million photocells is about 5,000
times the number of separately resolvable points in a good-quality
magazine photograph. The folded membranes on the right of the illus-
trated photocell are the actual light-gathering structures. Their layered
form increases the photocell's efficiency in capturing photons, the
fundamental particles of which light is made. If a photon is not caught
by the first membrane, it may be caught by the second, and so on. As a
result of this, some eyes are capable of detecting a single photon. The
fastest and most sensitive film emulsions available to photographers
need about 25 times as many photons in order to detect a point of light.
The lozenge-shaped objects in the middle section of the cell are mostly
mitochondria. Mitochondria are found not just in photocells, but in
most other cells. Each one can be thought of as a chemical factory
which, in the course of delivering its primary product of usable energy,
processes more than 700 different chemical substances, in long, inter-
weaving assembly-lines strung out along the surface of its intricately
folded internal membranes. The round globule at the left of Figure 1 is
the nucleus. Again, this is characteristic of all animal and plant cells.
Each nucleus, as we shall see in Chapter 5, contains a digitally coded



18 The Blind Watchmaker

database larger, in information content, than all 30 volumes of the
Encyclopaedia Britannica put together. And this figure is for each cell,
not all the cells of a body put together.

The rod at the base of the picture is one single cell. The total
number of cells in the body (of a human) is about 10 trillion. When you
eat a steak, you are shredding the equivalent of more than 100 billion
copies of the Encyclopaedia Britannica.





CHAPTER 2

GOOD  DESIGN

Natural selection is the blind watchmaker, blind because it does not
see ahead, does not plan consequences, has no purpose in view. Yet the
living results of natural selection overwhelmingly impress us with the
appearance of design as if by a master watchmaker, impress us with
the illusion of design and planning. The purpose of this book is to
resolve this paradox to the satisfaction of the reader, and the purpose of
this chapter is further to impress the reader with the power of the
illusion of design. We shall look at a particular example and shall
conclude that, when it comes to complexity and beauty of design,
Paley hardly even began to state the case.

We may say that a living body or organ is well designed if it has
attributes that an intelligent and knowledgeable engineer might have
built into it in order to achieve some sensible purpose, such as flying,
swimming, seeing, eating, reproducing, or more generally promoting
the survival and replication of the organism's genes. It is not necessary
to suppose that the design of a body or organ is the best that an
engineer could conceive of. Often the best that one engineer can do is,
in any case, exceeded by the best that another engineer can do,
especially another who lives later in the history of technology. But any
engineer can recognize an object that has been designed, even poorly
designed, for a purpose, and he can usually work out what that purpose
is just by looking at the structure of the object. In Chapter 1 we
bothered ourselves mostly with philosophical aspects. In this chapter, I
shall develop a particular factual example that I believe would impress
any engineer, namely sonar ('radar') in bats. In explaining each point, I
shall begin by posing a problem that the living machine faces; then I
shall consider possible solutions to the problem that a sensible
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22 The Bli"d Watchmaker

engineer might consider; I shall finally come to the solution that
nature has actually adopted. This one example is, of course, just for
illustration. If an engineer is impressed by bats, he will be impressed by
countless other examples of living design.

Bats have a problem: how to find their way around in the dark. They
hunt at night, and cannot use light to help them find prey and avoid
obstacles. You might say that if this is a problem it is a problem of their
own making, a problem that they could avoid simply by changing their
habits and hunting by day. But the daytime economy is already heavily
exploited by other creatures such as birds. Given that there is a living
to be made at night, and given that alternative daytime trades are
thoroughly occupied, natural selection has favoured bats that make a
go of the night-hunting trade. It is probable, by the way, that the
nocturnal trades go way back in the ancestry of all us mammals. In the
time when the dinosaurs dominated the daytime economy, our
mammalian ancestors probably only managed to survive at all because
they found ways of scraping a living at night. Only after the mysterious
mass extinction of the dinosaurs about 65 million years ago were our
ancestors able to emerge into the daylight in any substantial numbers.

Returning to bats, they have an engineering problem: how to find
their way and find their prey in the absence of light. Bats are not the
only creatures to face this difficulty today. Obviously the night-flying
insects that they prey on must find their way about somehow. Deep-
sea fish and whales have little or no light by day or by night, because
the sun's rays cannot penetrate far below the surface. Fish and dolphins
that live in extremely muddy water cannot see because, although there
is light, it is obstructed and scattered by the dirt in the water. Plenty of
other modern animals make their living in conditions where seeing is
difficult or impossible.

Given the question of how to manoeuvre in the dark, what solutions
might an engineer consider? The first one that might occur to him is to
manufacture light, to use a lantern or a searchlight. Fireflies and some
fish (usually with the help of bacteria) have the power to manufacture
their own light, but the process seems to consume a large amount of
energy. Fireflies use their light for attracting mates. This doesn't re-
quire prohibitively much energy: a male's tiny pinprick can be seen by
a female from some distance on a dark night, since her eyes are exposed
directly to the light source itself. Using light to find one's own way
around requires vastly more energy, since the eyes have to detect the
tiny fraction of the light that bounces off each part of the scene. The
light source must therefore be immensely brighter if it is to be used as
a headlight to illuminate the path, than if it is to be used as a signal to
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Good design 13

others. Anyway, whether or not the reason is the energy expense, it
seems to be the case that, with the possible exception of some weird
deep-sea fish, no animal apart from man uses manufactured light to
find its way about.

