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ABSTRACT

Open nesting provides a loophole in the strict model of atomi
transactions. Moss and Hosking suggested adapting opéingnes
for transactional memory, and Moss and a group at Stanford ha
proposed hardware schemes to support open nesting. Sieme th
researchers have described their schemes using only iopaitat
de nitions, however, the semantics of these systems havbe®n
speci ed in an implementation-independent way. This paytars

a framework for de ning and exploring the memory semantits o
open nesting in a transactional-memory setting.

Our framework allows us to de ne the traditional model of
serializability and two new transactional-memory modelace
freedomand pre x race freedom The weakest of these memory
models, pre x race freedom, closely resembles the Stardpeh-
nesting model. We prove that these three memory models aie eq
alent for transactional-memory systems that support oldged
nesting, as long as aborted transactions are “ignored.” kfeep
that for systems that support open nesting, however, thelmad
serializability, race freedom, and pre x race freedom aisgidct.
We show that the Stanford TM system implements a model at leas
as strong as pre x race freedom and strictly weaker than fraee
dom. Thus, their model compromises serializability, theperty
traditionally used to reason about the correctness of aicims.

1. INTRODUCTION

Atomic transactions represent a well-known and usefulrabst
tion for programmers writing parallel code. Database systhave
utilized transactions for decades [9], and more receménsac-
tional memory [12] has become an active area of researchsTra
actional memory (TM) describes a collection of hardware softt
ware mechanisms that provide a transactional interfacadoess-
ing memory, as opposed to a database. A TM system guarantee
that any section of code that the programmer has specied as a
transaction either appears to execute atomically or appeatrto
happen at all, even though other transactions may be rurmoing
currently. In the rst case, we say the transaction basmitted
otherwise, we say the transaction lad®rted

A TM system enforces atomicity by tracking the memory lo-
cations that each transaction in the system accesses,gnins-
action con icts, and aborting and possibly retrying tractgns to
resolve con icts. Most TM implementations maintain a tracison
readsetandwriteset i.e., a list of memory locations that a transac-
tion has read from or written to, respectively. Typicalhe tsystem
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(1 xbegin
2 X++;
3 y++;
A< 4 xbegin_-lI
5 i++; -1
6 xend |
7 Z++;
\8 xend

FIGURE 1: A code example where transactibnis nested insidé\. The
xbegin andxend delimiters mark the beginning and end of a transaction.

reports a con ict between two transactioAsandB if both trans-
actions access the same memory location and at least onesef th
accesses is a write. £ andB con ict, then TM aborts one of the
transactions, rolls back any changes the aborted trangsattade
to global memory, and clears its readset and writeset.

Transactional memory systems may suppestingof transac-
tions. Nested transactions arise when an outer transaitiornits
body calls another transactidn Figure 1 shows code for a trans-
actionA within which another transactidnis nested.

The database community has produced an extensive literatur
on nested transactions. Moss [17] credits Davies [4] witiming
nested transactions, and he credits Reed [23] as provilingdt
implementation of what we now call closed transactions yG8a
describes what we now call open transactions. The terman”ope
and “closed” nesting” were coined by Traiger [25] in 1983.

The TM literature discusses three types of nesting: atseth
and open. The semantics and performance implications df eac
form of nesting can be understood through the example ofr&iju

gf | is at-nestedinsideA, then conceptuallyA executes as if the

code forl were inlined insideA. With at-nesting, | 's reads and
writes are added directly to the readset and writesét.ofFhus, in
Figure 1, if a concurrent transacti® tries to modify variable

while | is running, but beforé has committed, then if aborts, it
also causeA to abort (since belongs to the readset Afas well).

If 1 is closed-nestednside A (see, for example, [18]), then
conceptually, the operations bfonly become part oA whenl
commits. In Figure 1, iB tries to modifyi and causes to abort,
then the system only needs to abort and roll badkutB need not
abortA, becausé\ has not accessed locatiornyet. Thus, closed
nesting can be more ef cient than at nesting in this example
I's readset and writeset are merged whtls readset and writeset
if | commits, however. Thus, B tries to modifyi afterl has
committed but beforé commits, the system may still abakt

Finally, if | is open-nestednsideA (see [16, 19, 21, 26]), then
conceptually, the operations bfare not considered as part Af
Whenl commits,| 's changes are made visible to any other transac-
tion B immediately, in the scheme of [18]ndependent of whether

1Several alternative policies for manipulating readsets aritesets are
suggested in both [19,21], but since [19] suggests adofiimgame scheme
as [16], we do not discuss the alternatives in this paper.



A later commits or aborts. Thus, in FigureBLnever aborté\, and
B's access to variablie is never added té's readset or writeset.

