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Our main result, Theorem 1, says that if two executions starting
Our library adopts
⇥
⇥⇥
Two
possible
outcomes:
either the
same final value
or⇥an, then
exception
from
a configuration
⇥ terminate
in configurations
⇥ and

enabling us to emp
⇥ and ⇥ are the same configuration, or one of them is error.
level threads with
⇥⇥
startNode
Theorem 1 (Quasi-Determinism).traverse
If ⇥ ⇤ ⌅ ⇥g⇥ and
⇥ ⇤ ⌅ ⇥=
, do ming model laid ou
dler pools. It differs
<- newEmptySet
and neither ⇥ ⇥ nor ⇥ ⇥⇥ can take a step,seen
then either:
by-need evaluation
h <- newHandler seen
⇥
⇥⇥
1. ⇥ = ⇥ up to a permutation on locations , or
the library is explici
(\node -> do
⇥
⇥⇥
2. ⇥ = error or ⇥ = error.
tion vor seen)
through asy
mapM (\v
[POPL ->
’14] insert
lightweight thread.
Theorem 1 follows from a series of quasi-confluence
lemmas. g node)
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Implementing L
The most important of these, Strong Local Quasi-Confluence
return ())
provide compile-tim
(Lemma 2), says that if a configuration
steps tostartNode
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coninsert
determinism, becau
figurations, then either there exists aquiesce
single thirdh configuration to
Par monad and can
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freeze
seen
effects. We take ad
error. Additional lemmas generalize Lemma 2’s result to multiple
tions with a phantom
steps by induction on the number of steps, eventually building up
to Theorem 1.
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⇥
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11
runParThenFreez

report [20].

freeze: exact non-blocking read

5.1 Quasi-Determinism and Quasi-Confluence

monadic library in H

http://hac

Attempts to write to a frozen LVar raise a write-after-freeze exception
Our main result, Theorem 1, says that if two executions starting
Our library adopts
⇥
⇥⇥
Two
possible
outcomes:
either the
same final value
or⇥an, then
exception
from
a configuration
⇥ terminate
in configurations
⇥ and

enabling us to emp
⇥ and ⇥ are the same configuration, or one of them is error.
level threads with
⇥⇥
startNode
Theorem 1 (Quasi-Determinism).traverse
If ⇥ ⇤ ⌅ ⇥g⇥ and
⇥ ⇤ ⌅ ⇥=
, do ming model laid ou
dler pools. It differs
<- newEmptySet
and neither ⇥ ⇥ nor ⇥ ⇥⇥ can take a step,seen
then either:
by-need evaluation
h <- newHandler seen
⇥
⇥⇥
1. ⇥ = ⇥ up to a permutation on locations , or
the library is explici
(\node -> do
⇥
⇥⇥
2. ⇥ = error or ⇥ = error.
tion vor seen)
through asy
mapM (\v
[POPL ->
’14] insert
lightweight thread.
Theorem 1 follows from a series of quasi-confluence
lemmas. g node)
(neighbors
Implementing L
The most important of these, Strong Local Quasi-Confluence
return ())
provide compile-tim
(Lemma 2), says that if a configuration
steps tostartNode
two different seen
coninsert
determinism, becau
figurations, then either there exists aquiesce
single thirdh configuration to
Par monad and can
which they both step (in at most one ...
step), or one
of them steps to
freeze
seen
effects. We take ad
error. Additional lemmas generalize Lemma 2’s result to multiple
tions with a phantom
steps by induction on the number of steps, eventually building up
to Theorem 1.
data Determinis
⇥

⇥⇥

Lemma 2 (Strong Local Quasi-Confluence). If ⇥ ⇥ ⌦S; e↵ ⇤ ⌅
⇥a and ⇥ ⇤ ⌅ ⇥b , then either:
1. there exist , i, j and ⇥c such that ⇥a ⇤ ⌅i ⇥c and ⇥b ⇤ ⌅j
(⇥c ) and i ⇤ 1 and j ⇤ 1, or
2. ⇥a ⇤ ⌅ error or ⇥b ⇤ ⌅ error.

