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News 
• Problem Set 2A and 2B due this Friday at 4pm. 

• Whatever process you use to generate random initial 
conditions should be such that every possible initial condition 
has an equal probability of being chosen.  

• Flipping a coin to determine for each cell which is on 
• Using a random number generator 
• Picking a number between 0 and 18 to decide how many ON 

cells and then doing similar to populate the grid 
• Picking one according to your thoughts 

• Deadline for Problem Sets 3A and 3B changed to 30 
October 

• These sets will be finished before next Monday 
• Dr. Bonebrake will return next week. 



Understanding Complexity 
• Some systems cannot be well-understood with a 

reductionist approach. 
• For these systems we may want to employ systems-

based approaches 
• Understanding of population dynamics may be gained by looking a 

system-wide parameters 
• For other cases it may not be necessary to understand the 

components but merely a few rules for interaction 



Fractals 
• The tool for measuring natures spatial complexity is the 

Hausdorff dimension or related measure of dimension 
• The world around us is fractal 
• WHY? 
• Fractals may occur from very simple rules 



Chaos 
• We introduced a tool for modeling systems by making 

time discrete and not continuous. 
• This made computation easier. 
• We may simplify our models with finite difference 

equations with only a few parameters 
• The system may still be unpredictable 
• Randomness is not required for unpredictability 
 



Cellular Automata 
• This is a system for modeling systems by making not only 

time discrete, but also space. 
• This performs a type of computation 
• There are limits to computation 
• Even very basic cellular automata can be used to perform 

all computations.  



Computational Equivalence 
1. Processes in Nature should be thought of as 

“computation”. 
2. Since even very simple rules can obtain universal 

computation, the ability to support universal 
computation should be common in nature. 

3. Complexity in nature is limited by computability.  Or no 
process in nature produces a non-computable behavior. 

4. All processes which are not obviously simple are 
equivalent in complexity.   

 
• Your brain, your smartphone, the weather, Biological 

Evolution, Rule 110…all working calculations of 
equivalent complexity! 



Outline 
• Entropy 
• The 2nd Law of Thermodynamics 
• Maxwell’s Demon 
• Information 
• Application: The Immune System 

 



Entropy 
• Entropy describes a 
notion of order or 
randomness in a 
system.  

• Thermodynamic 
entropy is defined as 
logarithm of the 
number of given 
“microstates” 
corresponding to a 
given “macrostate”.  
 



Entropy 
• What is a microstate? 

• Think of a bunch of gas 
particles in a box.  The 
microstate refers to a list of 
all of the positions and 
momenta of the particles in 
that box.   

• People often refer to a 
deck of cards for analogy 
when discussing entropy.   

• For a deck a cards, a 
microstate would be a 
specific ordering of the 
cards.  



Entropy 

• What is a macrostate? 
• In thermodynamics a 

macrostate is defined by 
the bulk properties of the 
gas in that box. For 
example we may be 
interested in the 
Temperature, Pressure 
and Volume. 

 



Entropy 
• For our deck of cards it 
will be hard to use these 
same definitions.  We 
need some new 
concept.   

• In this case I will define 
the macrostate of a deck 
of cards as the number 
of symbols it takes to 
uniquely describe the 
ordering of that deck.   
 



Entropy 

• After repeated 
shuffling they appear 
disordered 

• What keeps the cards 
from reordering? 
 
 



Entropy 
• In Macau you may play 
a slot machine. 

• Suppose that the slot 
machine has three slots 
and 5 different symbols.  

•  If you get 3 in a row, 
you win.  If you don’t 
then you lose.  

• If every symbol is 
equally likely to appear 
in each slot then are you 
more likely to win or to 
lose? 
 



Entropy 

• Define a macrostate of 
the arrangement as to 
whether it is winning or 
losing. 

• Since fewer 
arrangements 
correspond to winning 
than losing, the 
entropy of a winning 
arrangement is lower.  



Entropy 

• What Force exists 
between the particles 
of air in this room that 
keeps them from 
gathering all in one 
corner and suffocating 
you all and smothering 
me under tremendous 
air pressure? 

 

“Everything not forbidden is compulsory.” 
T.H. White The Once and Future King 
 

 



2nd Law of Thermodynamics 
• A scientific law is a 
statement based on 
repeated experimental 
observations that 
describes some aspect 
of the universe.  

