














9.2 MASS-SPRING-DAMPER SYSTEM

Vehicle suspensions absorb bumps in the road to provide comfortable and safe
rides. A typical suspension system includes a spring and a damper, which support
the mass of the vehicle, its passengers, and cargo. By selecting the ideal spring and
damper settings for a given mass and impact force, suspensions systems are tuned
to a “sweet spot” called critical damping. In this condition, the suspension absorbs
as much impact energy as possible
and returns to equilibrium without
ty overshooting and oscillating. Testing
suspension characteristics forvarying
F masses and impact forces tends
to be infeasible in the field, which
makes analog computer modeling an
¥ excellent alternative. As a first step,
this requires a description of the sys-
tem of ifnfterest in the form of one or
i more differential equations arranged
F == such that the highest derivative is iso-
lated on the left of each equation. To
describe a suspension system in this
way, we start by noting that the sum
of the forces exerted by mass, spring,
and damper is zero at all times:

F +F+F, =0

According to Newton's second law of motion, F, is mass m times acceleration a. The
force with which the damper resists movement F, is a damping coefficient D times
the speed v of its vertical displacement. The force exerted by the spring F_ is a spring
coefficient s times its vertical displacement y. The speed v is the first derivative of ver-
tical displacement over time, which we denote by y, and the acceleration a is the sec-
ond derivative of vertical dlsplacement over time, which we denote by y. This yields
my + Dy + sy = 0 or, resolved for the highest derivative y:

J =10y + 5y)

Developing a patching diagram from this second-order differential equation takes
advantage of the equality of both sides of the equal sign. Assuming that y is known,
we model the term on the right of the equal sign using two integrators and feed the
resulting lower derivatives, with coefficients applied and summed, back to the input
of the first integrator, as shown in the diagram on the top right.

Run the patch in REPF (repeat fast) mode at 80 ms OP-Time to view a flicker-free
image on the display system. As the patch runs, change the settings of coefficient
potentiometers 1 through 4 and observe the suspension dynamics change. This
patch also applies to damped oscillators in scenarios other than vehicle suspension
tuning, for example in earthquake safety engineering and electronic circuit design.
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9.3 LUNAR LLANDING

“Houston, Tranquility Base here. The Eagle has landed.” Neil Armstrong radioed to
Houston Mission Control after landing the Apollo 11 Lunar Module on the surface
of the Moon on July 20, 1969. Spacecraft Communicator Charles Duke replied from
Houston, “Roger, Tranquility. We copy you on the ground. You got a bunch of guys
about to turn blue. We're breathing again. Thanks a lot!” Commander Neil Armstrong
flew the lunar landing approach in tight interaction with pilot Buzz Aldrin and the
Lunar Module Guidance Computer. Descending from a lunar orbit, the lander moved
on an initially near-horizontal but soon increasingly steep downward trajectory. As
lunar surface features came into view ever more clearly from lower and lower alti-
tudes, Armstrong repeatedly used a joystick to redesignate the targeted landing site,
aiming for terrain features suitable for a safe landing.

Meanwhile, the computer ensured a steady descent rate, which Armstrong could
adjust using an (increase)-neutral-(decrease) toggle switch. Controlling the rate of
descent in this way, Armstrong was able to trade fuel for time during which safer
landing sites could be spotted and reached. In doing so, he had to use the fuel con-
servatively, to ensure a safe touchdown. After Armstrong decided to fly beyond a
boulder field, the lander finally touched down with less than 5 percent fuel left in its
descent stage. To make matters worse, sloshing motions of the fuel inside the tanks
caused false, even lower fuel level readings, and the computer threw up a total of five
false program alarms during the landing approach, turning the first manned lunar
landing into one of the most hair-raising maneuvers of NASA's lunar program.

