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Abstract

A concurrent object s a data structore shared by con-
ciwrrent processes, Convenbional technigues for imiple-
menting concurrent objects typically rely on crifical sec-
tfona: enanring that only one process at a time can op-
erate an the abject. Nevertheless, critical sections are
poorly suibed Tor asynchronons systems: if one process is
halied or delayed in a critical ssction, other, non-faulty
processes will be unable fo progress. By conirast, a
comcurrent object implementation 15 non-blocking 1f 1d
always guaraniees thal some process will complete an
operation in a finite number of steps, and it is weit-free
if 1t guarantees that ecch process will complete an op-
eration in a finile number of steps. This paper proposes
a new methodology for constructing non-blocking and
wait-free implementations of concurrent objecta. The
ohject's representalion and operations are written as
stylized sequential programs, with no cxplicit synchro-
nization. Esch seguential operation 15 automatically
transformed into a non-hlocking or wail-free operation
wsing novel synchromzation and memory management
algerithms, These algotithins are presented for a mul-
tiple instroction/multiple data [MIMD) architecture in
which n processes communicale by applying read, write,
and compare &swap operations to a shared memory.

1 Imntroduetion

A concurrent object is a data structure shared by con-
current processes, Algornthms for implementing concur-
rent objects lic at the heart of many important problems
in concurrent systems. Conventional technigues for im-
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plementing concnrrent objects typically rely on eritical
seciions: wnsuring Lhat only one process at a time can
operale on the ohject. Nevertheless, critical sections are
poorly suited for asyvnehronons aystems: il one process
1% halled ar delayed in a cribical sechion, ather, lasler
processes will be unable to progress. ‘Poszible sources of
anexpected delay include page faults, exhavsting one's
scheduling quantum, precmption, and halting failares.

By contrast, a concurrent object implementation is
non-bocking iT it guarantees that seie process will com-
plete an operalion in a finite number of steps, regardless
of the relative execntion speeds of the processsa, An
implementalion 15 waetl-free if it guaraniees that cach
process will complete an operation in & finite number
of steps. The non-blocking condition permits individ-
val processes Lo starve, but it guarantees Lhat Lhe sys-
tem as a whole will make progress despite individnal
haliing lilures or delays. The wait-free condition does
not permit starvation; it goarantees that all non-halted
processes make progress. The non-blocking condition
1% appropriate for systems where starvabion 18 wnlikely,
while the (stronger) wail-Tree condilion is appropriate
when some processes are inherently slower than olhers,
as in =ome heterogencons architectures, Either condi-
t1om roles out the use of cnitical sections, since a process
that halls in a critical section can force other processes
tryving Lo enter Lhak cntical seclion bo run forever with-
ol making progress.

In this paper, we propose a new methodology for con-
structing non-blocking and wait-free implementations
of concarrent objects. The object’s representation and
pperalions are wrilten aa atylized sequential programs,
with no explicil synchromzatian. Fach sequential oper-
ation is antomatically transformed into & non-blocking
or wait-free operation via a collection of novel ayu-
chronization and memory managemenl algorithms in-
troduced in this paper. We focus on a multiple -
struction/muléiple data (MIMD} architecture in which
n processes communicale by applying reed, wrile, and
conipere Bapep operations to a shared memory, "Lhe



comparefinrap operalion is shown in Figure 1. We
chose comparc®&aswap for two reasons.  Fiest, it has
been successfully implemented, having first appeared in
the TBM System /370 architectnre [20] 7. Second, maost
other “classical™ primitives are provably inadegnate —
we have shown elsewhere [18] that it is impossible ?
to constrnct non-blocking or wait-free implementations
of many simple and vseful dala types wsing any com-
bination of read, wrile, lesifaetl, felchfadd [13], and
memnry-to-register swap. The compore@ruwap opera-
tion, however, is universal — at least in principle, it
ia powerful enough to transform any sequential object
implementation into a non-blocking or wait-lree imple-
mentation.