• A scientific law always 
applies under the same 
conditions, and implies 
that there is a causal 
relationship involving its 
elements. 



2nd Law of Thermodynamics 
• A scientific theory is a 

well-substantiated 
explanation of some 
aspect of the natural world 
that is acquired through 
the scientific method and 
repeatedly tested and 
confirmed through 
observation and 
experimentation. 
• Unlike daily life, in science a 

theory is much more powerful 
than a law.   

• In fact, Newton’s Laws are 
shown to be wrong by the 
Theory of Relativity.  



2nd Law of Thermodynamics 
• The 2nd Law of Thermodynamics states that the entropy of 

an isolated system cannot decrease unless work is done 
on the system.   

• Bear in mind, it is a law and not a theory.  There is no 
explanation for why it occurs.   
 



2nd Law of Thermodynamics 

• Given all the ways the 
symbols in the slot 
machine can arrange 
themselves, Most of 
them will be 3 unique 
symbols.   

• Winning is not 
impossible but it is 
improbable.  

 



2nd Law of Thermodynamics 

• Given all the orderings 
of a deck of cards 
most of them will take 
52 “words” to describe.   

• The cards organizing 
themselves by chance 
into new pack order is 
not impossible but is 
even more unlikely.   
 



2nd Law of Thermodynamics 

• Similarly a glass of 
water spontaneously 
boiling is not 
impossible but will 
occur with such 
miniscule probability 
that none of us is likely 
to ever see it.   
 



2nd Law of Thermodynamics 
• Although others may 
disagree, I interpret the 
2nd Law as a statement 
of probabilities.   

• For me the 2nd Law 
should be something 
like, Entropy may 
spontaneously decrease 
with low probability. In 
order to force that 
occurrence you have to 
do work.   
 



2nd Law of Thermodynamics 

The 2nd Law of Thermodynamics has the 
same degree of truth as the statement 
that if you throw a tumblerful of water 
into the sea you cannot get the same 

tumblerful of water out again 
 



Maxwell’s Demon 
• Maxwell’s Demon is a thought experiment.   
• It has been posed many ways.   
• One very popular way involves a box 

separated into two chambers with a sliding 
door between the two chambers.   

• There are two types of particles in the box.   
• Some are moving fast and others are 

moving slow.   
• The door is left open for a long time and 

the system reaches the state of maximum 
entropy as is suggested by the 2nd Law 

• A clever “demon” opens and closes the 
door at appropriate times so that after time 
all the fast particles are on the left and all 
of the slow particles are on the right.   



Maxwell’s Demon 
• The demon does no work on the gas.  Yet the entropy of 

this system goes down. The second law is broken(!?). 
• Some may say the demon must do work on the door.  

This may be so but the work required to open/close the 
door can be made arbitrarily small. There is no 
relationship between this work and the gas. 



Maxwell’s Demon 
• Maxwell suggested that the 2nd Law was not a law at all 

but a statistical effect.   
• However, many people were skeptical. 

• If the 2nd Law is not really true, then perpetual motion machines 
are possible.   

• Many physicists suspected that there was work being done that 
was unaccounted for. 



Maxwell’s Demon 
• 62 years later in 1929 Leo Szilard  

proposed an amendment to the 
thought experiment.  

• He simplified the process so that the 
“gas” in the box is a single molecule.   

• The demon will observe which side of 
the box the molecule is on and when it 
is on the left, it will slide a divider 
between the two sides. 

• This divider will then be replaced by a 
piston. 

• The molecule will collide with the 
piston and push it to the right.   

• The molecule will have lost heat equal 
to the work it has done on the piston so 
we will bring the box back into contact 
with a “heat reservoir” 

• The box will then be in exactly its 
starting state but the entropy of the 
“heat reservoir” will have decreased! 



Maxwell’s Demon 
• “One may reasonably assume that a 

measurement procedure is 
fundamentally associated with a certain 
definite average entropy production, 
and that this restores concordance with 
the second law. The amount of entropy 
generated by the measurement may, of 
course, always be greater than this 
fundamental amount, but not smaller.” 
As highlighted in Maxwell’s Demon 2 
Edited by HS Leff and AF Rex.  

• He did not offer any method at by which 
entropy would be generated by the 
measurement. 

 



Maxwell’s Demon 
• However this work was 
expanded in the 1951 by 
Leon Brillouin and 
independently by Denis 
Gabor.   