The Par type constr

Par :: Determin

together with the fo

runPar
:: Par
runParIO :: Par
11
runParThenFreez

report [20].

freeze: exact non-blocking read

5.1 Quasi-Determinism and Quasi-Confluence

monadic library in H

http://hac

Attempts to write to a frozen LVar raise a write-after-freeze exception
Our main result, Theorem 1, says that if two executions starting
Our library adopts
⇥
⇥⇥
Two
possible
outcomes:
either the
same final value
or⇥an, then
exception
from
a configuration
⇥ terminate
in configurations
⇥ and

enabling us to emp
⇥ and ⇥ are the same configuration, or one of them is error.
level threads with
⇥⇥
startNode
Theorem 1 (Quasi-Determinism).traverse
If ⇥ ⇤ ⌅ ⇥g⇥ and
⇥ ⇤ ⌅ ⇥=
, do ming model laid ou
dler pools. It differs
<- newEmptySet
and neither ⇥ ⇥ nor ⇥ ⇥⇥ can take a step,seen
then either:
by-need evaluation
h <- newHandler seen
⇥
⇥⇥
1. ⇥ = ⇥ up to a permutation on locations , or
the library is explici
(\node -> do
⇥
⇥⇥
2. ⇥ = error or ⇥ = error.
tion vor seen)
through asy
mapM (\v
[POPL ->
’14] insert
lightweight thread.
Theorem 1 follows from a series of quasi-confluence
lemmas. g node)
(neighbors
Implementing L
The most important of these, Strong Local Quasi-Confluence
return ())
provide compile-tim
(Lemma 2), says that if a configuration
steps tostartNode
two different seen
coninsert
determinism, becau
figurations, then either there exists aquiesce
single thirdh configuration to
Par monad and can
which they both step (in at most one ...
step), or one
of them steps to
freeze
seen
effects. We take ad
error. Additional lemmas generalize Lemma 2’s result to multiple
tions with a phantom
steps by induction on the number of steps, eventually building up
to Theorem 1.
data Determinis
⇥

⇥⇥

Lemma 2 (Strong Local Quasi-Confluence). If ⇥ ⇥ ⌦S; e↵ ⇤ ⌅
⇥a and ⇥ ⇤ ⌅ ⇥b , then either:
1. there exist , i, j and ⇥c such that ⇥a ⇤ ⌅i ⇥c and ⇥b ⇤ ⌅j
(⇥c ) and i ⇤ 1 and j ⇤ 1, or
2. ⇥a ⇤ ⌅ error or ⇥b ⇤ ⌅ error.

The Par type constr

Par :: Determin

together with the fo

runPar
:: Par
runParIO :: Par
11
runParThenFreez

report [20].

freeze: exact non-blocking read

5.1 Quasi-Determinism and Quasi-Confluence

monadic library in H

http://hac

Attempts to write to a frozen LVar raise a write-after-freeze exception
Our main result, Theorem 1, says that if two executions starting
Our library adopts
⇥
⇥⇥
Two
possible
outcomes:
either the
same final value
or⇥an, then
exception
from
a configuration
⇥ terminate
in configurations
⇥ and

enabling us to emp
⇥ and ⇥ are the same configuration, or one of them is error.
level threads with
⇥⇥
startNode
Theorem 1 (Quasi-Determinism).traverse
If ⇥ ⇤ ⌅ ⇥g⇥ and
⇥ ⇤ ⌅ ⇥=
, do ming model laid ou
dler pools. It differs
<- newEmptySet
and neither ⇥ ⇥ nor ⇥ ⇥⇥ can take a step,seen
then either:
by-need evaluation
h <- newHandler seen
⇥
⇥⇥
1. ⇥ = ⇥ up to a permutation on locations , or
the library is explici
(\node -> do
⇥
⇥⇥
2. ⇥ = error or ⇥ = error.
tion vor seen)
through asy
mapM (\v
[POPL ->
’14] insert
lightweight thread.
Theorem 1 follows from a series of quasi-confluence
lemmas. g node)
(neighbors
Implementing L
The most important of these, Strong Local Quasi-Confluence
return ())
provide compile-tim
(Lemma 2), says that if a configuration
steps tostartNode
two different seen
coninsert
determinism, becau
figurations, then either there exists aquiesce
single thirdh configuration to
Par monad and can
which they both step (in at most one ...
step), or one
of them steps to
freeze
seen
effects. We take ad
error. Additional lemmas generalize Lemma 2’s result to multiple
tions with a phantom
steps by induction on the number of steps, eventually building up
to Theorem 1.
data Determinis
⇥