The analog computer patch shown here simulates the powered descent of a lunar
lander during its final approach, putting you in charge of the descent engine throttle.
A system of three differential equations models vertical velocity v under the influence
of lunar gravity g, altitude h, and fuel level F remaining from a limited initial supply.
Coefficient potentiometer 1 is your descent engine throttle. Set coefficient
potentiometers 2 through 7 to the values shown in the diagram below. Connect h to
OUT X, vto OUT Y. Connect F to OUT U to monitor the fuel level on the panel meter.
Connect your oscilloscope or other display system to RCA Out X and Y on the back of
THAT. Set the display system to “roll mode.” Run the patch in THAT's OP mode and
use coefficient potentiometer 1 to control your descent engine’s burn rate and thrust.
Watch your altitude and vertical velocity on the display system and monitor your fuel
level on the panel meter. Touch down as gently as you can. Good luck and Godspeed!
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9.4 NEURONRAL BURSTING

Neurons in the central nervous system receive nerve im-
pulses from other “upstream” neurons and, if such inputs
exceed their firing thresholds, give off nerve impulses to
“downstream” neurons. Computationally speaking, the ag-
gregation of incoming nerve impulses (also referred to as
summation) is a process of integration, albeit within a limit-
ed time window, such that incoming impulses soon expire,
and only the most recent ones carry weight in the integra-
tion as time passes. A few sporadic impulses are usually
not enough to exceed the firing threshold. Instead, it takes
either multiple upstream neurons to fire together at least
near-simultaneously, or a single upstream neuron to send
multiple impulses in short bursts. James L. Hindmarsh and
R. Malcolm Rose proposed a model for this neuronal burst-
in§ in 1984. The model, consistin§ of the three first-order
differential equations shown below, responds to inputs
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to /.. The variables x, y, and z correspond to the neuron’s
(bursting) output potential, the transport of sodium and
potassium through fast ion channels, and the transport of
other ions through slow channels, respectively.

To add a 10-weighted input to the first (red) integrator,
a resistor network is connected to its summing junction (SJ)
jack. To operate the second (blue) integrator more slowly
than the other two, its output is patched to its SLOW jack.
Set the coefficient potentiometers to the values shown in
the patching diagram. Connect x (the output of the inverter)
to OUT X and connect %/our oscilloscope or other displa?/ sys-
tem to RCA Out X on the back of THAT. If more channels are
available on your visual display system, connect y and -z ac-
cordingly. Run the patch in OP mode and observe the image
on the display system while connecting and disconnecting
I, to and from +1.
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9.5 EULER SPIRAL

The Euler spiral is defined as a curve whose curvature increases linearly with its length. With the sign of its curvature follow-
ing the sign of its length, the Euler spiral takes the shape of a double spiral with point-symmetry around the origin. Besides
its visual appeal, the Euler spiral can be used to design smooth transitions between straight lines and circular arcs in two
dimensions, which has practical value in several fields. An obvious and immediate application area is graphic design. The
design of typography, in particular, requires numerous smooth transitions between straight and circular line segments.
Another application area is road and rail traffic network design. To appreciate the benefits the Euler spiral offers in this

area, imagine, as an alternative, the immediate tangential connection
would require motorists to change steering radii instantaneously, which is not only
physically impossible but uncomfortable and dangerous to attempt. For similar rea-
sons, the Euler spiral is used to generate movement paths in high-speed machinery
and robotics. It has also been found to offer a good description of the curvature of
rat whiskers.

To display the Euler spiral, a display system capable of visualizing two channels
in x/y mode is required. Set the coefficient potentiometers 1 through to the values
shown in the patching diagram. Connect x (the output of the inverter shown in blue
in the patching diagram) to OUT X and connect y (the output of the inverter shown
in green in the patch diagram) to OUT Y. Connect your oscilloscope or other display
system to RCA Out X and’Y on the back of THAT. Set the display system to x/y mode
and run the patch in REPF (repeat fast) mode. Vary the settings of the coefficient
potentiometers 1 through 5 as well as the OP-Time potentiometer and observe the
changing image on the display system.
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9.6 HUNTER PREY POPULATION DYNAMICS

How do the population sizes of hunter and prey species interact? An initial quanti-
tative insight into this question was found in the early 20th centugy in the trading
records of the Hudson’s Bay Company, a Canadian-based fur trading business at
the time. The company recorded the numbers of lynx and snowshoe hare pelts it
bought from trappers, thereby creating an indicative historical documentation of the
changing sizes of Canadian lynx and snowshoe hare populations. These records - the
1845 to 1935 data is shown in on the right - reveal a curious pattern of periodic and
temporally related increases and decreases in both population sizes.