• They gave mechanisms 
by which the Entropy of 
the system would 
increase as a function of 
the measurement being. 

• They also drew a 
connection between 
measurement, 
information and entropy.   
 



Maxwell’s Demon 
• If I shuffle a deck of 
cards, all the orderings 
are equally likely.   

• Now I show you the 
bottom card. 

• As a consequence of 
your observation, the 
entropy of this deck has 
now decreased.  

• This is because only 
orderings that end with 
that final card are now 
possible.   



Maxwell’s Demon 
• The entropy of the demon will 

increase due to energy 
absorbed in the process of 
the measurement.   

• The entropy of the gas 
decreases because we can 
now eliminate some of the 
possible states for it to 
inhabit.   

• Brilliouin showed for his 
version of the thought 
experiment that the increases 
in the demon’s entropy would 
be greater than the 
decreases in the gases. 



Maxwell’s Demon  
• “The physicist in his laboratory 

is no better off than the demon.” 
• “Out of experimental facts, the 

scientist builds up scientific 
knowledge and derives scientific 
laws. With these laws [s]he is 
able to design and build 
machines and equipment that 
nature never produced before; 
these machines represent most 
unprobable structures, and low 
probability means negentropy? 
Let us end her with this question 
mark, without attempting to 
analyze any further the process 
of scientific thinking and its 
possible connection with some 
sort of generalized entropy” 



Maxwell’s Demon 
• Not the end of the story… 
• Discussion of Maxwell’s Demon continues on.   
• It is later shown that there are ways around the Brilliouin 

solution.  
• Landauer, Bennett and Penrose were able to give a more 

thorough understanding that is widely recognized today.  
• For us, the Demon has taught us that information 

processing has something to do with order and 
randomness. 
 



Maxwell’s Demon 

• Complex systems that 
self-organize often 
seem to decrease their 
entropy.   

• How can this be? 
• The Answer lies in the 
processing of 
Information 
 



Information  
• The role of information in 
physics and other 
sciences is something 
that is rather recent.   

•  In 1949 Claude 
Shannon gave a 
definition of “information” 
and proved a theorem 
about the maximum 
amount of information 
that can be sent through 
a channel.   

 
 



Information – Making an English Speaker 
• Trial 1 – Pick letters at random 

• “XFOML RXKHRJFFJUJ 
ZLPWCFWKCYJ 
FFJEYVKCQSGHYD 
QPAAMKBZAACIBZLHJQD” 

• Trial 2 – Pick letters according 
to their rate of occurrence in 
English 
• “OCRO HLI RGWR NMIELWIS EU 

LL NBNESEBYA TH EEI 
ALHENHTTPA OOBTTVA NAH 
BRL.” 

• Trial 3 – Pick letters according 
so that every two letter 
sequence occurs according to 
its rate of occurrence in English 
• “ON IE ANTSOUTINYS ARE T 

INCTORE ST BE S DEAMY 
ACHIN D ILONASIVE TUCOOWE 
AT TEASONARE FUSO TIZIN 
ANDY TOBE SEACE CTISBE.” 

• Trial 4 – Pick letters according 
so that every three letter 
sequence occurs according to 
its rate of occurrence in English 
• “IN NO IST LAT WHEY CRATICT 

FROURE BIRS GROCID 
PONDENOME OF 
DEMONSTURES OF THE 
REPTAGIN IS REGOACTIONA OF 
CRE.” 



Information – Making an English Speaker 

• Trial 5 – Pick words 
according to their 
occurrence in English 
• “REPRESENTING AND 

SPEEDILY IS AN GOOD 
APT OR COME CAN 
DIFFERENT NATURAL 
HERE HE THE A IN CAME 
THE TOOF TO EXPERT 
GRAY COME TO 
FURNISHES THE LINE 
MESSAGE HAD BE 
THESE.” 

• Trial 6 – Pick words so 
that every sequence of 
two words appears 
according to its 
occurrence in Enlish 
• “THE HEAD AND IN 

FRONTAL ATTACK ON AN 
ENGLISH WRITER THAT 
THE CHARACTER OF 
THIS POINT IS 
THEREFORE ANOTHER 
METHOD FOR THE 
LETTERS THAT THE 
TIME OF WHO EVER 
TOLD THE PROBLEM 
FOR AN UNEXPECTED.” 



