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Compilers Without Borders
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Devices as Computational Substrates



StreamIt:  A Language and Compiler
for Streaming Applications

• Key idea:  design language that enables static analysis

– To improve programmer productivity

– To enable automatic parallelization

• Project contributions:

– Language design for streaming [CC'02, CAN'02, PPoPP'05, IJPP'05]

– Automatic parallelization [ASPLOS'02, G.Hardware'05, ASPLOS'06, MIT’10]

– Domain-specific optimizations [PLDI'03, CASES'05, MM'08]

– Cache-aware scheduling [LCTES'03, LCTES'05]

– Extracting streams from legacy code [MICRO'07]

– User + application studies [PLDI'05, P-PHEC'05, IPDPS'06, PACT’10]



https://www.youtube.com/watch?v=5ugM7H4EEKU
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CGNet Swara:

A Voice Portal for Citizen Reporting



http://cgnetswara.org/



What are the Skills of Programming

Language and Compiler Writers?
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Application / 

Problem Statement

Computational 

Resources

What is important to you?

What are you willing to compromise on?

What are you willing to pay?

What are you good at?

What are you not good at?

What is cheap or expensive for you?



Medical 

Diagnostics

Public 

Health
Education

Plastic Paper
Household 

Devices



Microfluidic Chips

• Idea: a whole biology lab on a single chip

– Input/output

– Sensors: pH, glucose, 
temperature, etc.

– Actuators:  mixing, PCR, 
electrophoresis, cell lysis, etc.

• Benefits:

– Small sample volumes

– High throughput

• Applications:

– Biochemistry - Cell biology

– Biological computing

1 mm 10x real-time



Application to Rural Diagnostics

Disposable

Enteric Card

PATH,

Washington U.

Micronics, Inc.,

U. Washington

Targets:

- E. coli, Shigella,

Salmonella,

C. jejuni

DxBox

U. Washington,

Micronics, Inc.,

Nanogen, Inc.

Targets:

- malaria (done)

- dengue, influenza,

Rickettsial diseases,

typhoid, measles

(under development)

CARD

Rheonix, Inc.

Targets:

- HPV diagnosis

- Detection of 

specific gene

sequences



Source:  Fluidigm Corporation (http://www.fluidigm.com/didIFC.htm)



Biology Protocols

Microfluidic Chips



Abstraction Layers for Microfluidics

C

x86

Pentium III,

Pentium IV

Silicon Analog

transistors,

registers, …

Fluidic Instruction Set Architecture (ISA)
- primitives for I/O, storage, transport, mixing

Protocol Description Language 
- architecture-independent protocol description

Fluidic Hardware Primitives
- valves, multiplexers, mixers, latches

chip 1 chip 2 chip 3
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BioCoder Language
[J.Bio.Eng. 2010]

Contributions

Optimized Compilation
[Natural Computing 2007]

Demonstrate Portability
[DNA 2006]

Micado AutoCAD Plugin
[MIT 2008, ICCD 2009]

Digital Sample Control 

Using Soft Lithography
[Lab on a Chip ‘06]
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Implementation:  Oil-Driven Chip

Inputs Storage Cells Background Phase Wash Phase Mixing

Chip 1 2 8 Oil — Rotary



Implementation:  Oil-Driven Chip

Inputs Storage Cells Background Phase Wash Phase Mixing

Chip 1 2 8 Oil — Rotary

mix (S1, S2, D) {

1. Load S1

2. Load S2

3. Rotary mixing

4. Store into D

}

50x real-time



Implementation 2:  Air-Driven Chip

Inputs Storage Cells Background Phase Wash Phase Mixing

Chip 1 2 8 Oil — Rotary

Chip 2 4 32 Air Water In channels



Implementation 2:  Air-Driven Chip

mix (S1, S2, D) {

1. Load S1

2. Load S2

3. Mix / Store into D

4. Wash S1

5. Wash S2

}

Inputs Storage Cells Background Phase Wash Phase Mixing

Chip 1 2 8 Oil — Rotary

Chip 2 4 32 Air Water In channels

50x real-time



“Write Once, Run Anywhere”

• Example:  Gradient generation

• Hidden from programmer:

– Location of fluids

– Details of mixing, I/O

– Logic of valve control

– Timing of chip operations
450 Valve Operations

Fluid yellow = input (0);

Fluid blue = input(1);

for (int i=0; i<=4; i++) {

mix(yellow, 1-i/4, blue, i/4);

}



Abstraction Layers for Microfluidics

Fluidic Instruction Set Architecture (ISA)
- primitives for I/O, storage, transport, mixing

Protocol Description Language 
- architecture-independent protocol description

Fluidic Hardware Primitives
- valves, multiplexers, mixers, latches

chip 1 chip 2 chip 3





“Immunological detection ... was carried out as 

described in the Boehringer digoxigenin-nucleic 

acid detection kit with some modifications.”



- Main paper

- Ref. papers

- References 



BioCoder:  A High-Level Programming 

Language for Biology Protocols

1. Enable automation

via microfluidic chips

2. Improve reproducibility

of manual experiments

In biology publications, can we replace the textual 

description of the methods used with a computer program?



FluidSample f1 = measure_and_add(f0, lysis_buffer, 100*uL);

FluidSample f2 = mix(f1, INVERT, 4, 6);

time_constraint(f1, 2*MINUTES, next_step);

Example:  Plasmid DNA Extraction

I. Original protocol (Source: Klavins Lab)

II. BioCoder code

III. Auto-generated text output

Add 100 ul of 7X Lysis Buffer (Blue) and mix by inverting the 

tube 4-6 times.  Proceed to step 3 within 2 minutes.