comparefswap{w: word, old, new: walue)

returns( boolean )
ifw = old

then w := new

return true

elae return fnlae

end il
end comparefawap

Figure 1: The ComparefSwap Operation

Although we do not present specific langnage propos-
als in this paper, we believe the methodology introduced
here lays the lonndation for & new approach o program-
ming languages for shared-memory multiprocessara. As
Hlustrated by Andrews and Schneider’s comprehensive
survey [1], most language constructa for shared memory
architectures focus on techniqoes for motoal exclusion
and schedualing, Only recently has attention started to
ghift lo models that permit a higher degree of concur-
rency [18, 19, 32]. Because our methodology is based on
automatic transformation of sequential programs, the
formidalsle problem of reasoning about concurrent data
giructures is reduced to the more familiar domain of
sequential reasoning. As discnssed below in the sec-
tiom on related work, the transformed implementations
are simpler and more efficient, both in time and space,
than earlier conatructions of this kind. For example,
the concurrent prionty guens example in Section 4.3 15
an interesting algorithm in ils own right.

In Section 2, we give a bnel survey of related work.
Section 3 describes our model, In Section 4, we
present protocols for transforming sequential implemen-
tations into non-blocking implementations. To illus-
irate our methodelogy, we present a novel non-blocking

I'The Svatem/aAT0'a comparefiswap returna the register's pre-
wviopus value in addition to the boolean condition,

? Although our impossibility results were presenied in iermas of
wait-free impletmentationa, they hold for nonshlocking implemen.
tationa ns well.
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implementation of a skew heap [356], an approximatel y-
balanced binary tree used to uoplement a prionty
gquene, In Section 5, we show how to transform oar
non-hlocking protocols into wait-free protocnls. Section
G summarizes our resulls, and concludes with a discns-
sion. Sihee rigoroua maodels and proofs are beyond the
scope of a paper of this length, oour presentation here
13 deliberately informal, emphasizing the intuition and
molivation undeciying our algorithms,

2 Related Work

Early work an non-blocking protocols foensed on im-
possibility reanlis [6, 7, & 8, 11, 18], showing that cer-
tain probiems cannot be solved in asynchronous systems
using certain primitives. DBy contrast, a synchromza-
tion primitive is universad if it can be used to trans-
form any sequential object implementation into a wait-
free concurrent implementation. The author [18] gave
a necessary and sufficient condition for universality: a
synchromezation primifive is universal i an n-process
system if and only if it solves asynchronous consensus
|11} for » processes, Although this result showed that
wait-free (and non-blocking) implementations are pos-
gible in principle, the universal construction was too
ineflicient 4o e practical. Plotkin [32] gives a detailed
universal construction for a sltcky-bil primitive, This
construction, while more efficient than the consensus-
based construction, is still not entirely practical, as each
operation mav require multiple scans of all of memory.
The universal constructions presented here are simpler
and more efficient tham earhier constructions, primar-
ily because compare®swap seems to be a “higher-level”
primitive than sticky-hits,

Many researchers have studied the problem of con-
structing wail-free afomic read /write registers ffom sim-
pler primitives [4, 5, 22, 25, 28, 30, 31, 34]. Atomic
Registera, however, have few if any interesting applica-
tions for concurrent data structures, since they cannot
be comhbined to construct non-blocking or wait-free im-
plementations of elementary dala types such as guenes,
directories, or sets [18], There exists an extensive lit-
erature on concurrent data structures constrocted from
more powerful primitives. Golilieb el al. [14] give a
highly concurrent quene implementation based on the
replece-add operation, a variant of feich@&edd. This
implementation permits concutrent enguening and de-
questing processes, but it 1s blocking, since 1t uses crit-
leal sections to synchronize access to individual gueue
clements. Lamport |24 gives a wail-free gueue imple-
mentation that permits one enquewing process io ex-
ecute concurrently with one degquening process. Her-
lihy and Wing [17] give a non-blocking queus imple-
mentabion, employving felchfadd and swep, that per-
mits an arbitrary number of enguening and dequening



procesaes, Lanin and Shasha [26] give a non-blocking
set implementation that nses operations similar to com.
pare & rwayp. There exists an extensive literature on lock-
ing algorithms for coneurrent B-trees [2, 27, 33] and for
related search structures [3, 10, 12, 15, 21]. Our con-
corrent skew heap implementation in Section 4.3 nses
fufures, a form of lazy evaluation used in MultiLisp [16].