⇥⇥

Lemma 2 (Strong Local Quasi-Confluence). If ⇥ ⇥ ⌦S; e↵ ⇤ ⌅
⇥a and ⇥ ⇤ ⌅ ⇥b , then either:
1. there exist , i, j and ⇥c such that ⇥a ⇤ ⌅i ⇥c and ⇥b ⇤ ⌅j
(⇥c ) and i ⇤ 1 and j ⇤ 1, or
2. ⇥a ⇤ ⌅ error or ⇥b ⇤ ⌅ error.

The Par type constr

Par :: Determin

together with the fo

runPar
:: Par
runParIO :: Par
11
runParThenFreez

report [20].

freeze: exact non-blocking read

5.1 Quasi-Determinism and Quasi-Confluence

monadic library in H

http://hac

Attempts to write to a frozen LVar raise a write-after-freeze exception
Our main result, Theorem 1, says that if two executions starting
Our library adopts
⇥
⇥⇥
Two
possible
outcomes:
either the
same final value
or⇥an, then
exception
from
a configuration
⇥ terminate
in configurations
⇥ and

enabling us to emp
⇥ and ⇥ are the same configuration, or one of them is error.
level threads with
⇥⇥
startNode
Theorem 1 (Quasi-Determinism).traverse
If ⇥ ⇤ ⌅ ⇥g⇥ and
⇥ ⇤ ⌅ ⇥=
, do ming model laid ou
dler pools. It differs
<- newEmptySet
and neither ⇥ ⇥ nor ⇥ ⇥⇥ can take a step,seen
then either:
by-need evaluation
h <- newHandler seen
⇥
⇥⇥
1. ⇥ = ⇥ up to a permutation on locations , or
the library is explici
(\node -> do
⇥
⇥⇥
2. ⇥ = error or ⇥ = error.
tion vor seen)
through asy
mapM (\v
[POPL ->
’14] insert
lightweight thread.
Theorem 1 follows from a series of quasi-confluence
lemmas. g node)
(neighbors
Implementing L
The most important of these, Strong Local Quasi-Confluence
return ())
provide compile-tim
(Lemma 2), says that
a configuration
steps tostartNode
two different seen
conoriferror.
insert
determinism, becau
figurations, then either there exists aquiesce
single thirdh configuration to
Par monad and can
which they both step (in at most one ...
step), or one
of them steps to
freeze
seen
effects. We take ad
error. Additional lemmas generalize Lemma 2’s result to multiple
tions with a phantom
steps by induction on the number of steps, eventually building up
to Theorem 1.
data Determinis
⇥

⇥⇥

Lemma 2 (Strong Local Quasi-Confluence). If ⇥ ⇥ ⌦S; e↵ ⇤ ⌅
⇥a and ⇥ ⇤ ⌅ ⇥b , then either:
1. there exist , i, j and ⇥c such that ⇥a ⇤ ⌅i ⇥c and ⇥b ⇤ ⌅j
(⇥c ) and i ⇤ 1 and j ⇤ 1, or
2. ⇥a ⇤ ⌅ error or ⇥b ⇤ ⌅ error.

The Par type constr

Par :: Determin

together with the fo

runPar
:: Par
runParIO :: Par
11
runParThenFreez

σ

Determinism

*

*

σ' = σ''

12

[POPL ’14]

σ

Independence
⇤S; e⌅
⇤S ⇧S S ; e⌅

⇥ ⇤S ; e ⌅
⇥ ⇤S ⇧S S ; e ⌅

Determinism

*

*

σ' = σ''

12

[POPL ’14]

σ

Independence
⇤S; e⌅
⇤S ⇧S S ; e⌅

⇥ ⇤S ; e ⌅
⇥ ⇤S ⇧S S ; e ⌅

Determinism

*

*

σ' = σ''

[O’Hearn et al., 2001]

Frame rule
{p} c {q}
{p r} c {q r}

12

[POPL ’14]

