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sometimes if, they converge to a solution.  The Columbia 
University team, lead by Professor Yannis Tsividis, revisited the 
old idea of analog computing and re-invented it using today’s 
CMOS analog technology. The result was what we now call the 
Apollo IC, the first integrated, digitally programmable general 
purpose analog computer (GPAC) chip [2] and associated 
computer board.  Sendyne, through an exclusive license from 
Columbia University used this technology to build the SA100, 
a digitally controlled analog computer that can be programmed 
and exchange data with a digital computer through a USB port 
[3].

During the same period researchers at MIT started 
investigating suitability of analog computing elements in 
biological system simulations and in the process started building 
a set of software tools to handle these analog elements for large-
scale calculations.  During 2019, MIT researcher Sara Achour, 
developed Legno, the first analog computer compiler, which 
she tailored to Sendyne’s SA100 analog computer board [4].  
The combination of the Legno compiler with the SA100  board 
presents for the first time an integrated system of software and 
hardware that can take as inputs differential equations and 
automatically output their solution.  In the rest of this paper we 
will present a quick overview of the Apollo analog computer 
and its integration with the Legno compiler. We will then present 
results of the SA100 performance in solving some classical 
computing benchmarks.

Abstract --- The original room-sized analog computers of the 
1950s were programmed using paper drawings and manual cable 
connections. The Apollo IC is the first digitally programmed analog 
computer, implemented in a 4x4 mm2 CMOS IC and capable of 
solving problems with high speed and extremely low power. The 
high level programming language of an analog computer consists 
of the differential equations describing the system to be simulated. 
The solution to each programmed model  is achieved by the proper 
interconnection and calibration of the analog computer elements 
in such a way as to implement the aforementioned differential 
equations. Deducing from the equations the right interconnections 
and implementing these in the analog computer circuitry is the 
role of an analog computer compiler. Such a compiler has been 
developed for the first time by MIT researchers for the Apollo IC 
analog computer. In this paper we will present the integration of 
our analog computer hardware and software and present examples 
of the steps to derive solutions for real life applications.  
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I. Introduction
The increasing processing demand introduced by AI, big 

data, IoT and model-based control, stresses today’s computing 
platforms across all applications, from the embedded edge up 
to cloud computing. While traditionally the industry responded 
to the exponentially growing processing demand by increasing 
the density of digital integrated circuits, reflecting Moore’s law, 
in the past few years processors have reached a level of density 
that has become challenging to improve [1]. The main inhibitor 
for further integration is the amount of heat generated at such 
high gate concentrations, making it impossible to dissipate in 
the small area semiconductors occupy. This is what some people 
refer to as the “end of Moore’s Law”. As a result the industry is 
investigating alternatives, such as approximate computing, non-
von Neumann architectures, such as the Graphical Processing 
Units, application specific FPGAs, ASICs and novel co-
processor architectures.

Responding to these challenges, Columbia University 
(CU) researchers initiated a 10 year-long multi-faceted project 
investigating alternative computing methods to the traditional 
digital von Neumann architecture. Their focus was on improving 
power consumption and speed performance, specifically for 
scientific computing tasks. Scientific computing describes a 
large category of problems involving physical models described 
by systems of differential algebraic equations. These systems of 
equations, typically have no analytical solutions and on a digital 
computer they are solved with numerical methods, involving 
numerous time - and power - consuming iterations, until, and 
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Figure 1: The GPAC basic unit set was enhanced by inclusion of a Nonlinear 
function and Fanout units. The adder/subtractor does not require a dedicated 
circuit as current signals are added or subtracted in nodes following Kirchhoff’s 
law



II. The basic idea of analog computing
The idea of a General Purpose Analog Computer (GPAC) 

was formalized in 1941 by Claude Shannon, the father of 
information theory.  Shannon had the opportunity to work 
on a “mechanical differential analyzer” machine at MIT and 
formalized the theory that any linear differential equation can 
be solved by combining “basic units” , which consist from 
a constant, an adder, a multiplier and an integrator unit. CU 
researchers extended the “basic units” GPAC set to include 
a non-linear function unit (see Fig. 1) in order to extend the 
GPAC utilization to non-linear differential equations. 

The nonlinear function unit was implemented using 
a clockless RAM-based storage of nonlinear functions.  
“Basic units” in the Apollo IC were organized in tiles with 
interconnections implemented through a switch fabric 
configured dynamically under digital control (Fig. 2).

Finally four intercommunicating tiles were designed into a 

single 4 x 4 mm2 chip (Fig 3).
Input and output to the Apollo chip can be performed either 

in the analog domain or digitally through onboard DACs and 
ADCs.

The equivalent digital precision of the basic units in the 
Apollo chip is 8-bits, which while in the digital domain is not 
impressive, in the analog domain corresponds to an accuracy 
of 0.4% which is typical.  The achieved precision of the Apollo 
IC is in line with the current goals of approximate computing.

Based on the Apollo IC Sendyne designed the SA100 analog 
computer evaluation board, consisting of 2 Apollo ICs and a 
high stability power supply system (Fig. 4).

The overall setup for operating the GPAC is shown in Fig. 5.
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Figure 2: Each unit in a tile can be connected to any other unit through a switch 
fabric analogous to the ones utilized in FPGAs.

Figure 4: An evaluation board with two interconnected Apollo analog computer 
ICs provides 16 integrators. The board can interface to a digital computer 
through a high speed SPI
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Figure 3: The Columbia University Apollo IC contains 4 interconnected tiles Figure 5:  Interface between the SA100 analog computer and a digital computer.
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III. Challenges in analog computing
The GPAC solves differential equations by properly 

combining “basic units” in order to create an analog replica 
behaving as the system described by the equations.  Besides the 
obvious problem of figuring out which units are to be used  and 
how to combine them there are some other challenges inherent 
to the technology, which are summarized in the following.