What else might the engineer think of? Well, blind humans
sometimes seem to have an uncanny sense of obstacles in their path. It
has been given the name 'facial vision', because blind people have
reported that it feels a bit like the sense of touch, on the face. One
report tells of a totally blind boy who could ride his tricycle at a good
speed round the block near his home, using 'facial vision'. Experiments
showed that, in fact, 'facial vision' is nothing to do with touch or the
front of the face, although the sensation may be referred to the front of
the face, like the referred pain in a phantom (severed) limb. The
sensation of 'facial vision', it turns out, really goes in through the ears.
The blind people, without even being aware of the fact, are actually
using echoes, of their own footsteps and other sounds, to sense the
presence of obstacles. Before this was discovered, engineers had already
built instruments to exploit the principle, for example to measure the
depth of the sea under a ship. After this technique had been invented, it
was only a matter of time before weapons designers adapted it for the
detection of submarines. Both sides in the Second World War relied
heavily on these devices, under such code names as Asdic (British) and
Sonar (American), as well as the similar technology of Radar
(American) or RDF (British), which uses radio echoes rather than sound
echoes.

The Sonar and Radar pioneers didn't know it then, but all the world
now knows that bats, or rather natural selection working on bats, had
perfected the system tens of millions of years earlier, and their 'radar'
achieves feats of detection and navigation that would strike an en-
gineer dumb with admiration. It is technically incorrect to talk about
bat 'radar', since they do not use radio waves. It is sonar. But the
underlying mathematical theories of radar and sonar are very similar,
and much of our scientific understanding of the details of what bats are
doing has come from applying radar theory to them. The American
zoologist Donald Griffin, who was largely responsible for the discovery
of sonar in bats, coined the term 'echolocation' to cover both sonar and
radar, whether used by animals or by human instruments. In practice,
the word seems to be used mostly to refer to animal sonar.

It is misleading to speak of bats as though they were all the same. It
is as though we were to speak of dogs, lions, weasels, bears, hyenas,
pandas and otters all in one breath, just because they are all carnivores.
Different groups of bats use sonar in radically different ways, and they
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24 The Blind Watchmaker

seem to have 'invented' it separately and independently, just as the
British, Germans and Americans all independently developed radar.
Not all bats use echolocation. The Old World tropical fruit bats have
good vision, and most of them use only their eyes for finding their way
around. One or two species of fruit bats, however, for instance
Rousettus, are capable of finding their way around in total darkness
where eyes, however good, must be powerless. They are using sonar,
but it is a cruder kind of sonar than is used by the smaller bats with
which we, in temperate regions, are familiar. Rousettus clicks its
tongue loudly and rhythmically as it flies, and navigates by measuring
the time interval between each click and its echo. A good proportion of
Rousettus's clicks are clearly audible to us (which by definition makes
them sound rather than ultrasound: ultrasound is just the same'as
sound except that it is too high for humans to hear).

In theory, the higher the pitch of a sound, the better it is for accurate
sonar. This is because low-pitched sounds have long wavelengths
which cannot resolve the difference between closely spaced objects. All
other things being equal therefore, a missile that used echoes for its
guidance system would ideally produce very high-pitched sounds.
Most bats do, indeed, use extremely high-pitched sounds, far too high
for humans to hear - ultrasound. Unlike Rousettus, which can see very
well and which uses unmodified relatively low-pitched sounds to do a
modest amount of echolocation to supplement its good vision, the
smaller bats appear to be technically highly advanced echo-machines.
They have tiny eyes which, in most cases, probably can't see much.
They live in a world of echoes, and probably their brains can use echoes
to do something akin to 'seeing' images, although it is next to imposs-
ible for us to 'visualize' what those images might be like. The noises
that they produce are not just slightly too high for humans to hear, like
a kind of super dog whistle. In many cases they are vastly higher than
the highest note anybody has heard or can imagine. It is fortunate that
we can't hear them, incidentally, for they are immensely powerful and
would be deafeningly loud if we could hear them, and impossible to
sleep through.

These bats are like miniature spy planes, bristling with
sophisticated instrumentation. Their brains are delicately tuned
packages of miniaturized electronic wizardry, programmed with the
elaborate software necessary to decode a world of echoes in real time.
Their faces are often distorted into gargoyle shapes that appear hideous
to us until we see them for what they are, exquisitely fashioned
instruments for beaming ultrasound in desired directions.

Although we can't hear the ultrasound pulses of these bats directly,
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we can get some idea of what is going on by means of a translating
machine or 'bat-detector'. This receives the pulses through a special
ultrasonic microphone, and turns each pulse into an audible click or
tone which we can hear through headphones. If we take such a 'bat-
detector' out to a clearing where a bat is feeding, we shall hear when
each bat pulse is emitted, although we cannot hear what the pulses
really 'sound' like. If our bat is Myotis, one of the common little brown
bats, we shall hear a chuntering of clicks at a rate of about 10 per
second as the bat cruises about on a routine mission. This is about the
rate of a standard teleprinter, or a Bren machine gun.

Presumably the bat's image of the world in which it is cruising is
being updated 10 times per second. Our own visual image appears to be
continuously updated as long as our eyes are open. We can see what it
might be like to have an intermittently updated world image, by using
a stroboscope at night. This is sometimes done at discotheques, and it
produces some dramatic effects. A dancing person appears as a suc-
cession of frozen statuesque attitudes. Obviously, the faster we set the
strobe, the more the image corresponds to normal 'continuous' vision.
Stroboscopic vision 'sampling' at the bat's cruising rate of about 10
samples per second would be nearly as good as normal 'continuous'
vision for some ordinary purposes, though not for catching a ball or an
insect.

This is just the sampling rate of a bat on a routine cruising flight.
When a little brown bat detects an insect and starts to move in on an
interception course, its click rate goes up. Faster than a machine gun, it
can reach peak rates of 200 pulses per second as the bat finally closes
in on the moving target. To mimic this, we should have to speed up
our stroboscope so that its flashes came twice as fast as the cycles of
mains electricity, which are not noticed in a fluorescent strip light.
Obviously we have no trouble in performing all our normal visual
functions, even playing squash or ping-pong, in a visual world 'pulsed'
at such a high frequency. If we may imagine bat brains as building up
an image of the world analogous to our visual images, the pulse rate
alone seems to suggest that the bat's echo image might be at least as
detailed and 'continuous' as our visual image. Of course, there may be
other reasons why it is not so detailed as our visual image.