σ

Independence
⇤S; e⌅
⇤S ⇧S S ; e⌅

⇥ ⇤S ; e ⌅
⇥ ⇤S ⇧S S ; e ⌅

Determinism

*

*

σ' = σ''

[O’Hearn et al., 2001]

Frame rule
{p} c {q}
{p r} c {q r}

[McCarthy and Hayes, 1969]
12

[POPL ’14]

σ

Independence
⇤S; e⌅
⇤S ⇧S S ; e⌅

⇥ ⇤S ; e ⌅
⇥ ⇤S ⇧S S ; e ⌅

Determinism

*

*

σ' = σ''

[O’Hearn et al., 2001]

Frame rule
{p} c {q}
{p r} c {q r}

[McCarthy and Hayes, 1969]
12

[POPL ’14]

σ

Independence
⇤S; e⌅
⇤S ⇧S S ; e⌅

⇥ ⇤S ; e ⌅
⇥ ⇤S ⇧S S ; e ⌅

Determinism

*

*

σ' = σ''

[O’Hearn et al., 2001]

Frame rule
{p} c {q}
{p r} c {q r}

[McCarthy and Hayes, 1969]
12

13

13

1

1
1

1

13

1

1
1

getKey Book

getKey Book

getKey Book

1

13

1

1

getKey Book

getKey Book

getKey Book

1

13

eventual consistency

1

1

getKey Book

getKey Book

getKey Book

1

13

Dynamo: Amazon+s Highly Available Key-value Store
Giuseppe DeCandia, Deniz Hastorun, Madan Jampani, Gunavardhan Kakulapati,
Avinash Lakshman, Alex Pilchin, Swaminathan Sivasubramanian, Peter Vosshall
and Werner Vogels
Amazon.com

One of the lessons our organization has learned from operating
AmazonBs platform is that the reliability and scalability of a
system is dependent on how its application state is managed.
Amazon uses a highly decentralized, loosely coupled, service
oriented architecture consisting of hundreds of services. In this
environment there is a particular need for storage technologies
that are always available. For example, customers should be able
to view and add items to their shopping cart even if disks are
failing, network routes are flapping, or data centers are being
destroyed by tornados. Therefore, the service responsible for
managing shopping carts requires that it can always write to and
read from its data store, and that its data needs to be available
across multiple data centers.

ABSTRACT
Reliability at massive scale is one of the biggest challenges we
face at Amazon.com, one of the largest e-commerce operations in
the world; even the slightest outage has significant financial
consequences and impacts customer trust. The Amazon.com
platform, which provides services for many web sites worldwide,
is implemented on top of an infrastructure of tens of thousands of
servers and network components located in many datacenters
around the world. At this scale, small and large components fail
continuously and the way persistent state is managed in the face
of these failures drives the reliability and scalability of the
software systems.
This paper presents the design and implementation of Dynamo, a
highly available key-value storage system that some of AmazonBs
core services use to provide an Calways-onD experience. To
achieve this level of availability, Dynamo sacrifices consistency
under certain failure scenarios. It makes extensive use of object
versioning and application-assisted conflict resolution in a manner
that provides a novel interface for developers to use.

Dealing with failures in an infrastructure comprised of millions of
components is our standard mode of operation; there are always a
small but significant number of server and network components
that are failing at any given time. As such AmazonBs software
systems need to be constructed in a manner that treats failure
handling as the normal case without impacting availability or
performance.

Categories and Subject Descriptors

To meet the reliability and scaling needs, Amazon has developed
a number of storage technologies, of which the Amazon Simple
Storage Service (also available outside of Amazon and known as
Amazon S3), is probably the best known. This paper presents the
design and implementation of Dynamo, another highly available
and scalable distributed data store built for AmazonBs platform.
Dynamo is used to manage the state of services that have very
high reliability requirements and need tight control over the
tradeoffs between availability, consistency, cost-effectiveness and
performance. AmazonBs platform has a very diverse set of
applications with different storage requirements. A select set of
applications requires a storage technology that is flexible enough
to let application designers configure their data store appropriately
based on these tradeoffs to achieve high availability and
guaranteed performance in the most cost effective manner.

