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Automatically program analog 
computers to perform computation





Ultra-Low Power Reconfigurable Analog Devices

- CMOS Technology
- Digitally reconfigurable
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Perform computation using microjoules of energy!
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Execution time is constant w.r.t. complexity  of 
computation
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This target class of analog 
devices executes dynamical 
systems



What are 
Dynamical 
Systems?

Differential-Equation Solving 
Analog Devices
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Differential-Equation Solving 
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How do these analog devices 
work?



Analog Devices

Contain collections 
of computational 
blocks
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Perform 
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device physics
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https://www.compart.com/en/unicode/U+00B5
https://www.compart.com/en/unicode/U+00B5


Perform 
computation using 
device physics
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Work with external 
signals

Analog Devices
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Characteristics of Analog Devices



Wide variety of 
programmable 
analog blocks



Analog blocks 
designed for 
efficiency and for 
usability
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Analog blocks have  
analog behavior
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Analog blocks have  
analog behavior

Analog Noise

Quantization
ErrorProcess 

Variations

Operating Range 
Limitations

Frequency 
Limitations
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I developed compilation 
techniques for this class of 
devices

1. Time Dilation and Contraction for Programmable Analog Devices with Jaunt. ASPLOS 2018.
2. Configuration Synthesis for Programmable Analog Devices with Arco. PLDI 2016.



I built the first-ever compilation 
toolchain for a real-world device 
of this class

Noise-Aware Dynamical System Compilation for Analog 
Devices with Legno. ASPLOS 2020.



How does the compiler work?
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Dynamical System 

Input

Harmonic 
Oscillator
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k=0.5 kg/s

v: velocity in meters/sec

v



Dynamical System 

Input

2.0 kg

k=0.5 kg/sHarmonic 
Oscillator
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interested in 
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position



Dynamical System 

Input
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Dynamical System 

Input

2.0 kg

k=0.5 kg/sHarmonic 
Oscillator

10 m 

starting position 
of 10 m



Dynamical System 

Input

2.0 kg

k=0.5 kg/sHarmonic 
Oscillator

P V
10 m 



Dynamical System 

Input

Harmonic 
Oscillator

2.0 kg

k=0.5 kg/s

v′ = -0.25∗p
p′ = v



Dynamical System 
Program

Input
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20 time 
units
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Circuit 
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Dynamics that 
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1. Configuration Synthesis for Programmable Analog Devices with Arco. PLDI 2016.
2. Noise-Aware Dynamical System Compilation for Analog Devices with Legno. ASPLOS 2020.
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Are we done?
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Limitations
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INT
2

x

z

CMUL
2

q

w

z0

c c ∈ [-1,1]

z0 ∈ [-1,1]



Operating range 
Limitations

Physical Limitations

INT
2

x

z

CMUL
2

q

w

z0

c

q ∈ [-2,2] µA

w ∈ [-2,2] µA

x ∈ [-2,2] µA

z ∈ [-2,2] µA

https://www.compart.com/en/unicode/U+00B5
https://www.compart.com/en/unicode/U+00B5
https://www.compart.com/en/unicode/U+00B5
https://www.compart.com/en/unicode/U+00B5


Execution Speed 
Limitations

Inputs

OBS
1

k

m

2 time 
units

1 time 
unit =

at least



Analog Noise
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Noise and Quantization Error

Operating Range Restrictions

Execution Speed Restrictions

Manufacturing Variations

Constraints encode physical 
limitations of analog device
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1. Time Dilation and Contraction for Programmable Analog Devices with Jaunt. ASPLOS 2018.
2. Noise-Aware Dynamical System Compilation for Analog Devices with Legno. ASPLOS 2020.
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scale the result
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|f(c,q)- 𝛼∗c∗q|

Minimize error

|f(c,q)- c∗q|
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Synergy between compilation, calibration
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Results



HCDCv2 Analog 
Device

Experimental Setup

Guo, Ning, Investigation of Energy-Efficient Hybrid 
Analog/Digital Approximate Computation in 
Continuous Time. Columbia University. 2017
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Synthesize configurations 
without scaling

w = c∗q
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Calibration Objective 
Minimize Error

Assume calibrated blocks 
adhere to specificationw = c∗q
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Calibration Objective 
Find best fitting model

Allow calibrated blocks to 
deviate from specificationw = 𝛼∗c∗q
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0.913 mW 0.823 mW 0.864 mW 0.861 mW

0.722 mW

0.849 mW

0.395 mW 0.554 mW 0.199 mW

0.556 mW 0.526 mW0.804 mW



1.50 ms 0.50 ms 3.32 ms 6.58 ms

3.97 ms

1.25 ms

1.34 ms 0.50 ms 1.59 ms

9.52 ms 0.52 ms0.50 ms



1.37  µJ 0.41  µJ 2.87 µJ 5.67  µJ

3.37 µJ

0.90 µJ

0.53 µJ 0.28  µJ 0.32 µJ

5.30  µJ 0.28 µJ0.40 µJ



Future Directions



GPUsTPUs

DSPs

Secure 
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Many exciting special-purpose hardware platforms 
on the horizon 



Lab-on-chip: 
Programmable 

Microfluidic Device

In-Memory Analog
Computer

Passive Optical 
ComputerOptical Computer

Quantum 
Computer

Many exciting special-purpose hardware platforms 
on the horizon 



Common Theme: Analog Behavior!