If bats are capable of boosting their sampling rates to 200 pulses per
second, why don't they keep this up all the time? Since they evidently
have a rate control 'knob' on their 'stroboscope', why don't they turn it
permanently to maximum, thereby keeping their perception of the
world at its most acute, all the time, to meet any emergency? One
reason is that these high rates are suitable only for near targets. If a pulse
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follows too hard on the heels of its predecessor it gets mixed up with
the echo of its predecessor returning from a distant target. Even if this
weren't so, there would probably be good economic reasons for not
keeping up the maximum pulse rate all the time. It must be costly
producing loud ultrasonic pulses, costly in energy, costly in wear and
tear on voice and ears, perhaps costly in computer time. A brain that is
processing 200 distinct echoes per second might not find surplus
capacity for thinking about anything else. Even the ticking-over rate of
about 10 pulses per second is probably quite costly, but much less so
than the maximum rate of 200 per second. An individual bat that
boosted its tickover rate would pay an additional price in energy, etc.,
which would not be justified by the increased sonar acuity. When the
only moving object in the immediate vicinity is the bat itself, the
apparent world is sufficiently similar in successive tenths of seconds
that it need not be sampled more frequently than this. When the
salient vicinity includes another moving object, particularly a flying
insect twisting and turning and diving in a desperate attempt to shake
off its pursuer, the extra benefit to the bat of increasing its sample rate
more than justifies the increased cost. Of course, the considerations of
cost and benefit in this paragraph are all surmise, but something like
this almost certainly must be going on.

The engineer who sets about designing an efficient sonar or radar
device soon comes up against a problem resulting from the need to
make the pulses extremely loud. They have to be loud because when a
sound is broadcast its wavefront advances as an ever-expanding sphere.
The intensity of the sound is distributed and, in a sense, 'diluted' over
the whole surface of the sphere. The surface area of any sphere is
proportional to the radius squared. The intensity of the sound at any
particular point on the sphere therefore decreases, not in proportion to
the distance (the radius) but in proportion to the square of the distance
from the sound source, as the wavefront advances and the sphere
swells. This means that the sound gets quieter pretty fast, as it travels
away from its source, in this case the bat.

When this diluted sound hits an object, say a fly, it bounces off the
fly. This reflected sound now, in its turn, radiates away from the fly in
an expanding spherical wavefront. For the same reason as in the case of
the original sound, it decays as the square of the distance from the fly.
By the time the echo reaches the bat again, the decay in its intensity is
proportional, not to the distance of the fly from the bat, not even to the
square of that distance, but to something more like the square of the
square - the fourth power, of the distance. This means that it is very
very quiet indeed. The problem can be partially overcome if the bat
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beams the sound by means of the equivalent of a megaphone, but only
if it already knows the direction of the target. In any case, if the bat is
to receive any reasonable echo at all from a distant target, the out-
going squeak as it leaves the bat must be very loud indeed, and the
instrument that detects the echo, the ear, must be highly sensitive to
very quiet sounds - the echoes. Bat cries, as we have seen, are indeed
often very loud, and their ears are very sensitive.

Now here is the problem that would strike the engineer trying to
design a bat-like machine. If the microphone, or ear, is as sensitive as
all that, it is in grave danger of being seriously damaged by its own
enormously loud outgoing pulse of sound. It is no good trying to
combat the problem by making the sounds quieter, for then the echoes
would be too quiet to hear. And it is no good trying to combat that by
making the microphone ('ear') more sensitive, since this would only
make it more vulnerable to being damaged by the, albeit now slightly
quieter, outgoing sounds! It is a dilemma inherent in the dramatic
difference in intensity between outgoing sound and returning echo, a
difference that is inexorably imposed by the laws of physics.

What other solution might occur to the engineer? When an
analogous problem struck the designers of radar in the Second World
War, they hit upon a solution which they called 'send/receive' radar.
The radar signals were sent out in necessarily very powerful pulses,
which might have damaged the highly sensitive aerials (American
'antennas') waiting for the faint returning echoes. The 'send/receive'
circuit temporarily disconnected the receiving aerial just before the
outgoing pulse was about to be emitted, then switched the aerial on
again in time to receive the echo.

Bats developed 'send/receive' switching technology long long ago,
probably millions of years before our ancestors came down from the
trees. It works as follows. In bat ears, as in ours, sound is transmitted
from the eardrum to the microphonic, sound-sensitive cells by means
of a bridge of three tiny bones known (in Latin) as the hammer, the
anvil and the stirrup, because of their shape. The mounting and
hinging of these three bones, by the way, is exactly as a hi-fi engineer
might have designed it to serve a necessary 'impedance-matching'
function, but that is another story. What matters here is that some bats
have well-developed muscles attached to the stirrup and to the
hammer. When these muscles are contracted the bones don't transmit
sound so efficiently - it is as though you muted a microphone by
jamming your thumb against the vibrating diaphragm. The bat is able
to use these muscles to switch its ears off temporarily. The muscles
contract immediately before the bat emits each outgoing pulse,
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thereby switching the ears off so that they are not damaged by the loud
pulse. Then they relax so that the ear returns to maximal sensitivity
just in time for the returning echo. This send/receive switching system
works only if split-second accuracy in timing is maintained. The bat
called Tadarida is capable of alternately contracting and relaxing its
switching muscles 50 times per second, keeping in perfect synchrony
with the machine gun-like pulses of ultrasound. It is a formidable feat
of timing, comparable to a clever trick that was used in some fighter
planes during the First World War. Their machine guns fired
'through' the propeller, the timing being carefully synchronized with
the rotation of the propeller so that the bullets always passed between
the blades and never shot them off.