As the lynx prey almost exclusively on the snowshoe hare, it was unsurprising
to see the size of the hare population affected by the size of the lynx population.
It seemed puzzling, however, that the size of the lynx population also seemed to
be affecte bY the size of the hare population, leading some to ask: “Do hare eat
lynx?” An explanation for these predator-prey population dynamics was proposed
independently by Alfred J. Lotka in 1925 and Vito Volterra in 1926 in the form of the
following two first-order differential equations:

h=(a-Bhh
[=(8h )1

Variable h refers to the size of the hare population, while variable a refers to the
growth rate of the hare population (based on their consumption of plant life, which is
assumed to be abundantly available in the environment). Variable / refers to the size
of the lynx population, and variable § refers to the growth rate of the lynx population
(based on their consumption of the changing hare population). The natural death
rate of lynx is denoted by variable y, and the rate at which hare are killed by lynx is
denoted by variable 8. As it turns out, hare do, of course, not eat lynx, but an exces-
sively large lynx population will overhunt the hare population, thereby depleting the
lynx’s food source, which, in turn leads to a decimation of the lynx population.

— To display the changing population sizes
DES SN, e NEANENWNY of both the predator and the prey species
S simultaneously, a visual display system ca-
pable of visualizing at least two channels is
required. Set the coefficient potentiometers
1 through 6 to the values shown in the patch
diagram on the right. Set THAT to OP mode

and your visual display system to "roll mode.”
R OO | @0 02 To explore the dynamics of both interacting
e N SR FToRs

Jd@FToroopiooo6d populations further, change the settings
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plo@p|e® g of coefficient potentiometers 1 through 6
§ 86 5 0 6 6 o 66 b interactively as the patch runs. If possible,

your display system. The result is a so-called
phase-space plot for the modeled predator
prey relationship. This patch can be used
to model competitive relationships beyond
ecological systems, for example in economic
ol systems and communicable diseases.
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9.1 LORENZ ATTRACTOR

Until the mid-20th century, it was generally thought that the accuracy of model-based
predictions depended entirely on the quality of the models used and the accuracy
of their input data. Consequently, feeding roughly accurate input into a good model
was assumed to yield roughly accurate output. This assumption was challenged in
1961 when Edward Norton Lorenz tested a weather model described by a set of
coupled differential equations.

Having run the model (on a digital computer) and reviewed an output plot,
Lorenz decided to produce a more extended plot by running it again with the same
input data for a longer duration. He restarted the model and went for a cup of coffee.
Upon his return, Lorenz found a surprise: Initiallgl, the new plot resembled the first
plot closely, but it soon deviated and took on a distinctly different shape, as shown
on the top right of this page. The first program run read an inPut value of 0.506127
from the computer's memory. Lorenz entered this value manually for the second run,

reading it from the first plot, which showed it

oy — L 16| roundedtothreeplaces:0.506. Thisdeviation
A =\ | of less than of one part in a thousand caused
“ [© 5] SRQ@F| | the two plots to soon take on rather different
PP OT RN Q| [> shapes. Instead of attributing the difference
QI 2K PO © X between the two plots to a glitch, and despite
© N PO NP his weather model being rather simplistic,
plook Lorenz realized that the dissimilar plots ex-
O TN QT >|@© PO @[ emplified why it is so difficult to predict the
QA OPOG ©OVIO weather and” complex dynamic systems in
QE O A\ |O© W@ |©@B | general. In such systems, tiny differences in
' 00 RPNO PR earlier states can lead to vast changes in later
OO [ DNl © O states: the butterfly effect!
S seee T W = Lorenz's model is one of many chaotic
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© © © © © © © © o o © (or “strange”) attractors that have since
THE ENELDGE THINIG been found. You can implement it on THAT,
° as shown in the diagrams on this page. To
visualize the characteristic three-dimensional
pattern of the Lorenz Attractor, switch your
display system to x/y mode and visualize any
two of the values x, y, and z marked below.