Some devices leverage analog behavior to perform 
computation



Multiply-accumulate 
with ohm’s/kirchoff’s 

law

Neural network 
inference with 

reflection/transmission 
of light

Multiplication with 
optical interference

Qubits with 
quantum 

behavior of 
electrical 
signals

Some devices leverage analog behavior to efficiently 
perform computation



evaporation / fluid 
viscosity 

Some computational models/technologies are  
adversely affected by analog behavior



Some devices both leverage and are 
adversely affected by analog behavior



Some devices both leverage and are 
adversely affected by analog behavior





Contributions

- New compilation techniques for reconfigurable analog devices
- Circuit synthesis techniques 
- Automated scaling techniques

- First-ever compilation toolchain for a real-world analog device of this class
- Experimental results evaluating effectiveness of compilation toolchain
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Minimize τ
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  Factor Constraints

Formulated as geometric 
programming problem.

Variables: τ,s(x)
2
,s(z)

2
,...,s(c)

Objective: Maximize 
execution speed
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Convex Optimization

Automatic Scaling

Minimize τ

Subject to:

  Operating Range Constraints

  Execution Speed Constraints

  Quality Constraints

  Connection Constraints

  Factor Constraints

Formulated as geometric 
programming problem.

Variables: τ,s(x)
2
,s(z)

2
,s(c)

Objective: Maximize 
execution speed minimum analog and digital SNR 

Analog
SNR

Digital
SNR



Quality Constraints
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2
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  s(w)
2
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             s(c)
2
∗2 (0.01)-1 ≥  

w ∼ Normal(w,0.02 µA)

error = 0.01

Analog
SNR

Digital
SNR
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Convex Optimization

Automatic Scaling

Minimize τ

Subject to:

  Operating Range Constraints

  Execution Speed Constraints

  Quality Constraints

  Connection Constraints

  Factor Constraints

Formulated as geometric 
programming problem.

Variables: τ,s(x)
2
,s(z)

2
,s(c)

Objective: Maximize 
execution speed
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Minimize τ

Subject to:

  Operating Range Constraints

  Execution Speed Constraints

  Quality Constraints

  Connection Constraints

  Factor Constraints

Convex Optimization 
Problem
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Minimize τ

Subject to:

  Operating Range Constraints

  Execution Speed Constraints

  Quality Constraints

  Connection Constraints

  Factor Constraints

Unscaled

Algebraically 
Equivalent to

Convex Optimization 
Problem

Solved using Convex Solver



What can go wrong?



Not all generated 
configurations 
deliver good results

Challenges

Best Pendulum Execution

All Pendulum Executions



Not all generated 
configurations 
deliver good results

Challenges Some configurations 
are actually better 
than others

Design method for 
ranking device 
configurations



Not all generated 
configurations 
deliver good results

Challenges Not all manufactured 
block behaviors 
captured by compiler

Profile and statically 
compensate for other 
block behaviors.



Not all dynamical 
systems can be 
accurately 
executed on device

Challenges

Predator-Prey simulation

Dynamic Range too High

System is Sensitive to Error

Erythropoietin receptor model
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Not all dynamical 
systems can be 
accurately 
executed on device

Challenges Automatically 
characterize 
dynamical systems. 

How much error can 
the system tolerate?

Where in the 
computation does it  
tolerate error?
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System
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System

Dynamical 
System



0.1 Hz–1 kHz

0.2 Hz to 20 Hz 1 Hz–100 Hz

Many interesting 
signals are 

slow-evolving



Slow signals are 
difficult to work 

with in pure analog
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Slow signals are 
difficult to work 

with in pure analog

126,000 Hz0.2 Hz to 20 Hz 

Many interesting 
signals are 

slow-evolving

Dramatically slow down dynamical 
system to process signal

Sensitive to noise and error
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sensor value

current 
state

next 
state

Analog device

Hybrid digital-analog 
computation

Low frequency 
digital computer

Digitally store 
long-running state



Low frequency 
digital computer

sensor value

current 
state

next 
state

Analog device

Hybrid digital-analog 
computation

Process external 
input and update 

state in analog



Hybrid digital-analog 
computation

Pure Digital

Hybrid

Compute Compute

Update State Update State

Digital

Analog