The next problem that might occur to our engineer is the following.
If the sonar device is measuring the distance of targets by measuring
the duration of silence between the emission of a sound and its re-
turning echo - the method which Rousettus, indeed, seems to be using
- the sounds would seem to have to be very brief, staccato pulses. A
long drawn-out sound would still be going on when the echo returned,
and, even if partially muffled by send/receive muscles, would get in the
way of detecting the echo. Ideally, it would seem, bat pulses should be
very brief indeed. But the briefer a sound is, the more difficult it is to
make it energetic enough to produce a decent echo. We seem to have
another unfortunate trade-off imposed by the laws of physics. Two
solutions might occur to ingenious engineers, indeed did occur to them
when they encountered the same problem, again in the analogous case
of radar. Which of the two solutions is preferable depends on whether
it is more important to measure range (how far away an object is from
the instrument) or velocity (how fast the object is moving relative to
the instrument). The first solution is that known to radar engineers as
'chirp radar'.

We can think of radar signals as a series of pulses, but each pulse has
a so-called carrier frequency. This is analogous to the 'pitch' of a pulse
of sound or ultrasound. Bat cries, as we have seen, have a pulse-
repetition rate in the tens or hundreds per second. Each one of those
pulses has a carrier frequency of tens of thousands to hundreds of
thousands of cycles per second. Each pulse, in other words, is a high-
pitched shriek. Similarly, each pulse of radar is a 'shriek' of radio
waves, with a high carrier frequency. The special feature of chirp radar
is that it does not have a fixed carrier frequency during each shriek.
Rather, the carrier frequency swoops up or down about an octave. If
you think of it as its sound equivalent, each radar emission can be
thought of as a swooping wolf-whistle. The advantage of chirp radar, as
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opposed to the fixed pitch pulse, is the following. It doesn't matter if
the original chirp is still going on when the echo returns. They won't
be confused with each other. This is because the echo being detected at
any given moment will be a reflection of an earlier part of the chirp,
and will therefore have a different pitch.

Human radar designers have made good use of this ingenious tech-
nique. Is there any evidence that bats have 'discovered' it too, just as
they did the send/receive system? Well, as a matter of fact, numerous
species of bats do produce cries that sweep down, usually through
about an octave, during each cry. These wolf-whistle cries are known
as frequency modulated (FM). They appear to be just what would be
required to exploit the 'chirp radar' technique. However, the evidence
so far suggests that bats are using the technique, not to distinguish an
echo from the original sound that produced it, but for the more subtle
task of distinguishing echoes from other echoes. A bat lives in a world
of echoes from near objects, distant objects and objects at all inter-
mediate distances. It has to sort these echoes out from each other. If it
gives downward-swooping, wolf-whistle chirps, the sorting is neatly
done by pitch. When an echo from a distant object finally arrives back
at the bat, it will be an 'older' echo than an echo that is simultaneously
arriving back from a near object. It will therefore be of higher pitch.
When the bat is faced with clashing echoes from several objects, it can
apply the rule of thumb: higher pitch means farther away.

The second clever idea that might occur to the engineer, especially
one interested in measuring the speed of a moving target, is to exploit
what physicists call the Doppler Shift. This may be called the
'ambulance effect' because its most familiar manifestation is the
sudden drop in pitch of an ambulance's siren as it speeds past the
listener. The Doppler Shift occurs whenever a source of sound (or light
or any other kind of wave) and a receiver of that sound move relative to
one another. It is easiest to think of the sound source as motionless and
the listener as moving. Assume that the siren on a factory roof is
wailing continuously, all on one note. The sound is broadcast out-
wards as a series of waves. The waves can't be seen, because they are
waves of air pressure. If they could be seen they would resemble the
concentric circles spreading outwards when we throw pebbles into the
middle of a still pond. Imagine that a series of pebbles is being dropped
in quick succession into the middle of a pond, so that waves are
continuously radiating out from the middle. If we moor a tiny toy boat
at some fixed point in the pond, the boat will bob up and down
rhythmically as the waves pass under it. The frequency with which the
boat bobs is analogous to the pitch of a sound. Now suppose that the
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boat, instead of being moored, is steaming across the pond, in the
general direction of the centre from which the wave circles are
originating. It will still bob up and down as it hits the successive
wavefronts. But now the frequency with which it hits waves will be
higher, since it is travelling towards the source of the waves. It will bob
up and down at a higher rate. On the other hand, when it has passed the
source of the waves and is travelling away the other side, the frequency
with which it bobs up and down will obviously go down.

For the same reason, if we ride fast on a (preferably quiet) motorbike
past a wailing factory siren, when we are approaching the factory the
pitch will be raised: our ears are, in effect, gobbling up the waves at a
faster rate than they would if we just sat still. By the same kind of
argument, when our motorbike has passed the factory and is moving
away from it, the pitch will be lowered. If we stop moving we shall
hear the pitch of the siren as it actually is, intermediate between the
two Doppler-shifted pitches. It follows that if we know the exact pitch
of the siren, it is theoretically possible to work out how fast we are
moving towards or away from it simply by listening to the apparent
pitch and comparing it with the known 'true' pitch.

The same principle works when the sound source is moving and the
hstener is still. That is why it works for ambulances. It is rather
implausibly said that Christian Doppler himself demonstrated his
effect by hiring a brass band to play on an open railway truck as it
rushed past his amazed audience. It is relative motion that matters,
and as far as the Doppler Effect is concerned it doesn't matter whether
we consider the sound source to be moving past the ear, or the ear
moving past the sound source. If two trains pass in opposite directions,
each travelling at 125 m.p.h., a passenger in one train will hear the
whistle of the other train swoop down through a particularly dramatic
Doppler Shift, since the relative velocity is 250 m.p.h.

The Doppler Effect is used in police radar speed-traps for motorists.
A static instrument beams radar signals down a road. The radar waves
bounce back off the cars that approach, and are registered by the
receiving apparatus. The faster a car is moving, the higher is the
Doppler shift in frequency. By comparing the outgoing frequency with
the frequency of the returning echo the police, or rather their auto-
matic instrument, can calculate the speed of each car. If the police can
exploit the technique for measuring the speed of road hogs, dare we
hope to find that bats use it for measuring the speed of insect prey?