A. Stability
Analog circuits exhibit sensitivity to temperature and their 

performance change with temperature and time (drifting). 
This requires the circuits on the Apollo IC to be calibrated 
periodically.  The Apollo IC provides the facility to perform 
these calibrations. The frequency of calibration needed depends 
on the stability of the environmental temperature in which the 
computer operates.

B. Amplitude scaling
The Apollo IC operates from a 1V power supply.  Besides 

avoiding the obvious problem of circuit saturation that may 
occur at higher signal amplitudes, scaling at each stage of 
signal propagation should be optimized for maximum signal 
to noise ratio performance.  For linear differential equations 
such scaling can be recorded and reversed at the final signal 
output.  Solving this issue for nonlinear differential equations is 
an active research topic.

C. Time scaling
The maximum operating bandwidth of the Apollo IC can be 

set at either 20 kHz or 200 kHz (this refers to analog waveforms, 
and it should not be confused with, or related to, clock 
frequencies in digital computers). When simulating a physical 
phenomenon the relationship between output amplitude and 
time many need to be adjusted.  This is accomplished at the 
integrator units by scaling properly their input.

IV. Programming the analog 
computer with the Legno compiler

The term “programming” when it refers to an analog 
computer implies the proper configuration and wiring of the 

analog elements of the GPAC so that the latter can simulate 
the behavior described by the provided set of differential 
equations.  This process used to be performed manually in 
the early days of analog computing. The introduction of 
MIT’s Legno compiler automates this process transparently 
and without user intervention, within the flow of a program 
that executes simultaneously in the analog computer and the 
associated digital computer that it is connected.  To illustrate 
the steps of solving a problem in the GPAC utilizing the 
Legno compiler we will use the example of a dampened spring 
oscillator. The dampened spring oscillator of our example is 
described by the following set of differential equations [4]: 
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where v is the mass velocity, p is the position along the 
x-axis, and v(0), p(0) are the initial values in cm/s and cm.

What we want to know is the mass position at any point in 
time during a predefined time interval.

The first step is to input the equations into the compiler.  The 
code describing them is straightforward:

var v = integ(−0.22∗v − 0.84∗p,−2.0);

var p = integ(1∗v, 9.0); 

interval p = [−15,15]; 

interval v = [−15,15]; 

time = 20; 

emit p ;

This code describes the equations along with their initial 
conditions, the validity range for each variable and, the time 
interval desired, and it instructs the compiler to output the 

Figure 6:   Implementation of equations (1) using basic unit elements.  Initial values for the integrators variables are set along with multiplication parameters as 
described in the input equations.
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position as an analog variable.  The compiler subsequently 
takes the following steps

A. Step 1: Selecting and wiring GPAC basic units
In this step the compiler selects the minimum number of 

basic units required to implement the system and routes the 
signal interconnections, as shown in Fig. 6.  Note the following:

-Whenever a signal needs to be duplicated a “fanout” basic 
unit is used.  This is necessary because calculations in the 
GPAC are performed with currents instead of voltages.  Fanout 
basic units output a copy of the input current or its negative 
value.  Any signal can be inversed if necessary at the input of 
other basic units.

-An additional multiplier was used with a unit multiplication.  
Although at this stage this seems redundant it will be used in the 
next step in order to scale the signals.

-No adders are used, as Kirchoff’s law takes care of addition 

whenever two current signals merge
The compiler assumes that all Apollo chip basic units of the 

same type have similar electrical behavior.

B. Step 2: Scale signals for optimum analog operation
During this pass the compiler optimizes signal amplitudes 

for optimum SNR and for ensuring operation within range of 
each basic unit, as shown in Fig. 7. Each basic unit provides 
inputs that define the acceptable input ranges.  In this step the 
compiler calculates the optimum coefficients for each unit.

C. Step 3: Route the connections and configure the Apollo IC
In this step the compiler instructs the digital MCU to issue 

the proper commands through SPI to the Apollo IC in order 
to implement the circuit of Step 2 utilizing specific available 
basic units (Fig. 8). Note that the Apollo IC can solve in parallel 
multiple equations and the Legno compiler is aware of basic 
units availability at each point in time.
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Figure 7: In this step the compiler determines the optimum scaling coefficients for each basic unit.  The coefficients are shown in green.

Figure 7: In this step the compiler determines the optimum scaling coefficients for each Basic Unit.  The coefficients are shown with green.

Figure 8: Wiring and scaling coefficient settings are performed through commands issued through the SPI port.  The output is scaled by 0.0798 and it is directed 
to one of the analog outputs of the Apollo IC.
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Figure 9: Simulation of dampened oscillation on the SA100 analog computer. 
The blue line is the signal of the oscilloscope. The red line is the reference. 

D. Step 4: Let the system run
After the chip is configured it is instructed to run for a 

period of 1.10 ms.  While the simulation is running the output is 
observable at the analog output of the Apollo chip.  The energy 
consumed for this example problem was 0.46 μJ.  A comparison 
between the Apollo output and a reference calculated through a 
digital computer is shown in Fig. 9.

A series of 20 benchmarks performed on Sendyne’s SA100 
are presented by Archur at [4]. The results achieved accuracy 
comparable to approximate computing standards with excellent 
power dissipation and speed of execution.

V. Conclusions
The introduction of MIT’s Legno compiler, automates the 

task of dynamically programming the general purpose analog 
computer, thus enabling the dynamic integration of analog 
computing silicon hardware in mixed analog/digital computer 
systems. The Legno compiler together with Sendyne’s SA100 
makes this new type of device accessible to a wide range of 
scientific computing tasks, for evaluating suitability and 
performance, without the need to learn the details of handling 
the analog computing silicon hardware.
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