D.4.2 [Operating Systems]: Storage Management; D.4.5
[Operating Systems]: Reliability; D.4.2 [Operating Systems]:
Performance;

General Terms
Algorithms, Management, Measurement, Performance, Design,
Reliability.

1. INTRODUCTION
Amazon runs a world-wide e-commerce platform that serves tens
of millions customers at peak times using tens of thousands of
servers located in many data centers around the world. There are
strict operational requirements on AmazonBs platform in terms of
performance, reliability and efficiency, and to support continuous
growth the platform needs to be highly scalable. Reliability is one
of the most important requirements because even the slightest
outage has significant financial consequences and impacts
customer trust. In addition, to support continuous growth, the
platform needs to be highly scalable.

There are many services on AmazonBs platform that only need
primary-key access to a data store. For many services, such as
those that provide best seller lists, shopping carts, customer
preferences, session management, sales rank, and product catalog,
the common pattern of using a relational database would lead to
inefficiencies and limit scale and availability. Dynamo provides a
simple primary-key only interface to meet the requirements of
these applications.
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Dynamo uses a synthesis of well known techniques to achieve
scalability and availability: Data is partitioned and replicated
using consistent hashing [10], and consistency is facilitated by
object versioning [12]. The consistency among replicas during
updates is maintained by a quorum-like technique and a
decentralized replica synchronization protocol. Dynamo employs
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components is our standard mode of operation; there are always a
small but significant number of server and network components
that are failing at any given time. As such AmazonBs software
systems need to be constructed in a manner that treats failure
handling as the normal case without impacting availability or
performance.

Various stor
The next design choice is who performs the process of conflict
Subject Descriptors
were built o
resolution. This can be done by the Categories
data and
store
or the application. If
global, tran
conflict resolution is done by the data
store, its choices are rather
General Terms
serialized u
limited. In such cases, the data store can only use simple policies,
1. INTRODUCTION
concurrent u
such as :last write wins< [22], to resolve
conflicting updates. On
with wide-ar
the other hand, since the application is aware of the data schema it
resolution. C
can decide on the conflict resolution method that is best suited for
the number
its clientBs experience. For instance, the application that maintains
processing a
customer shopping carts can choose to :merge< the conflicting
and then app
versions and return a single unified shopping cart. Despite this
environment
flexibility, some application developers may not want to write
infrastructur
their own conflict resolution mechanisms and choose to push it
abstraction l
down to the data store, which in turn chooses a simple policy such
[DeCandia et al., SOSP ’07]
objects. It a
as :last write wins<.
storage sema
14
Other key principles embraced in the design are:
To meet the reliability and scaling needs, Amazon has developed
a number of storage technologies, of which the Amazon Simple
Storage Service (also available outside of Amazon and known as
Amazon S3), is probably the best known. This paper presents the
design and implementation of Dynamo, another highly available
and scalable distributed data store built for AmazonBs platform.
Dynamo is used to manage the state of services that have very
high reliability requirements and need tight control over the
tradeoffs between availability, consistency, cost-effectiveness and
performance. AmazonBs platform has a very diverse set of
applications with different storage requirements. A select set of
applications requires a storage technology that is flexible enough
to let application designers configure their data store appropriately
based on these tradeoffs to achieve high availability and
guaranteed performance in the most cost effective manner.

D.4.2 [Operating Systems]: Storage Management; D.4.5
[Operating Systems]: Reliability; D.4.2 [Operating Systems]:
Performance;
Algorithms, Management, Measurement, Performance, Design,
Reliability.

Amazon runs a world-wide e-commerce platform that serves tens
of millions customers at peak times using tens of thousands of
servers located in many data centers around the world. There are
strict operational requirements on AmazonBs platform in terms of
performance, reliability and efficiency, and to support continuous
growth the platform needs to be highly scalable. Reliability is one
of the most important requirements because even the slightest
outage has significant financial consequences and impacts
customer trust. In addition, to support continuous growth, the
platform needs to be highly scalable.