Add 100 ul of 7X Lysis Buffer (Blue).

Invert the tube 4-6 times.

NOTE:  Proceed to the next step within 2 mins.



Example:  Plasmid DNA Extraction

Auto-Generated

Dependence Graph



• Declaration / measurement / disposal
- declare_fluid

- declare_column

- measure_sample

- measure_fluid

- volume 

- discard

- transfer

- transfer_column

- declare_tissue

• Combination / mixing
- combine 

- mix 

- combine_and_mix

- addto_column

- mixing_table

• Centrifugation
- centrifuge_pellet

- centrifuge_phases

- centrifuge_column

• Temperature
- set_temp

- use_or_store

- autoclave 

• Timing
- wait

- time_constraint

- store_until

- inoculation

- invert_dry

• Detection
- ce_detect

- gas_chromatography

- nanodrop

- electrophoresis

- mount_observe_slide

- sequencing

BioCoder Language Primitives



Standardizing Ad-Hoc Language

• Need to convert qualitative words to quantitative scale

• Example:  a common scale for mixing

– When a protocol says “mix”, it could mean many things

– Level 1:   tap

– Level 2:   stir

– Level 3:   invert

– Level 4:   vortex / resuspend / dissolve

• Similar issues with temperature, timing, opacity, …



Benchmark Suite

65 protocols

5800 LOC



Example:  PCR

repeat

thermocycling



Example:  Molecular Barcodes

Preparation

+ PCR (2)



Example:  DNA Sequencing

Preparation

PCR

Analysis

PCR PCR PCR



Validating the Language

• Eventual validation:  automatic execution

– But BioCoder more capable than most chips today

– Need to decouple language research from microfluidics

research

• Initial validation:  human execution

– In collaboration with Prof. Utpal Nath’s lab at IISc

– Target Plant DNA Isolation, common task for summer intern

Biologist is never exposed to original lab notes

• To the best of our knowledge, first execution of a real 

biology protocol from a portable programming language

Original 

Lab Notes

BioCoder

Code

Auto-Generated 

Protocol

Execution

in Lab



Growing a Community



Growing a Community



Growing a Community



Future Work

• Backends for BioStream

– Generate graphical protocol

– Generate a microfluidic chip to perform protocol

• Reliability and troubleshooting

– Verify that protocol is safe, correct, obeys timing constraints

– If protocol fails, automatically suggest troubleshooting routine

• Building a knowledge base

– Encode experimental results in addition to protocols

– Search for a protocol based on input/output relationship

– Revision control for biology protocols



Part 2:  Education



Classroom Environment in India
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Classroom Environment in India

Source: DISE 2012-2013, ASER 2013

Total

Schools

1.4 M

Rural

Schools

1.2M

S
c
h
o
o
ls

3rd Graders

Reading

Level 1 Text

40%

3rd Graders

Subtract

2-Digit #s

26%

53%

Has a

Computer

Toilet for

Girls

20%





Some photos courtesy Nithya Sambasivan



Wikipedia

Household Devices
(TV, DVD player, …)



DVD Player as a Programmable Device

• 16 general-purpose 16-bit registers

– (No heap/stack)

• Virtual machine instructions

– Arithmetic    - Comparison    - Branch/Jump   - Timing

– (No indirect jump)

• Display:

– Pre-built MPEG-2 videos with mask and highlight layers

• Constrained and specialized internal organization



5,500 articles from

Schools-Wikipedia.org
on TV-DVD

Make a selection or wait for help:

Title IndexSearch 21
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Key Challenge:  Addressing 

A Large Number of Menus

“I am not familiar with another 

customer trying to create a disc with 

the maximum number of menu 

allowable in the DVD specification.”

— Scenarist Support



Key Challenge:  Addressing 

A Large Number of Menus
[T4E 2012]

16 bits very

constrained
16 registers!



Children’s Books on TV-DVD [ICTD 2010]

$0.50 for 1 book in print $0.50 for 10,000 books on DVD

Wikipedia

Subset on TV-DVD
[CHI 2011]





Clickers for Classroom Polling

+ Pedagogical benefits

− Very expensive



Is There a Cheaper Solution?

Audience Polling

At Most One 

Electronic Device



qCards:  Low-Cost Audience Polling 

Using Computer Vision



Polling an Audience of 300
[UIST 2012]



90% of people captured

98% of those captured accurately

Polling an Audience of 300
[UIST 2012]



Polling an Audience of 1,800



Part 3:  Public Health





Extensively Drug-Resistant Tuberculosis 

(XDR-TB)

Countries Notifying At Least One Case by the End of 2013



TB Control Strategy in India:

Directly Observed Therapy (DOTS)

Photo:  Operation ASHA



Electronic Pillboxes:

Effective but Very Costly

Vitality Glowcap

$99 + $15 / month

Clinical trial shows significant

improvement in adherence to

hypertension medication (2012)



Is There a Cheaper Solution?

Pill-in Hand Adherence 

Monitoring

Common Supplies
(Incl. basic mobile phones)



99DOTS:  Real-Time Adherence 

Tracking at Very Low Cost
1

2 3





Deployments in Treatment Programs

Moradabad

Bihar

Bangalore

Udaipur

Enrolled 80 patients and counting

• Across public and private programs

• In five urban and rural sites

• High acceptance by all partners



Support of Key Stakeholders



Biology 

Protocols

Microfluidic 

Chips

Wikipedia

Household 

Devices

Audience 

Polling

One Electr. 

Device

Pill-In-Hand 

Adherence

Common 

Supplies

Compilers Without Borders



Future Directions

• Crowdsourcing

• Compiling to living systems

• Personalized education

• More microfluidics

• Problem discovery



Thank you