Xx=-[1.8y-xdt+C

- s=-(1-2.682)
r=-xs
I —x _y=-[1.536r - 0.1y dt

— 0.268
2
{LIDmCRip*o

Data plots of Lorenz’s two program runs
with near-identical initial coefficients

A

/

Output in the x/y plane: top view

Outputiin the z/y plane: side view
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9.8 BOUNCING BALL

As an archetypal theme in computational physics simulation, game and demo
development, and programming education, bouncing balls occupy a special place
in the history and culture of computing. Here, we simulate the motion path of a
bouncing ball dropping in a two-dimensional “box” with machine unit width and
height, taking into account gravity and drag due to air resistance.

Assuming the horizontal x and the vertical y components of the ball's movig po-
sition to be independent from one another, these can be computed by two seperate
circuits. The circuit computing the x-component of the ball's position (shown on the
left below) changes the ball's horizontal direction each time the ball hits either the left
or the right wall of the box. Its horizontal position is obtained by the second (green)
integrator, which begins on the left of the screen (IC=+1) and integrates over the ball's
velocity v, which, in turn, is decreased linearly over time by the first (red) integrator.

The y-component of the ball’s position is that of a free-falling object bouncing back
elastically when hitting the floor. It is computed by the circuit shown in the diagram
on the right above and can be described with the following differential equation:

.. ) o-ey-1) ify>1
y=-g+dy .
if y<1

The term on the left of this equation describes the ball's free fall under the influence
of gravity g and drag d due to air resistance. The two conditions shown on the right of
this equation are satisfied when the ball hits either the floor or the ceiling of the box,
respectively. Beginning its fall at the ceiling (IC=-1 at the fourth, red integrator) and
then losing energy due to drag, the ball will not reach the ceiling again, such that the
lower condition on the right of the formula will never be satisfied. The upper condi-
tion, however, will be satisfied repeatedly each time the ball hits the floor. The Zener
diode becomes conductive at that instant and momentarily adds upwards velocity
to the third (green) integrator. Connect the TRIG output of THAT with the external
trigger input of your oscilloscope (if available) and run the analog computer in REPF
(repeat fast) mode.
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9.9 POLYNOMIAL GENERATOR

Polynomials are a family of functions that are sums of power functions. Their graphs
are smooth, differentiable curves without discontinuities such as gaps, or sharp
turns. A polynomial whose highest power is three is called a cubic polynomial. Its
general formis:

p(x) = ax® + +cx+d

Choosing suitable degrees of polynomials and manipulating their coefficients (a,
b, ¢, and d in the above example) allows approximating a wide variety of smooth
graphs within certain value ranges. This process is useful in numerous scientific and
engineering contexts and beyond. For example, it allows modeling smooth motion
paths in robotics, interpolating sampled or otherwise incomplete data, reconstituting
noisy signals, and synthesizing various timbres of sound.

Polynomial functions can relate to analog computing in two basic ways. They can
be used to feed varying inputs into analog computer programs, or, as solutions of
differential equations solved using analog computers, they can be outputs of analog
computer programs. Here, we focus onthe second scenario and program a polynomial
generator - a utility for the flexible modeling of arbitrary cubic polynomials, with the
values of a, b, ¢, d as well as the polynomial being restricted to the machine unit
interval -1 to +1.

The wiring of the coefficient potentiometers 2 through 5 corresponds to the
helper function described in Section 10.4, allowing to set the values of g, b, ¢, and d
within the entire machine unit range of -1 to +1. Connect the TRIG output of THAT
with the external trigger input of your oscilloscope (if available) and run the analog
computer in REPF (repeat fast) mode.
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p(x) = -0.3x% + 0.4x*+ 0.7x + 0.1
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18. HELLPER FUNCTIONS

This section presents five helper functions that allow shaping values in various analog computer applications. Besides their
utility in larger applications, these helper functions also make for good beginner's exercises - each standing alone or in
various combinations. The five circuit diagrams shown here correspond to the setups in the two patch diagrams using the
same cable colors.