There are many services on AmazonBs platform that only need
primary-key access to a data store. For many services, such as
those that provide best seller lists, shopping carts, customer
preferences, session management, sales rank, and product catalog,
the common pattern of using a relational database would lead to
inefficiencies and limit scale and availability. Dynamo provides a
simple primary-key only interface to meet the requirements of
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Other key principles embraced in the design are:
To meet the reliability and scaling needs, Amazon has developed
a number of storage technologies, of which the Amazon Simple
Storage Service (also available outside of Amazon and known as
Amazon S3), is probably the best known. This paper presents the
design and implementation of Dynamo, another highly available
and scalable distributed data store built for AmazonBs platform.
Dynamo is used to manage the state of services that have very
high reliability requirements and need tight control over the
tradeoffs between availability, consistency, cost-effectiveness and
performance. AmazonBs platform has a very diverse set of
applications with different storage requirements. A select set of
applications requires a storage technology that is flexible enough
to let application designers configure their data store appropriately
based on these tradeoffs to achieve high availability and
guaranteed performance in the most cost effective manner.
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servers located in many data centers around the world. There are
strict operational requirements on AmazonBs platform in terms of
performance, reliability and efficiency, and to support continuous
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of the most important requirements because even the slightest
outage has significant financial consequences and impacts
customer trust. In addition, to support continuous growth, the
platform needs to be highly scalable.

There are many services on AmazonBs platform that only need
primary-key access to a data store. For many services, such as
those that provide best seller lists, shopping carts, customer
preferences, session management, sales rank, and product catalog,
the common pattern of using a relational database would lead to
inefficiencies and limit scale and availability. Dynamo provides a
simple primary-key only interface to meet the requirements of
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Description of network

1,

Property to be shown

“if intruder is near and
approaching from left,
network will advise
‘strong right’”

1
SMT formula

… (n == 5 + m) ∨ (p ∧ ¬q) …

1

SMT Solver

1

satisfiable

Lattice-based data structures (LVars)
for deterministic programming
[POPL ’14, PLDI ’14, FHPC ’13, WoDet ’14]

Non-invasive DSLs for
productive parallelism
[ECOOP ’17]

unsatisfiable

SMT-based verification
of neural networks
[SysML ’18]

Guiding principle:
Find the right high-level abstractions
to enable efficient computation
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High-performance DSLs
built with, e.g., Delite
[Brown et al., 2011].

Sacrifice generality for productivity and performance?
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High-performance DSLs
built with, e.g., Delite
[Brown et al., 2011].

But:
learning curve,
functionality cliffs

Sacrifice generality for productivity and performance?
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ParallelAccelerator
[ECOOP ’17]
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ParallelAccelerator
[ECOOP ’17]

A non-invasive DSL embedded in
Accelerates existing language constructs with @acc
Supports additional runStencil construct
A combination compiler-library solution
▪ Library mode for development and debugging
▪ Native mode for high performance at deployment
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ParallelAccelerator
[ECOOP ’17]

A non-invasive DSL embedded in
Accelerates existing language constructs with @acc
Supports additional runStencil construct
A combination compiler-library solution
▪ Library mode for development and debugging
▪ Native mode for high performance at deployment
github.com/IntelLabs/ParallelAccelerator.jl
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@acc example: Black-Scholes option pricing
using ParallelAccelerator
@acc function blackscholes(sptprice, strike, rate, volatility, time)
logterm = log10(sptprice ./ strike)
powterm = .5 .* volatility .* volatility
den = volatility .* sqrt(time)
d1 = (((rate .+ powterm) .* time) .+ logterm) ./ den
d2 = d1 .- den
NofXd1 = 0.5 .+ 0.5 .* erf(0.707106781 .* d1)
NofXd2 = 0.5 .+ 0.5 .* erf(0.707106781 .* d2)
futureValue = strike .* exp(- rate .* time)
c1 = futureValue .* NofXd2
call = sptprice .* NofXd1 .- c1
put = call .- futureValue .+ sptprice
end
put = blackscholes(sptprice, initStrike, rate, volatility, time)
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futureValue = strike .* exp(- rate .* time)
c1 = futureValue .* NofXd2
call = sptprice .* NofXd1 .- c1
put = call .- futureValue .+ sptprice
Translates pointwise array
end
put = blackscholes(sptprice,

operations like .+, .-, .*, and ./
initStrike, rate,
volatility,
to data-parallel
maptime)
operations
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@acc example: Black-Scholes option pricing

