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My Playground

Architecture

Security

Networked 
Systems

HPC

VLSI

Operating 
Systems

Programming 
Languages

Storage Databases

Scientific 
Computing

Distributed 
Computing Networking

Embedded 
Systems

IoT

Mobile

PLOS 2023 Keynote 4



Software Rules the World
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And it Fails …
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An OS/PL Partnership
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PL:
DSLs

Program Synthesis

OS:
HW/SW interface

protection
isolation
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The Long Road to Program Synthesis
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The Long Road to Program Synthesis
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BRASS Program
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…evolving ecosystem requires mechanisms to 
infer the impact of such evolution on 
application behavior and performance, 
automatically trigger transformations that 
beneficially exploit these changes and 
provide validation that these transformations 
are correct.

extract whole-system specifications
leverage new programming abstractions, 
program analyses, and compilation 
methodologies to correlate application 
behavior with salient ecosystem changes.

exploit new runtime systems and virtual 
machine implementations structured to 
facilitate the efficient integration of these 
transformations.



We (PRINCESS) are here

BRASS Performers
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OS and Tool Synthesis: Overview
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OS and Tool Synthesis: It’s all PL
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OS/Tool Synthesis: It’s really all PL

Machine
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A funny thing about synthesis…
PLOS 2023 Keynote 14

PRINCESS source

Steve Chong
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OS/Tool Synthesis: Whew, some OS!

Machine
Description

Files
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synthesizer
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OK, Maybe there is some OS as well 
(although there should have been more)PLOS 2023 Keynote 15

PRINCESS source



Real Systems Work!
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Full stack developer today

Full stack developer tomorrow?

Or maybe this is now today?



How far did we get?
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Two Operating Systems Four Processors

32-bit ARM

32-bit MIPS

32-bit RISC-V

x86-64

17 Use Cases



Assessment

• Was the project an unqualified success?
• Was the project a research success?
• Did we learn a ton?
• Has it informed future work?
• Should we have done it?
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Yes!
No!

Yes!
Yes!

Yes!



What Did we Learn?
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Machine-Dependent != Machine SpecificOne Miracle

Experiment Early and Often

Cost of spec >= Value



What Did we Learn?
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Machine-Dependent != Machine SpecificOne Miracle

Experiment Early and Often

Cost of spec >= Value

CEGIS
Compilation

Templating
Fill-in-the-

blank Input-
output

Synthesis 
engine

SMT 
solver

Matters a lot!
Assembly 
language 
is hard.



Synthesizing Concurrent Programs
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Christopher Chen, with Mark Greenstreet
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In the beginning: There was COMET
Tractable Reactive Program Synthesis
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Comet

Memoization in 
Program Synthesis



COMET
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Specification

Implementations
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A Solution
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Specification

CEGIS

Language 
description
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A Solution
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Specification

CEGIS

Language 
description

Verilog Program
(Hardware description)
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A Solution
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Specification

CEGIS

Language 
description Language 

description

Verilog Program
Arduino C Program
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CEGIS

• Counterexample-Guided Inductive Synthesis
• AKA: Guess and Check
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counterexample
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COMET Made Simple
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Specification
UNITY

Guarded Trace

Implementation
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COMET: UNITY Specifications

• UNITY*: Unbounded Nondeterministic 
Iterative Transformations

29*K. Mani Chandy and J. Misra. Parallel program design: a foundation, 1988.

declare:
 in1, in2, out: integer
 cntrl: bool
initially
 out = 0
assign
 out = in1 if (cntrl)
 out = in2 if (not(cntrl))

conditions (guards)
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COMET: UNITY Specifications

• UNITY*: Unbounded Nondeterministic 
Iterative Transformations

30*K. Mani Chandy and J. Misra. Parallel program design: a foundation, 1988.

assignments

declare:
 in1, in2, out: integer
 cntrl: bool
initially
 out = 0
assign
 out = in1 if (cntrl)
 out = in2 if (not(cntrl))
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COMET Guarded Traces

31

Specification
UNITY

Condition cntrl == TRUE
 out = in1
 
Condition cntrl == FALSE
 out = in2
 

Guarded Trace

synthesized implementation

synthesized implementation
synthesized implementation

synthesized implementation

Implementation

Symbolic 
Execution
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COMET Synthesis Detail

