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Background

ÅHigh level formalisms for static program 
analysis
ïCircular attribute grammars

ïHorn clauses

ÅInterproceduralAnalysis
ïContext free reachability
ÅImplemented in SLAM/SDV

ÅShape Analysis
ïLow level pointer data structures
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Composing Data Structures



Problem: Multiple Indexes

Access Patterns

Å Find all mounted 
filesystems

Å Find cached files on 
each filesystem

Å Iterate over all used 
or unused cached 
files in Least-
Recently-Used order
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Disadvantages of linked shared data structures

ÅError prone

ÅHard to change

ÅPerformance may depend on the machine and 
workload

ÅHard to reason about correctness

ÅConcurrency makes it harder
ïLock granularity

ïAliasing



Our thesis

ÅVery high level programs
ïNo pointers and shared data structures

ïEasier programming

ïSimpler reasoning

ïMachine independent

ÅThe compiler generates pointers and multiple 
concurrent shared data structures 

ÅPerformance comparable to manually written 
code



Our Approach

ÅtǊƻƎǊŀƳ ǿƛǘƘ άŘŀǘŀōŀǎŜέ
ïStates are tables 
ïUniform relational operations
ÅHide data structures from the program

ïFunctional dependencies express program invariants

ÅThe compiler generates low level shared pointer 
data structures with concurrent operations
ïCorrect by construction

ÅThe programmer can tune efficiency
ÅAutotuningfor a given workload



Conceptual Programming Model
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Relational Specification

ÅProgram states as relations

ïColumns correspond to properties

ïFunctional dependencies define global invariants

AtomicOperation meaning

r= empty r := {}

insert r s t if s Îr then r = r Ç{<s.t>} 

query r S C The  C of all the tuplesin r 
matching tuple

remover s remove from r all the 
tuples which match s



The High Level Idea

Concurrent Compositions of
Data Structures,
Atomic Transactions

Compiler

RelScala

Scala

Decomposition

query  <inuse:T> {fs, file}

List * query(FS* fs, File* file) {
lock(fs) ; for (q= file_in_useΤ Χύ 
ΧΦ  



Filesystem

ÅThree columns  {fs, file, inuse}

Åfs:int³file:int³inuse:Bool

ÅFunctional dependencies

ï{fs, file} ­{ inuse}
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Filesystem(operations)

fs file inuse
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query  <inuse:T> {fs, file }=

[<fs:2, file:7>, <fs:1, file:6>]



Filesystem(operations)
fs file inuse
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Filesystem(operations)

remove <fs:1>
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Directed Graph Data Structure

ÅThree columns  {src, dst, weight}

Åsrc³dst³weight

ÅFunctional dependencies

ï{src, dst} ­{ weight}

ÅOperations

ïquery <src:1> {dst, weight}

ïquery <dst:5> {src, weight}



Plan

Å/ƻƳǇƛƭƛƴƎ ƛƴǘƻ ǎŜǉǳŜƴǘƛŀƭ ŎƻŘŜ όt[5LΩ11)

Å!ŘŘƛƴƎ ŎƻƴŎǳǊǊŜƴŎȅ όt[5LΩ12)



Mapping Relations into 
Low Level Data Structures

ÅMany mappings exist

ÅHow to combine several existing data 
structures
ïSupport sharing

ÅMaintain the relational abstraction

ÅReasonable performance

ÅParametric mappings of relations into shared 
combination of data structures
ïGuaranteed correctness



The RelCCompiler
fs³file³inuse
{fs, file} ­ {inuse}

foreach<fs, file, inuse>Ífilesystemss.t. fs= 
5
Řƻ Χ

RelC C++
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Relational Specification

Graph decomposition



Decomposing Relations

ÅRepresents subrelationsusing container data 
structures 

ÅA directed acyclic graph(DAG)

ïEach node is a sub-relation

ïThe root represents the whole relation

ïEdges map columns into the remaining sub-
relations

ïShared node=shared representation



Decomposing Relations into Functions 
Currying
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FilesystemExample
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Memory Decomposition(Left)
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FilesystemExample
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Memory Decomposition(Right)
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Decomposition Instance
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Decomposition Instance
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5ŜŎƻƳǇƻǎƛƴƎ wŜƭŀǘƛƻƴǎ CƻǊƳŀƭƭȅόt[5LΩ11)
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Memory State
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Adequacy

A decomposition is adequateif it can represent every possible relation 
matching a relational specification

Adequacy

enforces sufficient conditions for adequacy

Not every decomposition is a good representation of a 
relation



Adequacy of Decompositions

ÅAll columns are represented

ÅNodes are consistent with functional 
dependencies

ïColumns bound to paths leading to a common 
node must functionally determine each other



Respect Functional Dependencies

file,fs

inuse

V {file, fs} ­ {inuse}



Adequacy and Sharing

fs, file

fs inuse

file

inuse

Columns bound on a path to an object x must functionally
determine columns bound on any other path to x

V{fs, file}ª{inuse, fs, file}



Adequacy and Sharing

fs

fs inuse

file

inuse

Columns bound on a path to an object x must functionally
determine columns bound on any other path to x

W {fs, file} ̀ {inuse, fs}



The RelC/ƻƳǇƛƭŜǊ t[5LΩ11

Sequential Compositions of
Data Structures

Compiler

ReLC

C++
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Query Plans 

foreach<fs, file, inuse>Ífilesystems
if inuseҐ¢ Řƻ Χ
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inuse

