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Systems



Levels of Abstraction

Physicist’s point of view  
Chemist’s point of view 
Biologist’s point of view 
Sociologist’s point of view 
Ecologist’s point of view



Atom





The Physicist

...



Galileo Galilei



Galileo Galilei

La filosofia è scritta in questo grandissimo 
libro che continuamente ci sta aperto innanzi 
a gli occhi (io dico l’universo) ma non si può 
intender se prima non s’impara a intender la 
lingua e conoscere i caratteri né quali è 
scritto. Egli è scritto in lingua matematica e i 
caratteri sono triangoli, cerchi, ed altre figure 
geometriche senza i quali mezi è impossibile a 
intenderne umanamente parola; senza questi è 
un aggirarsi vanamente per un oscuro aberinto. 



Molecule





The Biochemist



Cell





The Biologist

...



Organism





The Parking Lot model 
can simulate location

A basic problem in terms of understanding how birds roost in a tree over a 
finite time period is how global processes play a role in local behavior and 
interactions. 

* one way of thinking about bird immigration into a set of roosts is in 
terms of particles gradually populating a discrete surface.

* one common mathematical model for the problem of detecting general 
patterns of settlement from waves of migration is the parking lot model.

Population





The Social Biologist
The Parking Lot model 

can simulate location (con't)
In general, a parking lot-type system approaches a 'jammed' state 
according to the following formula:

* this model also exhibits two distinct time scales at high values of K 
where K= m/n. Thus, high values of K, especially at later moments in the 
process, will result in high densities of birds in the tree.  

* Renyi (1958) calculated that such a system “jams” when the density 
function reaches a value of .75. 



Ecology





The Ecologist



Evolution



x





Algorithms



An Evolving State



An Evolving State



An Evolving State



Discrete Evolution



Turing’s Thesis

 Turing machines 
capture mechanical 
human computation



Church-Turing Thesis

•Turing machines simulate (up to 
isomorphism) all effective models 
(under some representation). 



Ada Lovelace  

Many persons ... imagine 
that because [Babbage’s 
Analytical Engine]

 give[s] its results in numerical 
notation, the nature of its processes 
must ... be arithmetical and numerical 
rather than algebraical and analytical.  

             This is an error. 



Ada  

 The engine can arrange and 
combine its numerical 
quantities exactly as if they 
were letters or any other 
general symbols.



Turing - Post

• Look — at any of a fixed number of 
locations 

• Draw — at any of those locations 

• Move — one of a fixed number of 
“heads”



Emil Post

For full generality, a complete 
analysis would have to be made of 
all the possible ways in which the 
human mind could set up finite 
processes for generating sequences. 



Generic Algorithms



Definitions

•Generic notions 

• Language-independent 
• Data-independent



Don Knuth (1966)

 Algorithms are concepts which 
have existence apart from any 
programming language… 
Algorithms were present long 
before Turing et al. formulated 
them, just as the concept of 
the number “two” was in 
existence long before the 
writers of first grade 
textbooks and other 
mathematical logicians gave it 
a certain precise definition.



Euclid (c. -300)
 Euclid’s GCD algorithm 

was formulated 
geometrically: Find 
common measure for 2 
lines.  

 Used repeated 
subtraction of the 
shorter segment from 
the longer.



Euclid’s Antenaresis

Finitely 
describable   
— in terms of 
basic compass 
operations



Antenaresis

Δύο ἀριθμῶν ἀνίσων ἐκκειμένων, 
ἀνθυφαιρουμένου δὲ ἀεὶ τοῦ ἐλάσσονος ἀπὸ τοῦ 
μείζονος, ἐὰν ὁ λειπόμενος μηδέποτε καταμετρῇ 
τὸν πρὸ ἑαυτοῦ, ἕως οὗ λειφθῇ μονάς, οἱ ἐξ 
ἀρχῆς ἀριθμοὶ πρῶτοι πρὸς ἀλλήλους ἔσονται

When two unequal numbers are set out, and the less is 
continually subtracted in turn from the greater, if the number 
which is left never measures the one before it until a unit is left, 
then the original numbers are relatively prime.