Information – Making an English Speaker 

• It seems that we are 
coming up with natural 
English structures 

• What does this tell us 
about the way we use 
language? 

• For Shannon, we used 
to this justify that a 
language source can 
be thought of as a 
Markov process 

• For him a source of 
information could be 
thought of as a set of 
“words” and a 
probability for each 
“word” to be used.   

• Note that the 
probabilities should be 
“independent”.  (See 
PS3A) 



Information 
• We are looking for a measure of “choice”, how many coin 

flips it takes to decide what message to send. 
• This is now called the Shannon Entropy.   
• Here, pi is the probability of a certain word occurring and 

the sum is taken over all the words.  
 

𝐻 = −∑𝑝𝑖 log2 𝑝𝑖 



Information 
• Here, pi is the probability of a certain word occurring and the 

sum is taken over all the words.  
 
 
 

• If there are many words with equal probability to occur the 
information content of the message will be high. 

• If there are only a few words, or some words occur with high 
probability, the information content is low.  

• Babies are only capable of a few noises.  The predictability of 
the noises the make is high and our ability to make meaning in 
them is small. 

• I am capable of producing several thousand words.  The 
predictability of the noises I make is much less.   

𝐻 = −∑𝑝𝑖 log2 𝑝𝑖 



Information– An example 
• Suppose we want to create a random sequence of letters, 

A, B, C and D.  Suppose we do so with equal probability. 

A or B? 

A? C? 

A B C D 

Heads 

Heads Heads 

Tails 

Tails Tails 



Information– An example 
• The number of choices it takes to choose which letter is 2. 

A or B? 

A? C? 

A B C D 

Heads 

Heads Heads 

Tails 

Tails Tails 



Information– An example 
• Now suppose A occurs ½ of the time and B, ¼ while C 

and D each occur 1/8 of the time.  

A ? 

A B? 

B C? 

Heads 

Heads 

Tails 

Tails 

C D 

Tails Heads 



Information– An example 
• The number of coin flips it takes to decide is now  

• (1/2)(1 coin flip) + (1/4)(2 coin flips) + 2(1/8)(3 coin flips)=1.75 coinflips 

A ? 

A B? 

B C? 

Heads 

Heads 

Tails 

Tails 

C D 

Tails Heads 



Information – An example 
• In the first case, there are 4 “words” each with probability 

(1/4) 
 



Information – An example 
• In the second case the probabilities are not uniform. 

 



Information – An Example 
• In both cases, the average number of coin flips it takes to 

generate a message is equal to its shannon entropy or 
“information” 

• This is a great interpretation of Shannon’s entropy.   
 



Information is Physical 
• In Szilard’s version of Maxwell’s demon, a single yes-no 

choice is made.  A single-bit of information is processed. 
• The amount of work done by Szilard’s engine is  kT ln 2. 
• What is now called ‘Landauer’s Principle’, shows that at 

least kT ln 2 of heat is produced for every bit which is 
processed.  

• Gain in entropy is loss in information.  



What is Information Processing? 
• “Information processing” 
is often used 
synonymously with 
“computing” 

• What is the sense in 
which complex systems 
“compute”? 

• In this course, in order to 
understand information 
processing, we will 
answer 3 questions. 

• What plays the role of 
information? 

• How is it communicated 
and processed? 

• How does it acquire 
meaning? 
 



Information Processing in Traditional 
Computers 
• The information is 
played by the states of 
the memory in different 
locations.   

• Information is processed 
by reading and writing 
different memory states 
at different locations. 

• We call a list of rules or 
instructions for this, a 
program 



Information Processing in Traditional 
Computers 
• The program can be 
understood in two 
ways 
• Machine code 
• High level code 

• We take meaning out 
of interpretations of the 
high-level code 



Information Processing in Traditional 
Computers 
• The information 
processing is going on 
at a machine level. 

• It is straight-forward 
how to compile high-
level instructions into 
machine code or vice-
versa 



Information Processing in Cellular 
Automata  
• The state of the cells 
at each moment 
comprises the 
information. 

• This information can 
be said to be 
processed by the 
iterating of the CA rule. 
 



Information Processing in Cellular 
Automata  
• What gives the information 

processing meaning? 
• We may impose some 

meaning onto it.  
• We may interpret a 

particular initial condition 
on some rule as 
performing a particular 
computation 

• There is as of yet, no 
generalized way to 
translate high-level tasks 
into efficient machine code 
 



Case Study Immune System 
• The Immune System is 
the bodies way of 
protecting itself from 
pathogens. 