18.1 MAXIMUM OF TWO VALUES

This function takes two input values A and B and gives as its >0
output whichever of the two input values is greater.

>

w
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out = max(A, B) <0 =

18.2 MINIMUM OF TWO VALUES

This function also takes two input values A and B. Asitsout- aA—

0

)
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put, it gives whichever of the two input values is smaller. >0 A ~ ET‘%Q‘T'}
B— A WS
out = min(A, B) . NG S~
<0 5

10.3 ABSOLUTE VALUE

This function takes one input value A and gives as its output
the absolute value of A. In other words, it gives A when A

; i L " : A
is positive, the positive value of A when A is negative and 0 >0

when A is 0. A —
out = abs(A) *[%-’
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While the conection of a coefficient potentiometer to the O TR © ©)
machine units supply gives an adjustable value in a range of +1 QOPOY

either -1 to 0 or O to +1, this function offers an adjustable -1 O @@
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18.5 NON-NEGRTIVE VALUES ONLY

This function takes one input value A and gives as its output EA
Awhen A is greater than 0. Otherwise, it gives 0. A >0
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®

out=Aif A>0 <0l
out = 0if A<O B
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M. FREQUENTLY ASKED QUESTIONS

Is THAT a general-purpose computer?

Yesandno. Thetermgeneral-purpose computeriscommonly
used to describe digital stored-program computers that can
execute arbitrary algorithms. While THAT does not belong
in this category, it is a general-purpose analog computer in
that it can solve any (set of) differential equation(s) within the
means of its computing elements. By connecting multiple
THATSs in master/minion chains, it is possible to implement
arbitrarily large analog computer patches involving any
number of computing elements.

Why do the plugs not go fully into the patch panel?

The 2 mm plug cables were originally designed to plug
entirely into a corresponding type of gold-plated socket.
One of these sockets plus mounting costs about USD 1.00,
which would add up significantly for the 186 plug positions
on THAT's patch panel. We saved most of this cost by usin
an extra-thick top circuit board with appropriately-sized,
gold-plated through-holes. Since the length of the plugs is
greater than the thickness of the circuit board, we placed
stop-limits below the patch field to ensure that the small,
contact-assuring springs halfway along the length of each
plug make reliable contact.

How precise is THAT compared to a digital computer?

THAT is precise to about two positions after the decimal
point, relative to its machine unit (£1). Comparing the pre-
cision of analog and digital computers is a bit like compar-
ing apples and oranges. Analog computers usually handle
quantities based on measuring only (“What is your body
height?”). Digital computers, however, also handle quanti-
ties based on counting (“How many siblings do you have?"),
which requires strict numerical precision. Consider this: A
bank clerk getting the third decimal place of an interest rate
wrong commits a severe error, while a tailor being off by a
few micrometers when taking a client's measurements has
no such problem. Furthermore, numerical digital comput-
ing involves rounding, and hence rounding errors, which
can add up quickly in iterative loops. Analog computers do
not operate numerically and do not round. In this sense, the
great precision of today’s digital computers helps minimize a
problem that is specific primarily to digital computing. Rep-
resenting quantities as continuous voltages, THAT does not
suffer from many issues that are inherent to binary value
representations. While analog computer solutions can be af-
fected by noise and instabilities, the precision of THAT is per-
fectly appropriate for most analog computer applications.

THAT is switched on, but the display is blank. Why?

This can happen when one or more patch connections
create short circuits. Ensure that none of the outputs of
computing elements are connected to ground or each other
and that the +1 signal is not connected to ground (L1).

The integrators run into overload too quickly. Why?
This can happen when there are conductive fingerprints or
dirt on the patch panel. Gently cleaning the panel should
resolve the issue.