Euclid’s Antenaresis

Finitely 
describable   
— in terms of 
basic compass 
operations



Euclid’s Computer

If q ∉ C then 

r := bisect(p,q) 

D := Circle(r,q) 

s :∈ C ⋂ D 

out := Line(q,s)
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p q 
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Unordered Domain

Points 

Sets 

Membership, union, …



A Neolithic Algorithm



Eve’s Algorithm

• If something’s 
left and it’s my 
turn 
– Put one in my 
pile 

– Now it’s his turn

•If something’s 
left and it’s his 
turn 
-Put one in his 
pile 

-Now it’s my turn



Émile Borel

Les calculs qui peuvent                 
être réellement effectues… 

Je laisse intentionnellement de 
côté la plus ou moins grande 
longueur pratique des 
opérations l’essentiel est que 
chacune de ces opérations 
soit exécutable en un temps 
fini, par une méthode sûre et 
sans ambiguïté. 18



Knuth (1966)
A computational 

method 
comprises a set 
of states… 

In this way we can 
divorce abstract 
algorithms from 
particular 
programs that 
represent them.



Transition System

State

Transition



Algorithmic System

State

Transition

P
r
o
g
r
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sta
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terminal





Joe Shoenfield

A method must be 
mechanical… 

Methods that require insight 
are excluded.



Disallowed







Hartley Rogers
Roughly speaking, an 
algorithm is a clerical (i.e., 
deterministic, bookkeeping) 
procedure which can be 
applied to any of a certain 
class of symbolic inputs and 
which will eventually yield, 
for each such input, a 
corresponding symbolic 
output.



Mechanical



Parallel Algorithms



Parallel Evolution





Cellular Evolution





Concurrent Algorithms



Concurrent Evolution



Interaction



Evolving System



Evolving Topology



Childbirth







Concurrency

• Asynchronous message passing 

• Changing topology 

• Continuous-time processes



Evolving Connections
Port =  
Location 
in Cell



System Evolution



Hybrid Algorithms



System



System

Finite

Effective

Outside

Rules



Continuous Evolution



Digital vs. Analog



Analog Time

State evolves as 
time progresses 

Time is dense 
or continuous



Compute by Analogy
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ANALOG SIMULATION OF AN ISOTHERMAL 
SEMIBATCH BUBBLE.COLUMN SLURRY REACTOR * 

V.M.H. G O V I N D A R A O  * *  

ABSTRACT - -  The boundalT-value problem des- 
c~ibing the dynamics of an isothermal, senHbatch bub- 
ble-column dun 7 reactor was smaulated on a EAI 680 
analog computer by the method o/ modal simulation. 
Detads of the simulation me described here. The 
method enables the e~,aluation of the steady-state aJad 
the transient ~esponse of the reactor. Sample results 
are presellted. 

RESUME. - -  Le probl&,le avec conditions aux fi- 
niltes qu/ ddc,vt la dynamique d'un rdacteur isother- 
mique semi-discontinu inerrant en ~euvre une rdaction 
gaz liquade catalys& par une poudre en suspension a 
did simulg surun  calculateur analoglque EAI 680 par 
apphcation de la mdthode de let smzulation modale. Les 
ddtads de la smlulanon sont donngs 1ca. La mgthode 
utdis~e pe~waet l'~t,aluation de let rdponse du rdacteur 
e~z rdghne permanent et en r~gime transltoire. Des 
r,asultats exemplati/s sont donnds. 