• It consists of trillions of 
cells circulating in the 
body that can 
communicate with each 
other. 

• As mentioned before the 
Immune System is an 
example of a self-
organizing complex 
system.   
 



Immune System 

• Of key importance are 
Lymphocytes 

• B cells release 
antibodies which can 
destroy pathogens and  

• T cells which can both 
destroy pathogens and 
regulate the response 
of other cells.   
 



Immune System 
• B Lymphocyte is 
covered with 
molecules called 
‘receptors’.  The 
receptors allow the 
lymphocyte to receive 
information about what 
sorts of other 
molecules the 
receptors can 
chemically bind to. 
 



Immune System 
• A given lymphocyte’s 
surface is covered with 
these receptors that 
can bind to a range of 
molecules.  If one 
encounters an 
‘antigen’ (a special 
type of pathogen 
molecule) the 
lymphocyte is said to 
have “recognized” the 
antigen. 
 



Immune System 
• The lymphocytes 
cannot know which 
pathogens are coming 
so it can’t plan for 
every eventuality.  So 
many different 
lymphochytes are 
created to recognize a 
wide range of antigen 
shapes. (about 10 
million per day) 
 



Immune System 

• Once the antigen is 
recognized the 
immune system will 
now “plan” to fight the 
pathogen.  

• Swelling is a 
consequence of the 
immune systems basic 
function.   

• Best not to overreact! 
 



Immune System 
• The response will 
only be very 
aggressive if there 
are a lot of 
recognitions 
occurring.   

• If the number of 
bound receptors on a 
B cell is sufficiently 
high and a T cell also 
gives a signal to 
attack the B cell will 
activate.   
 



Immune System 

• This activation means 
releasing antibody 
molecules into the 
blood stream that can 
bind with pathogens.   
 



Immune System 

• The B cell then makes 
its way to a lymph 
node where it divides 
rapidly into a number 
of copies.   

• Some of the receptors 
on the copies will have 
mutations which will 
change the receptors’ 
shapes.   
 



Immune System 

• Antigens within the 
lymph node are used 
to test these new 
copies to make sure 
they also bind.  

• If they do not, those 
cells die but the others 
are back out of the 
nest where the 
process may now be 
repeated.   
 



Immune System 

• The better the binding 
the more daughters 
are created so that the 
body can now create 
specialized B cells.   

• This process may take 
a week to perfect.  
 



Immune System 
• In the case the immune-
response is too severe, 
the body may be 
harmed. 

• Also the immune system 
may mistake food or 
other elements as a 
pathogen 

• Signal processing cells 
called cytokines 
increase in number in 
these cases and 
suppress lymphocyte 
production 



What is the Information? 
• The spatial distribution and temporal dynamics of the 

lymphocytes gives a dynamic representation about what 
pathogens are in the body.   

• Cytokine concentrations give large-scale information 
about the body’s success in killing pathogens and 
avoiding self-harm.   
 



How is the Information Processed? 
• No cell knows the state of the whole body.  They become active 

or dormant based on the particular signals in their local 
neighborhood.   

• There are random components.   
• The receptor shapes  
• Concentration of lymphocytes in the bloodstream.   

• Simple elements working in parallel fashion 
• New lymphocytes are not specialized.   
• They are generalized so as few different cells can explore a wide 

space of pathogen types 
• Finally there is both unfocused exploration and focused 

exploitation.   
• While the immune system is always exploring a really wide range of 

pathogen shapes, it also creates more offspring of the lymphocytes 
that bind most successfully. 

 
 
 

 



How Does the Information Translate to 
Meaning? 
• The events that occur in the immune system have 

meaning in terms of the health of the organism the system 
protects.   

• The system itself uses this information in order to 
increase the organism’s health.   

• Of course there is no leader to recap or who actually 
interprets the information into meaning.   
 



Summary  
• Self-organizing systems are real-life examples of 

Maxwell’s Demon. 
• They use information to create order. 
• Sadly this does not violate the second law.   
• For every self-organizing system one can ask 

• What is the information? 
• How is it processed? 
• What gives it meaning? 

• Answering these questions may be helpful to you when 
considering your photographic portfolio. 
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