The answer is yes. The small bats known as horseshoe bats have
long been known to emit long, fixed-pitch hoots rather than staccato
clicks or descending wolf-whistles. When I say long, I mean long by bat
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standards. The 'hoots' are still less than a tenth of a second long. And
there is often a 'wolf-whistle' tacked onto the end of each hoot, as we
shall see. Imagine, first, a horseshoe bat giving out a continuous hum
of ultrasound as it flies fast towards a still object, like a tree. The
wavefronts will hit the tree at an accelerated rate because of the
movement of the bat towards the tree. If a microphone were concealed
in the tree, it would 'hear' the sound Doppler-shifted upwards in pitch
because of the movement of the bat. There isn't a microphone in the
tree, but the echo reflected back from the tree will be Doppler-shifted
upwards in pitch in this way. Now, as the echo wavefronts stream back
from the tree towards the approaching bat, the bat is still moving fast
towards them. Therefore there is a further Doppler shift upwards in the
bat's perception of the pitch of the echo. The movement of the bat
leads to a kind of double Doppler shift, whose magnitude is a precise
indication of the velocity of the bat relative to the tree. By comparing
the pitch of its cry with the pitch of the returning echo, therefore, the
bat (or rather its on-board computer in the brain) could, in theory,
calculate how fast it was moving towards the tree. This wouldn't tell
the bat how far away the tree was, but it might still be very useful
information, nevertheless.

If the object reflecting the echoes were not a static tree but a moving
insect, the Doppler consequences would be more complicated, but the
bat could still calculate the velocity of relative motion between itself
and its target, obviously just the kind of information a sophisticated
guided missile like a hunting bat needs. Actually some bats play a trick
that is more interesting than simply emitting hoots of constant pitch
and measuring the pitch of the returning echoes. They carefully adjust
the pitch of the outgoing hoots, in such a way as to keep the pitch of
the echo constant after it has been Doppler-shifted. As they speed
towards a moving insect, the pitch of their cries is constantly
changing, continuously hunting for just the pitch needed to keep the
returning echoes at a fixed pitch. This ingenious trick keeps the echo
at the pitch to which their ears are maximally sensitive - important
since the echoes are so faint. They can then obtain the necessary
information for their Doppler calculations, by monitoring the pitch at
which they are obliged to hoot in order to achieve the fixed-pitch echo.
I don't know whether man-made devices, either sonar or radar, use this
subtle trick. But on the principle that most clever ideas in this field
seem to have been developed first by bats, I don't mind betting that the
answer is yes.

It is only to be expected that these two rather different techniques,
the Doppler shift technique and the 'chirp radar' technique, would be
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useful for different special purposes. Some groups of bats specialize in
one of them, some in the other. Some groups seem to try to get the best
of both worlds, tacking an FM 'wolf-whistle' onto the end (or
sometimes the beginning) of a long, constant-frequency 'hoot'.
Another curious trick of horseshoe bats concerns movements of their
outer ear flaps. Unlike other bats, horseshoe bats move their outer ear
flaps in fast alternating forward and backward sweeps. It is conceivable
that this additional rapid movement of the listening surface relative to
the target causes useful modulations in the Doppler shift, modulations
that supply additional information. When the ear is flapping towards
the target, the apparent velocity of movement towards the target goes
up. When it is flapping away from the target, the reverse happens. The
bat's brain 'knows' the direction of flapping of each ear, and in
principle could make the necessary calculations to exploit the infor-
mation.

Possibly the most difficult problem of all that bats face is the danger
of inadvertent 'jamming' by the cries of other bats. Human ex-
perimenters have found it surprisingly difficult to put bats off their
stride by playing loud artificial ultrasound at them. With hindsight one
might have predicted this. Bats must have come to terms with the
jamming-avoidance problem long ago. Many species of bats roost in
enormous aggregations, in caves that must be a deafening babel of
ultrasound and echoes, yet the bats can still fly rapidly about the cave,
avoiding the walls and each other in total darkness. How does a bat
keep track of its own echoes, and avoid being misled by the echoes of
others? The first solution that might occur to an engineer is some sort
of frequency coding: each bat might have its own private frequency,
just like separate radio stations. To some extent this may happen, but
it is by no means the whole story.

How bats avoid being jammed by other bats is not well understood,
but an interesting clue comes from experiments on trying to put bats
off. It turns out that you can actively deceive some bats if you play
back to them their own cries with an artificial delay. Give them, in
other words, false echoes of their own cries. It is even possible, by
carefully controlling the electronic apparatus delaying the false echo,
to make the bats attempt to land on a 'phantom' ledge. I suppose it is
the bat equivalent of looking at the world through a lens.

It seems that bats may be using something that we could call a
'strangeness filter'. Each successive echo from a bat's own cries pro-
duces a picture of the world that makes sense in terms of the previous
picture of the world built up with earlier echoes. If the bat's brain hears
an echo from another bat's cry, and attempts to incorporate it into the
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picture of the world that it has previously built up, it will make no
sense. It will appear as though objects in the world have suddenly
jumped in various random directions. Objects in the real world do not
behave in'such a crazy way, so the brain can safely filter out the
apparent echo as background noise. If a human experimenter feeds the
bat artificially delayed or accelerated 'echoes' of its own cries, the false
echoes will make sense in terms of the world picture that the bat has
previously built up. The false echoes are accepted by the strangeness
filter because they are plausible in the context of the previous echoes.
They cause objects to seem to shift in position by only a small amount,
which is what objects plausibly can be expected to do in the real world.
The. bat's brain relies upon the assumption that the world portrayed by
any one echo pulse will be either the same as the world portrayed by
previous pulses, or only slightly different: the insect being tracked may
have moved a little, for instance.