If THAT is powered by USB, i.e., by 5 V-, then how is it
possible that its machine unit is physically +10 V?

Powered via a USB-C socket, THAT is indeed supplied with
5V-inthe firstinstance. The relatively bulky, cuboid-shaped
component near to the USB-C socket on the upper left of
THAT's base PCB, is a DC/DC converter, which turns a 4.5 V-
to 5.5 V- input into a £12 V output. This output powers all
the main functions of THAT, allowing its £10 V machine unit.

With outputs varying between -10 V to 10 V, how can
THAT model smaller or greater quantities?

Translating patterns of change in dynamic systems into
mathematical representations and further into analog
computer programs commonly involves the scaling of
quantities. Quantities are represented on analog computers
in a voltage or current interval with fixed boundaries called
the machine unit. On THAT, this interval is-10Vto +10 V. For
the sake of simplicity, the machine unit is generally thought
of as + 1, regardless of the actual voltage or current inter-
val of a given analog computer. To model arbitrary quan-
tities on THAT, they can be scaled to make efficient use of
the machine unit. Output can then be converted back to the
original scale.

How can | use THAT to create useful models of very fast
or very slow phenomena?

Translating patterns of change in dynamic systems into
mathematical representations and further into analog
computer programs commonly involves the scaling of speed.
THAT allows compressing or stretching the independent
variable time by several orders of magnitude. In this way,
the rapid decay of a volatile compound can be simulated
slowly enough for observation and interactive manipula-
tion, while population dynamics occurring over decades or
centuries can be simulated in the blink of an eye.



12. USEFUL RESOURCES

Various resources are available to make your explorations and use of THAT enjoyable and rewarding. Here are several
related web and social media references. These will help you stay up-to-date with all things THAT and get in touch with

other members of the analog computing community.

THAT Online

THE ANALOG THING:
https://the-analog-thing.org

Analog Paradigm:
https://analogparadigm.com

anabrid GmbH:
https://www.anabrid.com

THAT Shop:
https://shop.anabrid.com

Social Media

e THAT on Facebook:

https://www.facebook.com/groups/theanalogthing

e Analog Paradigm on Twitter:

https://twitter.com/analogparadigm

e anabrid GmbH on LinkedIn:

https://www.linkedin.com/company/anabrid

e THAT Open Hardware on GitHub:

https://github.com/anabrid/the-analog-thing

Sometimes, when we are out and about, when there is no THAT at hand, or as a matter of personal preference, it can be
useful to have a way to think through analog programming projects on paper before implementing them. For this purpose,
you can download a printable paper template from the THAT website at this URL:

https://the-analog-thing.oxrg/THAT _template.pdf

13. FURTHER RERDING

Books Online

e Bernd Ulmann (2023). Analog and Hybrid Computer Pro- e THE ANALOG THING online documentation:

gramming, DeGruyter, Berlin.

Bernd Ulmann (2023). Analog Computing, Oldenbourg
Wissenschaftsverlag, Munich.

Bruce J. MacLennan (2012). Analog Computation. In:
Meyers Robert A., ed., Computational Complexity. Theory,
Techniques and Applications, Springer, New York, pp. 151-
184.

Charles Care (2010). Technology for Modelling. Electrical
Analogies, Engineering Practice, and the Development of
Analogue Computing, Springer, London.

James S. Small (2001). The Analogue Alternative. The
Electronic Analogue Computer in Britain and the USA, 1930-
1975, Routledge, London and New York.
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https://the-analog-thing.org/docs/dirhtml

e Thomas Fischer (2021). The Analog Way to Compute:

https://medium.com/@7f15ch3xr/b8a2cad4a762d

Charles Platt (2023). The Unbelievable Zombie Comeback
of Analog Computing, WIRED:
https://www.wired.com/story/unbelievable-zom-
bie-comeback-analog-computing

e Veritasium (2022). Future Computers Will Be Radically

Different (Analog Computing):
https://youtu.be/GVsUOuSjvcg
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