32

Specification Language GOAL Language

in1, in2, out: bitvector(32)
cntrl: bitvector(1)

start state: out = bitvector(32*0)

declare:
 in1, in2, out: integer
 cntrl: bool
initially
 out = 0
assign
 out = in1 if (cntrl)
 out = in2 if (not(cntrl))

May 2021

1. Verify that the specification language type checks
2. Type mapping between the spec and target languages

3. Use Rosette (a Racket-based framework for synthesis, verification and other things)



Condition cntrl == TRUE
 out = in1
 
Condition cntrl == FALSE
 out = in2
 

Wait! Observe the regularity in our expressions

33

assign

integer integer

UNITY AST

assign

32-bit 
vector

32-bit 
vector

out[0:31] = in1[0:31]
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But Wait! There’s More …
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assign

integer
assign

integer integer

assign

assign

integer integer

integer

assign

integer integer



An Idea
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Specification
UNITY

Guarded Trace

Implementation
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Different UNITY 

specification

Implementation 2



Shellac: A Compiler Synthesizer
for Concurrent Programs

36

Christopher Chen, with Mark Greenstreet
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From COMET to Shellac
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Specification
UNITY

Guarded Trace

Implementation

Specification of 
the UNITY 
language

Language 
description

2. Type mapping between the 
spec and target languages Compiler Template

Chen, C., Seltzer, M., Greenstreet, M., “Shellac: a compiler 
synthesizer for concurrent programs,” Conference on Verified 
Software: Theories, Tools, and Experiments (VSTTE-2022).



From COMET to Shellac
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Implementation

Specification of 
the UNITY 
language

Language 
description

2. Type mapping between the 
spec and target languages Compiler Template

UNITY to 
Verilog 

Compilers

Chen, C., Seltzer, M., Greenstreet, M., “Shellac: a compiler 
synthesizer for concurrent programs,” Conference on Verified 
Software: Theories, Tools, and Experiments (VSTTE-2022).



Velosiraptor

Why Program Yourself when you can 
Synthesize OS CODE?

Reto Achermann, Ryan Mehri, Em Chu, Ilias Karimalis
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University of British Columbia
Department of Computer Science
Systopia Research Laboratory

Synthesizing
Device Drivers with
Ghost Writer

Jerry Wang, Sepehr Noorafshan,
Reto Achermann and Margo Seltzer
October 2023



Tinkertoy: Build your own 
Operating Systems for IoT Devices

PLOS 2023 Keynote 41

Scheduler
Memory

        Allocator

Networking
          Support

File
        System

Kernel
      Service

      Routines

TCB
            Components

Dispatcher

IPC & RPC
            PrimitivesBootloader

Execution
        Model

Context
        Switcher

Component          
Constraints

System
Call

Execution
Context

Service
Identifier

Finder

Service
Routine
Mapper

EMSOFT 2022



Tinkertoy Module Architecture
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Assembling an Operating System
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TCB

Dispatcher

Scheduler

Controller

      

1. Select the modules needed. 2. Configure the modules.

TCB
shared stack

Dispatcher
write service            

routine   
mapper

Scheduler
pre-emptive

Controller
write service 

routines

3. Write startup code.

initUART1();
initUserStack();
initEvents();

dispatcher.dispatch();



Where is the Synthesis?
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Where is the Synthesis?

PLOS 2023 Keynote 45

Building Blocks

FIFO Queue

Prioritized Single 
Queue

Task Creation

Task Termination

......

TCB
shared stack

Dispatcher
write service            

routine   
mapper

Scheduler
pre-emptive

Controller
write service 

routines



Where is the Synthesis?
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Where is the Synthesis?
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Building Blocks

FIFO Queue

Prioritized Single 
Queue

Task Creation

Task Termination

......

TCB
shared stack

Dispatcher
write service            

routine   
mapper

Scheduler
pre-emptive

Controller
write service 

routines

initUART1();
initUserStack();
initEvents();

dispatcher.dispatch();

This seems in the realm of current
 synthesis techniques …
what tools are appropriate?

We need a DSL for this, I think …

I think we need another DSL 
(specification language) for 
this too.



Why are we doing this?
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Software Rules 
the World And it Fails!

We need a way to build simple and 
correct software (from which one 

can build complex systems).



Thank You!
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Thanks to My Team
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… and many, many undergraduates!


