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Asynchronous Design at Caltech

The first fully asynchronous microprocessor
(Designed by Alain Martin’s group at Caltech in 1989)
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Intel RAPPID Project
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ASYNC 1999 (Best Paper Award), IEEE JSSC 2001,
US Patents 5,978,899, 5,948,096, 5,941,982, and 5,931,944.

• Test chip fabricated in May 1998 using a 0.25 µm process.
• Three times faster while consuming half the power of the comparable
synchronous design.
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Top 10 Reasons to Hire an Asynchronous Designer

Manpreet Khaira

No. 1 - They are really smart, and
we can teach them to do some-
thing real.

Fifth International Symposium on Advanced Research in
Asynchronous Circuits and Systems
Barcelona (Spain), 18-21 April 1999



Asynchronous Genetic Circuits

Michael Samoilov Adam Arkin
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Phage λ Decision Circuit



Asynchronous Circuit?

McAdams/Shapiro, Science (1995)



Stochastic Circuit?

Arkin/Ross/McAdams, Genetics (1998)



Stochastic Asynchronous Circuit?
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Stochastic Asynchronous Circuit Results
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Stochastic Asynchronous Circuit Results
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Systems Biology Versus Synthetic Biology

Drew Endy

Synthetic biology applications:
• Produce drugs and bio-fuels.
• Consume toxic waste.
• Destroy tumors.

• Synthetic biology adds standards, abstraction, and decoupling to
genetic engineering practice.

• Since genetic circuits are inherently asynchronous, seems appropriate
to leverage asynchronous design and verification methodologies.



Synthetic Biology Startups

98 Synthetic Biology Companies
Raised More Than $3.8 Billion in 2018



Synthetic Biology Startups



Genetic Circuit Designs

• Genetic circuits are created from biological components that mimic the
behavior of Boolean logic gates.

• Genetic circuits can be built inside of a living organism (in vivo) or in a
test tube (in vitro).

• Most genetic circuits that have been built are combinational circuits.
• Some sequential memory circuits have been constructed.



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (Gardner et al. 2000)
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Genetic Toggle Switch (Gardner et al. 2000)



Genetic Toggle Switch (SR Latch) Logic Diagram

IPTG

aTc TetR/GFP

LacI



Genetic Design Constraints

• Crosstalk
• Signal Mismatch
• Roadblocking
• Context Effects



Crosstalk



Signal Mismatch

Nielsen et al., Science, 2016
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Signal Mismatch

Nielsen et al., Science, 2016
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Roadblocking

Nielsen et al., Science, 2016



Context Effects

Vaidyanathan et al., IEEE, 2015



Genetic Design Automation (GDA)

• Building a complex circuit that operates correctly under the genetic
design constraints is time consuming.

• Genetic design automation (GDA) can help refine the design space
before building a circuit in the laboratory.

• Models can be generated programatically and analysis of these models
can help evaluate design alternatives on a computer (in silico).



Reproducibility Crisis

Professor David Donoho
Stanford University

An article about computational sci-
ence in a scientific publication is not
the scholarship itself, it is merely ad-
vertising of the scholarship. The ac-
tual scholarship is the complete ... set
of instructions [and data] which gen-
erated the figures.



Reproducibility in Synthetic Biology



Synthetic Biology Open Language (SBOL)
Version 1 Released in 2011



SBOL Visual Version 1 Released in 2013



Synthetic Biology Workflow Using SBOL

Myers et al., Biochemical Society Transactions (2017).
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Competition

Started in 2004 with 5 teams and 31 participants.
In 2017: 310 teams with nearly 5400 participants from 44 countries.
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International Genetically Engineered Machine (iGEM)
Competition
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iGEM Registry of Standard Biological Parts (BioBricks)

http://parts.igem.org

http://parts.igem.org


Data Repositories (SynBioHub)

James McLaughlin
Anil Wipat

Zach Zundel
Chris Myers

Version 1.0 released
June 14, 2017

McLaughlin et al., ACS Synthetic Biology (2018).



Reference Instance

https://synbiohub.org

https://synbiohub.org


NSF Expeditions Living Computing Project

https://synbiohub.programmingbiology.org

https://synbiohub.programmingbiology.org


DARPA Synergistic Data & Discovery (SD2) Project

https://hub.sd2e.org

https://hub.sd2e.org


SBOLExplorer

https://synbiohub.utah.edu

https://synbiohub.utah.edu


Sequence Editors (SBOLDesigner)

Zhang et al., ACS Synthetic Biology (2017)
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Circuit GDA Tools (Cello)

Nielsen et al., Science (2016)



Circuit GDA Tools (iBioSim)

Myers et al., Bioinformatics (2009)
Madsen et al., IEEE Design & Test (2012)
Watanabe et al., ACS Synthetic Biology (2018)



Model Generation Workflow

Mısırlı et al., ACS Synthetic Biology (2018).



Data Integration: Cello Part Library

Mısırlı et al., ACS Synthetic Biology (2018).



Genetic Circuit Construction

Mısırlı et al., ACS Synthetic Biology (2018).



Genetic Circuit Construction: Rule 30 Example

Mısırlı et al., ACS Synthetic Biology (2018).



Enriched SBOL Representation: Rule 30 Example

Mısırlı et al., ACS Synthetic Biology (2018).



Dynamic SBML Model: Rule 30 Example

Mısırlı et al., ACS Synthetic Biology (2018).



Simulation: Rule 30 Example

Mısırlı et al., ACS Synthetic Biology (2018).



Circuit0x8E

Nielsen et al., Science (2016).



Circuit0x8E: Experimental Results

Nielsen et al., Science (2016).



Circuit0x8E: Simulation

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



Circuit0x8E: Logic Function
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Circuit0x8E: 2-Input Function Hazards

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



Circuit0x8E: 2-Input Function Hazards
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Circuit0x8E: 3-Input Function Hazards

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



Circuit0x8E: Redundant Logic
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Circuit0x8E: Redundant Logic

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



Circuit0x8E: Gray Code

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



Asynchronous Genetic Circuit Design Methodology

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



Genetic Sensor Specification

module async_sensor(Start, Sensor, Actuator);
input wire Start, Sensor;
output reg Actuator;
initial begin

Actuator = 1'b0;
end
always begin

wait (Start == 1'b1 && Sensor == 1'b1);
#5 Actuator = 1'b1;
wait (Sensor == 1'b0);
#5 Actuator = 1'b0;

end
endmodule

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



Genetic Sensor Design
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Genetic Sensor Design
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in Proceedings of the IEEE (2019).



Genetic Sensor Simulation

IPTG High for 10,000 Seconds
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in Proceedings of the IEEE (2019).



Genetic Sensor Simulation

IPTG High for 30,000 Seconds
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Genetic Sensor Simulation

IPTG High for 50,000 Seconds
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Genetic Sensor Simulation

IPTG High for 70,000 Seconds
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in Proceedings of the IEEE (2019).



More Information

Textbook

• ECE/CS/BioEn 6760
Offered in Fall 2020

• Our research work:
http://www.async.ece.utah.edu

• SBOL standard:
http://sbolstandard.org
Checkout our Youtube channel for demos

• SynBioHub Repository:
https://synbiohub.org

http://www.async.ece.utah.edu
http://sbolstandard.org
https://synbiohub.org


Biologically Inspired Circuit Design

Adam Arkin

Since the engineering principles by which
such circuitry is constructed in cells com-
prise a super-set of that used in electrical
engineering, it is, in turn, possible that
we will learn more about how to design
asynchronous, robust electronic circuitry
as well.
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