Running on arrays of 100 million elements
2 Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.3GHz processors, 18 cores each (36 cores total)128 GB RAM
Julia version 0.5.0; Matlab version R2015a
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runStencil example: Gaussian blur
using ParallelAccelerator
@acc function blur(img, iterations)
buf = Array(Float32, size(img)...)
runStencil(buf, img, iterations, :oob_skip) do
b[0,0] =
(a[-2,-2] * 0.003 + a[-1,-2] * 0.0133
a[-2,-1] * 0.0133 + a[-1,-1] * 0.0596
a[-2, 0] * 0.0219 + a[-1, 0] * 0.0983
a[-2, 1] * 0.0133 + a[-1, 1] * 0.0596
a[-2, 2] * 0.003 + a[-1, 2] * 0.0133
return a, b
end
return img
end

b, a
+
+
+
+
+

a[0,-2]
a[0,-1]
a[0, 0]
a[0, 1]
a[0, 2]

*
*
*
*
*

...
...
...
...
...

img = blur(img, iterations)
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runStencil example: Gaussian blur

Running on a 7095x5322 source image for 100 iterations
2 Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.3GHz processors, 18 cores each (36 cores total)128 GB RAM
Julia version 0.5.0; Matlab version R2015a
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Impact of ParallelAccelerator...
[Truong et al., PLDI ’16]
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Impact of ParallelAccelerator...
[Truong et al., PLDI ’16]
[Totoni et al., ICS ’17]
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Impact of ParallelAccelerator...
[Truong et al., PLDI ’16]
[Totoni et al., ICS ’17]

Source: www.anaconda.com/blog/developer-blog/parallel-python-with-numba-and-parallelaccelerator/
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Parallel systems

Distributed systems

language-based approaches
Description of network

1,

Property to be shown

“if intruder is near and
approaching from left,
network will advise
‘strong right’”

1
SMT formula

… (n == 5 + m) ∨ (p ∧ ¬q) …

1

SMT Solver

1

satisfiable

Lattice-based data structures (LVars)
for deterministic programming
[POPL '14, PLDI '14, FHPC '13, WoDet '14]

Non-invasive DSLs for
productive parallelism
[ECOOP ’17]

unsatisfiable

SMT-based verification
of neural networks
[SysML '18]

Guiding principle:
Find the right high-level abstractions
to enable efficient computation
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[Julian et al., 2016]
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[Julian et al., 2016]
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Input: sensor data
once per second

Output: one of five resolution advisories
(COC, weak left, weak right, strong left, strong right)

[Julian et al., 2016]

Source: www.ll.mit.edu/publications/technotes/TechNote_ACASX.pdf
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[Julian et al., 2016]

~120M 7-dimensional states
Input: sensor data
Output: one of five resolution advisories
ρ: distance from ownship to intruder
(COC, weak left, weak right, strong left, strong right)
once per second
θ: angle to intruder

ψ: heading angle of intruder
vown: speed of ownship
vint: speed of intruder
𝜏: time until loss of vertical separation
aprev: previous advisory

[Julian et al., 2016]
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~120M 7-dimensional states
Input: sensor data
Output: one of five resolution advisories
ρ: distance from ownship to intruder
(COC, weak left, weak right, strong left, strong right)
once per second
θ: angle to intruder

ψ: heading angle of intruder
vown: speed of ownship
vint: speed of intruder
𝜏: time until loss of vertical separation
aprev: previous advisory

[Julian et al., 2016]

Needs 100s of GBs of storage—
too big to fit in memory on
verified hardware!
Source: www.ll.mit.edu/publications/technotes/TechNote_ACASX.pdf
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...
ρ
COC: 0.230892

θ
weak right: 0.703941

ψ
...

...
...

...

...

9 fully-connected layers with ReLU activations (f(x) = max(0, x))
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...
ρ
COC: 0.230892

θ
weak right: 0.703941

ψ
...

...
...

...

...