There is a well-known paper by the philosopher Thomas Nagel
called 'What is it like to be a bat?'. The paper is not so much about bats
as about the philosophical problem of imagining what it is 'like' to be
anything that we are not. The reason a bat is a particularly telling
example for a philosopher, however, is that the experiences of an
echolocating bat are assumed to be peculiarly alien and different from
our own. If you want to share a bat's experience, it is almost certainly
grossly misleading to go into a cave, shout or bang two spoons
together, consciously time the delay before you hear the echo, and
calculate from this how far the wall must be.

That is no more what it is like to be a bat than the following is a
good picture of what it is like to see colour: use an instrument to
measure the wavelength of the light that is entering your eye: if it is
long, you are seeing red, if it is short you are seeing violet or blue. It
happens to be a physical fact that the light that we call red has a longer
wavelength than the light that we call blue. Different wavelengths
switch on the red-sensitive and the blue-sensitive photocells in our
retinas. But there is no trace of the concept of wavelength in our
subjective sensation of the colours. Nothing about 'what it is like' to
see blue or red tells us which light has the longer wavelength. If it
matters (it usually doesn't), we just have to remember it, or (what I
always do) look it up in a book. Similarly, a bat perceives the position of
an insect using what we call echoes. But the bat surely no more thinks
in terms of delays of echoes when it perceives an insect, than we think
in terms of wavelengths when we perceive blue or red.

Indeed, if I were forced to try the impossible, to imagine what it is
like to be a bat, I would guess that echolocating, for them, might be
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rather like seeing for us. We are such thoroughly visual animals that
we hardly realize what a complicated business seeing is. Objects are
'out there'; and we think that we 'see' them out there. But I suspect
that really our percept is an elaborate computer model in the brain,
constructed on the basis of information coming from out there, but
transformed in the head into a form in which that information can be
used. Wavelength differences in the light out there become coded as
'colour' differences in the computer model in the head. Shape and
other attributes are encoded in the same kind of way, encoded into a
form that is convenient to handle. The sensation of seeing is, for us,
very different from the sensation of hearing, but this cannot be'directly
due to the physical differences between light and sound. Both light and
sound are, after all, translated by the respective sense organs into the
same kind of nerve impulses. It is impossible to tell, from the physical
attributes of a nerve impulse, whether it is conveying information
about light, about sound or about smell. The reason the sensation of
seeing is so different from the sensation of hearing and the sensation of
smelling is that the brain finds it convenient to use different kinds of
internal model of the visual world, the world of sound and the world of
smell. It is because we internally use our visual information and our
sound information in different ways and for different purposes that the
sensations of seeing and hearing are so different. It is not directly
because of the physical differences between light and sound.

But a bat uses its sound information for very much the same kind of
purpose as we use our visual information. It uses sound to perceive,
and continuously update its perception of, the position of objects in
three-dimensional space, just as we use light. The type of internal
computer model that it needs, therefore, is one suitable for the internal
representation of the changing positions of objects in three-
dimensional space. My point is that the form that an animal's sub-
jective experience takes will be a property of the internal computer
model. That model will be designed, in evolution, for its suitability for
useful internal representation, irrespective of the physical stimuli that
come to it from outside. Bats and we need the same kind of internal
model for representing the position of objects in three-dimensional
space. The fact that bats construct their internal model with the aid of
echoes, while we construct ours with the aid of light, is irrelevant.
That outside information is, in any case, translated into the same kind
of nerve impulses on its way to the brain.

My conjecture, therefore, is that bats 'see' in much the same way as
we do, even though the physical medium by which the world 'out
there' is translated into nerve impulses is so different - ultrasound
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rather than light. Bats may even use the sensations that we call colour
for their own purposes, to represent differences in the world out there
that have nothing to do with the physics of wavelength, but which play
a functional role, for the bat, similar to the role that colours play to us.
Perhaps male bats have body surfaces that are subtly textured so that
the echoes that bounce off them are perceived by females as gorgeously
coloured, the sound equivalent of the nuptial plumage of a bird of
paradise. I don't mean this just as some vague metaphor. It is possible
that the subjective sensation experienced by a female bat when she
perceives a male really is, say, bright red: the same sensation as I
experience when I see a flamingo. Or, at least, the bat's sensation of her
mate may be no more different from my visual sensation of a flamingo,
than my visual sensation of a flamingo is different from a flamingo's
visual sensation of a flamingo.

Donald Griffin tells a story of what happened when he and his
colleague Robert Galambos first reported to an astonished conference
of zoologists in 1940 their new discovery of the facts of bat
echolocation. One distinguished scientist was so indignantly in-
credulous that

he seized Galambos by the shoulders and shook him while complaining
that we could not possibly mean such an outrageous suggestion. Radar and
sonar were still highly classified developments in military technology, and
the notion that bats might do anything even remotely analogous to the
latest triumphs of electronic engineering struck most people as not only
implausible but emotionally repugnant.

It is easy to sympathize with the distinguished sceptic. There is some-
thing very human in his reluctance to believe. And that, really, says it:
human is precisely what it is. It is precisely because our own human
senses are not capable of doing what bats do that we find it hard to
believe. Because we can only understand it at a level of artificial
instrumentation, and mathematical calculations on paper, we find it
hard to imagine a little animal doing it in its head. Yet the
mathematical calculations that would be necessary to explain the
principles of vision are just as complex and difficult, and nobody has
ever had any difficulty in believing that little animals can see. The
reason for this double standard in our scepticism is, quite simply, that
we can see and we can't echolocate.

I can imagine some other world in which a conference of learned,
and totally blind, bat-like creatures is flabbergasted to be told of
animals called humans that are actually capable of using the newly
discovered inaudible rays called 'light', still the subject of top-secret
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military development, for finding their way about. These otherwise
humble humans are almost totally deaf (well, they can hear after a
fashion and even utter a few ponderously slow, deep drawling growls,
but they only use these sounds for rudimentary purposes like com-
municating with each other; they don't seem capable of using them to
detect even the most massive objects). They have, instead, highly
specialized organs called 'eyes' for exploiting 'light' rays. The sun is the
main source of light rays, and humans, remarkably, manage to exploit
the complex echoes that bounce off objects when light rays from the
sun hit them. They have an ingenious device called a 'lens', whose
shape appears to be mathematically calculated so that it bends these
silent rays in such a way that there is an exact one-to-one mapping
between objects in the world and an 'image' on a sheet of cells called
the 'retina'. These retinal cells are capable, in some mysterious way, of
rendering the light 'audible' (one might say), and they relay their
information to the brain. Our mathematicians have shown that it is
theoretically possible, by doing the right highly complex calculations,
to navigate safely through the world using these light rays, just as
effectively as one can in the ordinary way using ultrasound - in some
respects even more effectively! But who would have thought that a
humble human could do these calculations?