I N T R O D U C T I O N  
Bubble-column slurry reactors (BCSR) find exten- 

sive application in the chemical process industry for 
gas-liquid-particle contacting. Processes like hydro- 
genation, oxidation, polymerization, hydrodesulfuriza- 
tion, Fisher-Tropsch synthesis etc. are often carried 
out in such a reactor. Understanding of the dynamic 
behavmur of the reactor is important for the proper 
design of the reactor as well as its control system. 
Recently an analysts was proposed [Govindarao, 1974] 
of the dynamics of a BCSR that takes into considera- 
tion the longitudinal mtxmg in each of the 3 phases 
of the reactor. Apphed to the simple case of isothermal 
and semtbatch con&ttons, and with the assumption 
of stationary distribution of the concentration of the 
solid particles, the equations were shown to simplify 
considerably The present paper describes the simula- 
tion of this simplified model on an EAI 680 analog 
computer. 

THE MODEL E Q U A T I O N S  
Figure 1 gives a schematic representation of the 

model for the semibatch BCSR The equations of the 
system, under isothermal conditions and with stationary 
solids concentration distribution, are [Govmdarao, 
1974] : 

- (c, - -  :..,) (i) 
0 P, ~ Z ~ ~ Z /n 

* Manuscript recelved on 15 may t974 
~* Instltut fill Systemdynamlk and Regelungstechoik der 

Un,versit,it Stuttgart, West Germany 
On leave from Department of Chemical Engmeetlng, lnd,an 

lqstltute of Scmnce, Bangalore 560012. India. 

c~ t 22 ca 
- -  + Ne(c~--c2)--M/(c2--ca) 

8 0 P,l ~ Z'~ 
(2) 

Ca 
- - -  = M / (c~-- ~a) - -  Q / c~ (3,) 

~0 
/ = exp ( - -  p,, z )  (4) 

where, for brevity, the surface reaction is considered 
to be first order with respect to the diffusing com- 
ponent, and zero order with respect to all the other 
components. 
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Fig. 1 

Model of an isothermal, semibatch BCSR 

The assooated boundary conditions are 

c~ 
a z ~ l .  = P. [ < . -  c,°l (5) 
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isothermal semibatch bubble-
column slurry reactor



Vannavar Bush’s 
Differential Engine



Britt Phillips‘       
Water Computer





Analog Program
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Hybrid Computers



Signals

Function from 
interval of 
time to domain



Flows

Fixed dynamics over 
stretch of time 

If input wouldn’t 
change, nothing 
would 

Equalities between 
critical terms 
maintained 



Jumps

Change of 
dynamics 

Requires 
conditionals



Implicit Flow

5.3 Another Explicit Pure Flow

One of the most famous models of analog computations is the General Pur-
pose Analog Computer (GPAC) of Claude Shannon [12].

Example 24. Here is a (non-mimimal) GPAC that generates sine and cosine:

� � �
-1

q q
t

z
y

x

Indeed, if initial conditions are set up correctly, we have
⇤
⇧

⌅

x� = z x(0) = 1
y� = x y(0) = 0
z� = �y z(0) = 0 ,

from which it follows that x(t) = cos(t), y(t) = sin(t), z = � sin(t).

At an explicit level, the flow trajectory �t(X) can be specified simply by

⇤
⇧

⌅

x = cos(ı)
y = sin(ı)
z = � sin(ı)

where ı is the input port and nothing but x, y and z change from state
to state. The update function is, accordingly,

�t(X) = {x ⇤⇥ cos(ı), y ⇤⇥ sin(ı), z ⇤⇥ � sin(ı)}

Hence, the critical term are cos(ı), sin(ı) and � sin(ı).
If one prefers, it can be specified by

FLOW

�

⌃
x = cos(ı)
y = sin(ı)
z = � sin(ı)

⇥

⌥

11

x,y,z ∋   x’ = z, y’ = x, z’ = - y



Warren Smith’s 
Newtonian System

• Can specify the 2D positions and 
velocities of n point-masses as 
rational numbers 

• Cannot compute whether there’s a 
collision within one second


