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Second software crisis reasons

Figure 2. Historical growth in single-processor performance 
and a forecast of processor performance to 2020, based on the 
ITRS roadmap. A dashed line represents expectations if single-
processor performance had continued its historical trend.
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tion of the International 
Technology Roadmap for 
Semiconductors (www.
itrs.net/Links/2009ITRS/
Home2009.htm) predicts 
this growth continuing 
through the next decade, 
but we will probably 
be unable to continue 
increasing transistor den-
sity for CMOS circuits at 
the current pace for more 
than the next 10 years.

Figure 2 shows this 
expectation gap using 
a logarithmic vertical 
scale. In 2010, this gap for 
single-processor perfor-
mance is approximately 
a factor of 10; by 2020, 
the gap will have grown 
to about a factor of 1,000. 
Most economic or societal 
sectors implicitly or explicitly expect computing to deliver 
steady, exponentially increasing performance, but these 
graphs show traditional single-processor computing sys-
tems will not match expectations.

By 2020, we will see a large “expectation gap” for single 
processors. After many decades of dramatic exponen-
tial growth, single-processor performance is slowing and 
not expected to improve in the foreseeable future. Energy 
and power constraints play an important and growing 
role in computing performance. Computer systems re-
quire energy to operate, and, as with any device, the more 
energy needed, the more expensive the system is to oper-
ate and maintain. Moreover, the energy consumed by the 
system ends up as heat that must be removed. Even with 
new parallel models and solutions, the performance of 
most future computing systems will be limited by power 
or energy in ways the computer industry and researchers 
have yet to confront.

For example, the benefits of replacing a single, highly 
complex processor with increasing numbers of simpler 
processors will eventually reach a limit when further 
simplification costs more in performance than it saves in 
power. Power constraints are thus inevitable for systems 
ranging from handheld devices to the largest computing 
datacenters, even as the transition is made to parallel 
systems.

Total energy consumed by computing systems is al-
ready substantial and continues to grow rapidly in the US 
and elsewhere around the world. As is the case in other 
economic sectors, the total energy consumed by comput-
ing will come under increasing pressure.

Even if we succeed in sidestepping the limits on single-
processor performance, total energy consumption will 
remain an important concern, and growth in performance 
will become limited by power consumption within a 
decade. 
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Figure 1. Transistors, frequency, power, performance, and processor cores over time. The 
original Moore’s law projection of increasing transistors per chip remains unabated even as 
performance has stalled. 
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Multi-core Programming Technology

Precursors
I Multiple threads + shared memory access + locks single-core

concurrency

I . . .

New building blocks

I Algorithmic skeletons
I Software design patterns for easily parallelisable tasks MapReduce

from Google, TBB from Intel, GCD from Apple, . . .

I Software transactional memory
I PL abstraction for hard multi-core problems: shared memory

access

I Co-operating transactions This talk
I PL abstraction for hard multi-core problems: concurrent

consensus
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STM: Software Transactional Memory

I Database technology applied to software

I concurrency control: atomic memory transactions

I lock-free programming in multithreaded programmes

I threads run optimistically

I conflicts are automatically rolled back by system

Implementations:

I Haskell, OCaml, Csharp, Intel Haswell architecture

Issues:

I Language Design

I Implementation strategies

I Semantics what should happen when programs are run
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Standard Transactions on which STM is based

I Transactions provide an abstraction for error recovery in a
concurrent setting.

I Guarantees:
I Atomicity: Each transaction either runs in its entirety

(commits) or not at all
I Consistency: When faults are detected the transaction is

automatically rolled-back
I Isolation: The effects of a transaction are concealed from the

rest of the system until the transaction commits
I Durability: After a transaction commits, its effects are

permanent

I Isolation:
I good: provides coherent semantics
I bad: limits concurrency
I bad: limits co-operation between transactions and their

environments
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Communicating/Co-operating Transactions

I We drop isolation to increase concurrency
I There is no limit on the co-operation/communication between

a transaction and its environment

I These new transactional systems guarantee:
I Atomicity: Each transaction will either run in its entirety or

not at all
I Consistency: When faults are detected the transaction is

automatically rolled-back, together with all effects of the
transaction on its environment

I Durability: After all transactions that have interacted commit,
their effects are permanent (coordinated checkpointing)
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An example

Forwd

Even

Odd

b

b

in

out

out

Forwd⇐ in?(x) .b!〈x〉 .Forwd

Even⇐ atomicJb?(x) .if even(x) then out!〈f (x)〉 .(commit | Even)
else abrt&retryK

Odd⇐ atomicJb?(x) .if odd(x) then out!〈g(x)〉 .(commit | Odd)
else abrt&retryK
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Example: three-way rendezvous

P1 ||P2 ||P3 ||P4

Problem:

I Pi process/transaction subject to failure

I Some coalition of three from P1, P2, P3, P4 should decide to
collaborate

Result:

I Each Pj in the successful coalition outputs id of its partners
on channel outj
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Example: three-way rendezvous

P1 ||P2 ||P3 ||P4

Algorithm for Pn:

I Broadcast id n randomly to two arbitrary partners
b!〈n〉 | b!〈n〉

I Receive ids from two random partners b?(y) .b?(z)

I Propose coalition with these partners sy !〈n, z〉 .sz !〈n, y〉
I Confirm that partners are in agreement:

I if YES, commit and report
I if NO, abort&retry
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Example: three-way rendezvous

P1 ||P2 ||P3 ||P4

Pn ⇐ b!〈n〉 | b!〈n〉 |
atomicJb?(y) .b?(z) .

sy !〈n, z〉 .sz !〈n, y〉 . proposing

sn?(y1, z1) .sn?(y2, z2) . confirming

if {y , z} = {y1, z1} = {y2, z2}
then commit | outn!〈y , z〉
else abrt&retry K
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Co-operating Transactions: Issues

I Language Design
I Transaction Synchronisers (Luchangco et al 2005)

I cJoin with commits Bruni, Melgratti, Montanari ENTCS 2004

I Transactional Events for ML ( Fluet, Grossman et al. ICFP 2008)

I Communication Memory Transactions (Lesani, Palsberg PPoPP 2011)

I . . . Abstractions for Concurrent Consensus (Spaccasassi, Koutavas, Trends

in Functional Programming 2013)

I . . . . . .

I Implementation strategies

I See above

I Semantics what should happen when programs are run

I TransCCS: Testing-based semantic theory (Concur 2010, Aplas 2010)

I TransCCSm: bisimulation-based theory Fossacs 2014
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Communicating Memory Transactions Lesani Palsberg

I Builds on optimistic semantics of memory transactions O’Herlihy et

al 2010

I Adds asynchronous channel-based message passing as in Actors CML

etc

I Formal reduction semantics

I Formal properties of semantics proved

I Implementation as a Scala library

I Performance evaluation using benchmarks
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TCCSm

An extension of CCS with communicating transactions.

1. Simple language: 3 additional language constructs

2. Reduction semantics based on merging of mutually dependent
transactions

3. Intricate concurrent and transactional behaviour:
I encodes restarting, and non-restarting transactions
I does not limit communication between transactions
I no nesting of transactions for simplicity

4. Behavioural theory: based on standard contextual equivalence
reduction barbed congruence

5. History based bisimulations which are fully abstract for
behavioural theory
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TCCSm

Syntax: P,Q ::=
∑
µi .Pi guarded choice

| P | Q parallel
| νa.P hiding
| recX .P recursion
| JP .k QK running transaction named k
| co commit
| JP I QK uninitiated transaction

Transaction JP .k QK

I execute P to completion ( co)

I subject to random aborts

I if aborted, roll back all effects of P and initiate Q

I roll back includes . . . environmental impact of P
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Rollbacks and Commits

Co-operating actions: a← needs co-operation of→ a

Ta | Tb | Tc | Pd | Pe

where
Ta =

q
d .b.(co | a) .k1 0

y

Tb = Jc .(co | b) .k2 0K
Tc = Je.c.co .k3 0K
Pd = d .Rd

Pe = e.Re

I if Tc aborts, what roll-backs are necessary?

I When can action a be considered permanent?

I When can code Pd be considered permanent?
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Tentative vs Permanent actions for bisimulations

Ja.b.co.P + a.c .0 .k 0K
k(a)−−→ tentative a

k(b)−−→ tentative b
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Remembering via Histories: H � P

ε � Ja.b.co.P + a.c .0 .k 0K
k1−→ k1(a) � Jb.co.P .k1 0K tentative a

k2−→ k2(a). k2(b) � Jco.P .k2 0K tentative b

co−→ a. b � P permanent a, b

Configurations: H � P

where H remembers

I tentative actions what commits they depend on

I aborted actions

I permanent actions
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Bisimulations

H1 � P1 ≈bisim H2 � P2

whenever

I H1, H2 are consistent permanent actions agree

I H1 � P1
λ−→ H ′

1 � P ′
1 implies H2 � P2

λ
=⇒ H ′

2 � P ′
2 such that

H ′
1 � P1 ≈bisim H ′

2 � P ′
2

I . . .

Intricacies:

I Commits/aborts treated as internal actions

I Dummy actions allowed
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Examples

Ja.b.co + a.c .0 .k 0K
?
≈bisim Ja.b.co .k 0K

Ja.b.co + a.c .co .k 0K
?
≈bisim Ja.(b.co + c .co) .k 0K

recX . Jτ.b.co + τ.c .co .k X K
?
≈bisim recX . Jτ.(b.co + c .co) .k X K

R | recX . Ja.b.0 .k X K
?
≈bisim R

P
?
≈bisim Q

where P = νp. Ja.p.co.R .k 0K | Jb.p.co.S .l 0K
Q = Ja.b.co.(R | S) + b.a.co.(R | S) .m 0K
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Full-abstraction

Thm:

For TCCSm,

ε � P ≈bisim ε � Q iff P ≈cxt Q

where ≈cxt is a standard contextual equivalence

THANKS
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