Echo-sounding by bats is just one of the thousands of examples that
I could have chosen to make the point about good design. Animals give
the appearance of having been designed by a theoretically sophisticated
and practically ingenious physicist or engineer, but there is no
suggestion that the bats themselves know or understand the theory in
the same sense as a physicist understands it. The bat should be thought
of as analogous to the police radar trapping instrument, not to the
person who designed that instrument. The designer of the police radar
speed-meter understood the theory of the Doppler Effect, and expressed
this understanding in mathematical equations, explicitly written out
on paper. The designer's understanding is embodied in the design of
the instrument, but the instrument itself does not understand how it
works. The instrument contains electronic components, which are
wired up so that they automatically compare two radar frequencies and
convert the result into convenient units - miles per hour. The com-
putation involved is complicated, but well within the powers of a
small box of modem electronic components wired up in the proper
way. Of course, a sophisticated conscious brain did the wiring up (or at
least designed the wiring diagram), but no conscious brain is involved
in the moment-to-moment working of the box.

Our experience of electronic technology prepares us to accept the
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idea that unconscious machinery can behave as if it understands com-
plex mathematical ideas. This idea is directly transferable to the
workings of living machinery. A bat is a machine, whose internal
electronics are so wired up that its wing muscles cause it to home in on
insects, as an unconscious guided missile homes in on an aeroplane. So
far our intuition, derived from technology, is correct. But our ex-
perience of technology also prepares us to see the mind of a conscious
and purposeful designer in the genesis of sophisticated machinery. It is
this second intuition that is wrong in the case of living machinery. In
the case of living machinery, the 'designer' is unconscious natural
selection, the blind watchmaker.

I hope that the reader is as awestruck as I am, and as William Paley
would have been, by these bat stories. My aim has been in one respect
identical to Paley's aim. I do not want the reader to underestimate the
prodigious works of nature and the problems we face in explaining
them. Echolocation in bats, although unknown in Paley's time, would
have served his purpose just as well as any of his examples. Paley
rammed home his argument by multiplying up his examples. He went
right through the body, from head to toe, showing how every part,
every last detail, was like the interior of a beautifully fashioned watch.
In many ways I should like to do the same, for there are wonderful
stories to be told, and I love storytelling. But there is really no need to
multiply examples. One or two will do. The hypothesis that can
explain bat navigation is a good candidate for explaining anything in
the world of life, and if Paley's explanation for any one of his examples
was wrong we can't make it right by multiplying up examples. His
hypothesis was that living watches were literally designed and built by
a master watchmaker. Our modern hypothesis is that the job was done
in gradual evolutionary stages by natural selection.

Nowadays theologians aren't quite so straightforward as Paley.
They don't point to complex living mechanisms and say that they are
self-evidently designed by a creator, just like a watch. But there is a
tendency to point to them and say 'It is impossible to believe' that such
complexity, or such perfection, could have evolved by natural
selection. Whenever I read such a remark, I always feel like writing
'Speak for yourself in the margin. There are numerous examples (I
counted 35 in one chapter) in a recent book called The Probability of
God by the Bishop of Birmingham, Hugh Montefiore. I shall use this
book for all my examples in the rest of this chapter, because it is a
sincere and honest attempt, by a reputable and educated writer, to
bring natural theology up to date. When I say honest, I mean honest.
Unlike some of his theological colleagues, Bishop Montefiore is not

2
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afraid to state that the question of whether God exists is a definite
question of fact. He has no truck with shifty evasions such as 'Chris-
tianity is a way of life. The question of God's existence is eliminated: it
is a mirage created by the illusions of realism'. Parts of his book are
about physics and cosmology, and I am not competent to comment on
those except to note that he seems to have used genuine physicists as
his authorities. Would that he had done the same in the biological
parts. Unfortunately, he preferred here to consult the works of Arthur
Koestler, Fred Hoyle, Gordon Rattray-Taylor and Karl Popper! The
Bishop believes in evolution, but cannot believe that natural selection
is an adequate explanation for the course that evolution has taken
(partly because, like many others, he sadly misunderstands natural
selection to be 'random' and 'meaningless').

He makes heavy use of what may be called the Argument from
Personal Incredulity. In the course of one chapter we find the following
phrases, in this order:

. . . there seems no explanation on Darwinian grounds . . . It is no easier to
explain . . . It is hard to understand . . . It is not easy to understand . . . It is
equally difficult to explain . . . I do not find it easy to comprehend . . . I do
not find it easy to see . . . I find it hard to understand . . . it does not seem
feasible to explain . . . I cannot see how . . . neo-Darwinism seems
inadequate to explain many of the complexities of animal behaviour . . . it
is not easy to comprehend how such behaviour could have evolved solely
through natural selection . . . It is impossible . . . How could an organ so
complex evolve? . . . It is not easy to see . . . It is difficult to see . . .

The Argument from Personal Incredulity is an extremely weak
argument, as Darwin himself noted. In some cases it is based upon
simple ignorance. For instance, one of the facts that the Bishop finds it
difficult to understand is the white colour of polar bears.

As for camouflage, this is not always easily explicable on neo-Darwinian
premises. If polar bears are dominant in the Arctic, then there would seem
to have been no need for them to evolve a white-coloured form of
camouflage.