3 DMode]

In this seclion we give an informal presentation of our
madel, focusing on the intuition behind our definitions.
A more formal Lreabmenl appears elsewhere [17].

A concurrenl syslem consists of a collection of n se-
quential processes thal communicale through shared
tvped objects. Processes are sequenlial — each pro-
cess applies a sequence of operations to objects, alter-
nately issuing an invocation and then receiving the as.
sociated response. We make no [airness assumplions
about processes. A process can halt, or display arhi-
brary vanalions in speed. In particular, one process
cannot tell whether another has halted or is just run-
ming very slowly,

Dhjecta are data stroctures in memory. Each object
has & type, which defines a set of possible values and a
sel of primitive eperafions that provide the only means
lo manipulate that object. Each object has a sequendial
spectficalion thal defines how the uhject belaves when
1ta opcrations are invoked one at a time by a single pro-
cess, For example, the behavior of a guene abject cam
be gpecified by requiring thal enyg insert an ikem in Lhe
queus, and thal deg remove the oldest ilem present in
the quene, In aconcorrent system, however, an object’s
operations can be invoked by concarrent processes, ind
it i8 necessary to glve & meaning to interleaved opera-
tion execntions.

An ohject is linearizable [17] if each operation appears
te take effect instantaneously at some poinl between
the operation’s imyocation and response. laneansabil-
ity implies that processes appear to bhe interleaved at
the granularity of eomplete operations, and that the or-
der of non-averlapping aperalion® iz preseeved, As dis-
cussed in more detail elsewhere [17], the notion of lin-
earizability generalizes and unifies a number of ad-hec
correctness conditions i the literature, and it 15 related
to (but not identical with) correctness criteria such as
sequential consistency |23) and strict serializability [29].
We use linearizability as the basic correctness condition
for all concurrent ohjecta constructed in this paper.

A natural way Lo measnre Lhe Lime eomplexily of a
non-blocking implementation is the sysfem latency, de-
fined Lo be the largest number of steps Lthe system can
take without completing an operation. For a wait-Iree
implementalion, the process lntency is the largest num-
ber of steps & proccss can lake without completing an
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operation. DBolh kinds of latency measure worst-case
performance. ¥We are wsually interested in latency as
a function of the system size. For brevity, we say that
an implementation is O(r) non-blocking [weil-free] if it
has (}{n) system {Prnne:n] latency. MNote that an im-
plementation nsing critical sections has infinile aystem
and process latencies, since the system can take an arhi-
trary number of steps without completing an operation
if some process 1s delayed 1n a crnitical section,
Dur methodelogy is baged on the following stepa.

1. The programmer chooses a representation for the
object, and implements a set of sequentinl opera-
ftons. The seqguential operations are writien in &
conventional sequential language, with no explicil
ayvnchronization. They are subject to the following
important restriction: they must written in a func.
fional style — an operation thal changes the object
state is not allowed to modify the object in place,
instead it must compute and return a {logically)
distinct wversion of the object.

. Using the synchronization and memory manage-
ment algorithms described below, each sequential
operation is transformed into a non-blocking (or
wail-free) operation. (The transformed operations
typically appear to update the object in place.

Thiz transformation could be done by a compiler.
For example, to implement an operation with the fol-
lowing signature:

operation{x: object, n: value)
returns|value)

the programmer would implement a sequential opera-
tion with the [ollowing signature:

OPERATION(x: object, a: value)
returns{object, value)

By convention, names of sequential operations appear
in small capitals, and names of non-blocking operations
in lower-case.

4 Non-Blocking Protocols
4.1 Single Word Ohjects

We first consider objects whose values fit in & single
word of memary. The .'lEI'.IIIEII'“-?I.I operation % Lrans-
formed inke a non-blocking operation by the Single
Ward Prolocel, shown in Figure 4.1. Here, we show a
sequential felek@add operation, logether with its non-
blocking tranzsformation. Fach process reads the ob-
ject's current value inlo a local wariable, calls Lhe ge.
guential operation {o compule a new value, and Lhen
atlemnpls to reset the object fo that new value using