Cost proportional to the number of files



Query Plans 

foreach<fs, file, inuse>Ífilesystems
if inuseҐ¢ Řƻ Χ
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Cost proportional to the number of files in use



Removal and graph cuts
remove <fs:1>
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Abstraction Theorem

ÅIf the programmer obeys the relational 
specification and the decomposition is adequate 
and if the individual containers are correct

ÅThen the generated low-level code maintains the 
relational abstraction 

relation relation
remove <fs:1>

low-level
state

low-level
state

low level code 
remove <fs:1>

õö õö



Autotuner

ÅGiven a fixed set of primitive types

ïlist, circular list, doubly-ƭƛƴƪŜŘ ƭƛǎǘΣ ŀǊǊŀȅΣ ƳŀǇΣ Χ

ÅA workload

ÅExhaustively enumerate all the adequate 
decompositions up to certain size

ÅThe compiler can automatically pick the best 
performing representation for the workload



Directed Graph Example (DFS)
Å Columns 

src³dst³weight
Å Functional Dependencies

ï {src, dst} ­ {weight}

Å Primitive data types
ïmap, list

Χ
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Synthesizing Concurrent 
Programs

t[5LΩ12



Multiple ADTs

Invariant: Every element that added to eden is either in 
eden or in longterm

public void put(K k, V v) {
if (this.eden.size() >= size) {

this.longterm.putAll(this.eden);
this.eden.clear();

}
this.eden.put(k, v);

}



hht{[!Ω11 Shacham

ÅSearch for all public domain collection operations 
methods with at least two operations

ÅUsed simple static analysis to extract composed 
operations
ïTwo or more API calls

ÅExtracted 112composed operations from 55
applications
ïApache Tomcat, Cassandra, MyFacesς¢ǊƛƴƛŘŀŘΣ  Χ

ÅCheck Linearizability of all public domain 
composed operations



47%
Linearizable

38%
Non 

Linearizable

15%
Open Non 

Linearizable

aƻǘƛǾŀǘƛƻƴΥ hht{[!Ω11 Shacham



Relational Specification

Atomicoperation meaning

r= empty r := {}

insert r s t if s Îr then r := r Ç{<s.t>} 

query r S C The  C of all the tuplesin r 
matching tuple

remover s remove from r all the tuples
which match s

ÅProgram states as relations

ïColumns correspond to properties

ïFunctional dependencies define global invariants



The High Level Idea

Concurrent Compositions of
Data Structures,
Atomic Transactions

Compiler

RelScala

Scala

Concurrent Decomposition

ConcurrentHashMap

HashMap

query  <inuse:T> {fs, file}

List * query(FS* fs, File* file) {
ƭƻŎƪόΧύ for (q= file_in_useΤ Χύ 
ΧΦ  



Two-Phase Locking

Two phase locking protocol:

ÅWell-locked:To perform a read or write, a 
thread must hold the corresponding lock
ÅTwo-phase:All lock acquisitions must precede 

all lock releases

Attach a lock to each piece of data

Theorem[Eswaranet al., 1976]:  Well-locked, two-phase transactions are 
serializable



Two Phase Locking

Attach a lock to every edge

Problem 2: Too many locks

Decomposition Decomposition Instance

²ŜΩǊŜ ŘƻƴŜΗ

Problem 1:/ŀƴΩǘ ŀǘǘŀŎƘ ƭƻŎƪǎ ǘƻ ŎƻƴǘŀƛƴŜǊ entries

Two Phase Locking Č Serialiazability

Butler Lampson/David J. Wheeler: ñAny problem in computer science can 

be solved with another level of indirection.ò



Two Phase Locking

Attach a lock to every edge

Problem 2: Too many locks

Decomposition Decomposition Instance

²ŜΩǊŜ ŘƻƴŜΗ

Problem 1:/ŀƴΩǘ ŀǘǘŀŎƘ ƭƻŎƪǎ ǘƻ ŎƻƴǘŀƛƴŜǊ entries

Two Phase Locking Č Serialiazability



Lock Placements

1. Attach locks to nodes

Decomposition Decomposition Instance



Coarse-Grained Locking

Decomposition Decomposition Instance



Finer-Grained Locking
Decomposition Decomposition Instance



Lock Placements: Domination

Decomposition Decomposition Instance

Locks must dominate the edges they protect



Lock Placements: Path-Closure
All edges on a path between an edge and its 
lock must share the same lock



Lock Ordering

Prevent deadlock via a topological order on locks



Queries and Deadlock

2. lookup(tv)

1. acquire(t)

3. acquire(v)

4. scan(vw)

Query plans must acquire the correct locks in the correct order

Example: find files on a particular filesystem



Deadlock and Aliasing

L1

L2

{
lock(a)
lock(b)
// do  something
unlock(b)
unlock(a)
}

{
lock(a)
lock(b)
// do  something
unlock(b)
unlock(a)
}

a

a

b

b

y



Decompositions and Aliasing

ÅA decomposition is an 
abstraction of the set of 
potential aliases

ÅExample: there are exactly
two paths to any instance 
of node w



Concurrent Synthesis (Autotuner)
Find optimal combination of

Decomposition
Container
Data Structures

ConcurrentHashMap

ConcurrentSkipListMap

CopyOnWriteArrayList

Array

HashMap

TreeMap

LinkedList

Lock Implementations

ReentrantReadWriteLock

ReentrantLock

Lock Striping Factors

Lock Placement