This should be translated:

I personally, off the top of my head sitting in my study, never having visited
the Arctic, never having seen a polar bear in the wild, and having been
educated in classical literature and theology, have not so far managed to
think of a reason why polar bears might benefit from being white.

In this particular case, the assumption being made is that only animals
that are preyed upon need camouflage. What is overlooked is that
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predators also benefit from being concealed from their prey. Polar bears
stalk seals resting on the ice. If the seal sees the bear coming from far-
enough away, it can escape. I suspect that, if he imagines a dark grizzly
bear trying to stalk seals over the snow, the Bishop will immediately
see the answer to his problem.

The polar bear argument turned out to be almost too easy to de-
molish but, in an important sense, this is not the point. Even if the
foremost authority in the world can't explain some remarkabk
biological phenomenon, this doesn't mean that it is inexplicable.
Plenty of mysteries have lasted for centuries and finally yielded to
explanation. For what it is worth, most modern biologists wouldn't
find it difficult to explain every one of the Bishop's 35 examples in
terms of the theory of natural selection, although not all of them are
quite as easy as the polar bears. But we aren't testing human ingenuity.
Even if we found one example that we couldn't explain, we should
hesitate to draw any grandiose conclusions from the fact of our own
inability. Darwin himself was very clear on this point.

There are more serious versions of the argument from personal
incredulity, versions which do not rest simply upon ignorance or lack
of ingenuity. One form of the argument makes direct use of the ex-
treme sense of wonder which we all feel when confronted with highly
complicated machinery, like the detailed perfection of the echo-
location equipment of bats. The implication is that it is somehow
self-evident that anything so wonderful as this could not possibly
have evolved by natural selection. The Bishop quotes, with approval,
G. Bennett on spider webs:

It is impossible for one who has watched the work for many hours to have
any doubt that neither the present spiders of this species nor their ancestors
were ever the architects of the web or that it could conceivably have been
produced step by step through random variation; it would be as absurd to
suppose that the intricate and exact proportions of the Parthenon were
produced by piling together bits of marble.

It is not impossible at all. That is exactly what I firmly believe, and I
have some experience of spiders and their webs.

The Bishop goes on to the human eye, asking rhetorically, and with
the implication that there is no answer, 'How could an organ so
complex evolve?' This is not an argument, it is simply an affirmation
of incredulity. The underlying basis for the intuitive incredulity that
we all are tempted to feel about what Darwin called organs of extreme
perfection and complication is, I think, twofold. First we have no
intuitive grasp of the immensities of time available for evolutionary
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change. Most sceptics about natural selection are prepared to accept
that it can bring about minor changes like the dark coloration that has
evolved in various species of moth since the industrial revolution. But,
having accepted this, they then point out how small a change this is.
As the Bishop underlines, the dark moth is not a new species. I agree
that this is a small change, no match for the evolution of the eye, or of
echolocation. But equally, the moths only took a hundred years to
make their change. One hundred years seems like a long time to us,
because it is longer than our lifetime. But to a geologist it is about a
thousand times shorter than he can ordinarily measure!

Eyes don't fossilize, so we don't know how long our type of eye took
to evolve its present complexity and perfection from nothing, but the
time available is several hundred million years. Think, by way of
comparison, of the change that man has wrought in a much shorter
time by genetic selection of dogs. In a few hundreds, or at most
thousands, of years we have gone from wolf to Pekinese, Bulldog,
Chihuahua and Saint Bernard. Ah, but they are still dogs aren't they?
They haven't turned into a different ' k i n d ' of animal? Yes, if it com-
forts you to play with words like that, you can call them all dogs. But
just think about the time involved. Let's represent the total time it
took to evolve all these breeds of dog from a wolf, by one ordinary
walking pace. Then, on the same scale, how far would you have to
walk, in order to get back to Lucy and her kind, the earliest human
fossils that unequivocally walked upright? The answer is about 2
miles. And how far would you have to walk, in order to get back to the
start of evolution on Earth? The answer is that you would have to slog
it out all the way from London to Baghdad. Think of the total quantity
of change involved in going from wolf to Chihuahua, and then
multiply it up by the number of walking paces between London and
Baghdad. This will give some intuitive idea of the amount of change
that we can expect in real natural evolution.

The second basis for our natural incredulity about the evolution of
very complex organs like human eyes and bat ears is an intuitive
application of probability theory. Bishop Montefiore quotes C. E.
Raven on cuckoos. These lay their eggs in the nests of other birds,
which then act as unwitting foster parents. Like so many biological
adaptations, that of the cuckoo is not single but multiple. Several
different facts about cuckoos fit them to their parasitic way of life. For
instance, the mother has the habit of laying in other birds' nests, and
the baby has the habit of throwing the host's own chicks out of the
nest. Both habits help the cuckoo succeed in its parasitic life. Raven
goes on:



Good design 41

It will be seen that each one of this sequence of conditions is essential for
the success of the whole. Yet each by itself is useless. The whole opus
perfectum must have been achieved simultaneously. The odds against the
random occurrence of such a series of coincidences are, as we have already
stated, astronomical.

Arguments such as this are in principle more respectable than the
argument based on sheer, naked incredulity. Measuring the statistical
improbability of a suggestion is the right way to go about assessing its
believability. Indeed, it is a method that we shall use in this book
several times. But you have to do it right! There are two things wrong
with the argument put by Raven. First, there is the familiar, and I have
to say rather irritating, confusion of natural selection with
'randomness'. Mutation is random; natural selection is the very
opposite of random. Second, it just isn't true that 'each by itself is
useless'. It isn't true that the whole perfect work must have been
achieved simultaneously. It isn't true that each part is essential for the
success of the whole. A simple, rudimentary, half-cocked eye/eat/
echolocation system/cuckoo parasitism system, etc., is better than
none at all. Without an eye you are totally blind. With half an eye you
may at least be able to detect the general direction of a predator's
movement, even if you can't focus a clear image. And this may make
all the difference between life and death. These matters will be taken
up again in more detail in the next two chapters.