9 fully-connected layers with ReLU activations (f(x) = max(0, x))
[Julian et al., 2016]
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Verification strategy
SAT: determine if a
Boolean formula
(containing only
Boolean variables,
parens, ∧, ∨, ¬) is
satisfiable
SMT: determine
satisfiability of a formula
with respect to some
theory (e.g., theory of
linear real arithmetic)

Description of network

Property to be shown

“if intruder is near and
approaching from left,
network will advise
‘strong right’”
SMT formula

… (n == 5 + m) ∨ (p ∧ ¬q) …

SMT Solver
satisfiable

unsatisfiable
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The virtues of laziness
Eager approach: convert
whole SMT formula to SAT
formula immediately, then
solve with SAT solver
Lazy approach: use theory
solvers, each specific to a
particular theory

Lazy SMT solver
architecture

Source: fm.csl.sri.com/SSFT16/slides.pdf
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The virtues of laziness
Eager approach: convert
whole SMT formula to SAT
formula immediately, then
solve with SAT solver
Lazy approach: use theory
solvers, each specific to a
particular theory

Lazy SMT solver
architecture

Source: fm.csl.sri.com/SSFT16/slides.pdf

To exploit domain knowledge and unlock efficiency, we need
theory solvers specifically for handling neural networks
[SysML ’18]
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Lazily handling ReLU activations [Katz et al., 2017]
Description of network

Property to be shown

“if intruder is near and
approaching from left,
network will advise
‘strong right’”
SMT formula

… (n == 5 + m) ∨ (p ∧ ¬q) …

SMT Solver
satisfiable

unsatisfiable
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Lazily handling ReLU activations [Katz et al., 2017]
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Description of network

Property description

Property to be shown
Property to beDoes
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it Solver

“if intruderhold?
is neartime
and
“if approaching
intruder is near
and
from
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approaching
from
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network
will
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“if intruder is directly ahead and is moving towards
network
will advise
7.8h
‘strong
right’”
ownship, network will not advise COC”
‘strong right’”

Max. ReLU
split depth
(out of 300)

22

SMT formula
“if intruder isSMT
near formula
and approaching from left,
5.4h
network advises …
‘strong
(n right’”
== 5 + m) ∨ (p ∧ ¬q) …

46

SMT solver
“if intruder is sufficiently far away, network advises
COC”

50

… (n == 5 + m) ∨ (p ∧ ¬q) …

LP + ReLU
LP solver
Solver
core
SMT
Solver
solver
“for large vertical separationSMT
and previous
‘weak
Solver

50h

SAT solver

left’ advisory, network will either advise COC or
continue advising ‘weak left’”

satisfiable
satisfiable

unsatisfiable
unsatisfiable

11h

69

...and more

ReLU constraints like x = max(0, y) can only be encoded as disjunctions!
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SMT solver
“if intruder
is sufficiently far away, network advises
Extension:
COC”

50h

50

11h

69

… (n == 5 + m) ∨ (p ∧ ¬q) …

Handle
non-ReLU activations using
LP
+ ReLU
LP solver
Solver
core
SAT solver
SMT
Solver
solver
“for largepiecewise-linear
vertical separationSMT
andapproximations
previous
‘weak
Solver
[SysML
’18] will either advise COC or
left’ advisory,
network
continue advising ‘weak left’”

satisfiable
satisfiable

unsatisfiable
unsatisfiable

...and more

ReLU constraints like x = max(0, y) can only be encoded as disjunctions!
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1

Long term: Democratize solver hacking!
Create tools to make it really easy to build
high-performance domain-specific solvers
Source: Olukotun et al., 2012
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composition.al/CMPS290S-2018-09/
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Thank you!
Email: lkuper@ucsc.edu
Papers, etc.: users.soe.ucsc.edu/~lkuper/
Research blog: composition.al
Description of network

1,

Property to be shown

“if intruder is near and
approaching from left,
network will advise
‘strong right’”

1
SMT formula

… (n == 5 + m) ∨ (p ∧ ¬q) …

1

SMT Solver

1

satisfiable

Lattice-based data structures (LVars)
for deterministic programming
[POPL ’14, PLDI ’14, FHPC ’13, WoDet ’14]

Non-invasive DSLs for
productive parallelism
[ECOOP ’17]

unsatisfiable

SMT-based verification of
safety-critical neural networks
[SysML ’18]

Guiding principle:
Find the right high-level abstractions
to enable efficient computation
Special thanks to Jason Reed for drawings!
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