Transactional memory with either at or closed nesting guar
tees that transactions aserializable[22]: they affect global mem-
ory as if they were executed one at a time in some order, even if
in reality, several executed concurrently. Closed neggieigerally
allows for a more ef cient implementation compared with raést-
ing, because closed nesting allows a nested transalctiorabort
without forcibly aborting its parent transactién as with at nest-
ing.
Open nesting provides aloophole in the strict guarantemo$t
action serializability by allowing an outer transaction“tpnore”
the operations of its open subtransactions. Moss [19] descr
open nesting as a high-level construct that operates atewvetsl of
abstraction. Thus, open nesting may require high-levestroats
for rollbacks of aborted transactions or for concurrenaytom be-
tween transactions. For example, when using open nestiog, p
grammers may heed to specify a “compensating” transactiah t
undoes the effect of a committed open transaction if itsiqidrans-
action aborts, or the programmer may need to use “abstrack’|
in the code to prevent certain transaction interleavingé [1

Indeed, even TM without any nesting can be viewed at two
levels of abstraction. For example, the hardware may imefgm
rollback of memory state, but rely on the programmer or coenpi
to retry transactions that abort, sometimes using backofbpols
to ensure that a given transaction eventually commits. ;Thus
helpful to distinguish thenemory modefor TM, as the essential
memory semantics that the hardware implements, fromptbe
gram modelas the semantics that the programmer sees.

Our focus will be on memory models for TM. We shall not con-
cern ourselves with retry mechanisms, compensating tcéinga,
and the like. A TM system should have well-speci ed behavior
even as a target for compilation, when all program-levelpsup
for transactions and nesting are put aside. Low-level sofivimay
build upon the memory model to provide a higher level of austr
tion, e.g., for open nesting, but the semantics of openmgstiust
be understood by the programmers of this low-level software

Moreover, although one may ignore the semantics of aborted
transactions at the program-model level, at the level ofiteenory
model, even aborted transactions must have a reasonatdatesn
at least up to the point where they abort. Thus, we shall l&-int
ested in de ning memory semantics even for aborted traimast

In this paper, we describe a framework for de ning transac-
tional memory models. Our framework, which is inspired bg th
computation-centric framework proposed by Frigo [6, 7]pwab
TM semantics to be speci ed in an implementation-independe
way. Within this framework, we de ne the traditional modélse-
rializability and two new transactional memory models eréee-
dom and pre x-race freedom. We prove that these three memory
models are equivalent for computations that contain onbged
transactions, as long as aborted transactions are “igfiétedsys-
tems that support open nesting, however, the three modedisr
tinct. We show that the Stanford system [16], perhaps thet mos
reasonable design for open-nesting of transactional meipar
posed to date, implements a model at least as strong as pee-
freedom and strictly weaker than race freedom. Thus, thetteh
compromises serializability, the property traditionalised to rea-
son about the correctness of transactions.

The remainder of this paper is organized as follows. Se@ion
presents several examples that illustrate program befsathat
open nesting can admit. Section 3 de nes our framework foleun
standing transactional memory models. Section 4 formalpes
the memory models of serializability, race freedom, andxprace
freedom. In Section 5 we prove that all three memory modeds ar
equivalent for computations with only committed transamsi, but

1 xbegin 13 xbegin

2 read a j>*A1 14 read d } B,

3 xbegin M 15 xbegin M

4 Insert(a,a); ‘,’ I, 16 Insert(d,d) ‘,’ Iy

5 xend ! 17 xend !

6 read b A 18 read e 8
A 7 xbegin = B 19 xbegin =

8 Insert (b,b) -1, 20 Insert (e, e) -1,

9 xend _l 21 xend _

10 c«—a+b }Az 22 £fe—d+e }83

11 write ¢ 23 write £

12 xend 24 xend

25
26
27
28
29
30}

Insert(x, y) {
Sample Orderings:

Schedule 1: Ay, I, Ay, I, Ay, By, 3y, By, 3, By
Schedule 2: By, A, I, A;, I, 3,, B,, 35, Ag, By
Schedule 3: By, Ay, Iy 3y, Ay I, Ay, By, 35, By

A.array[x] < y;
read A.size
A.size « A.size + 1

write A.size

FIGURE 2: Two concurrent transactions that do not share any memoay loc
tions except in their nested transactions. Divide tramsa& into abstract
operationsA1;11;A2;12;Az,and divideB intoB1;J1;B2;J2;B3. The
I's andJ's represent inserts to an abstract table data structuredsite 1

is a serial order, Schedule 2 is an interleaved order eguivab Schedule
1, and Schedule 3 is an interleaved order which is not szataik.

are distinct when we model aborted transactions or have topes-
actions. Section 6 describes an operational model for opstiny
that similar to the Stanford model [16] and shows that it ieapl
ments pre x-race freedom. Section 7 offers some perspediv
open nesting and other loopholes in transactional memory.

2. SUBTLETIES WITH OPEN NESTING

This section motivates the need for a precise descriptioth®f
memory semantics using three examples to illustrate sorhe su
tleties with open nesting. The rst example shows that some d
sirable schedules allowed by open nesting are not setiddizahe
second example shows that the loss of serializability f@nopest-
ing sanctions arguably bizarre program behaviors. Thd thiam-
ple shows that open nesting compromises composability.

Figure 2 describes a program with nested transactions where
the use of open nesting admits a desirable schedule whicbhtis n
serializable. Moreover, a system with only at or closed tires
prohibits the schedule. In Figure 2, transactforeads from global
variablea, adds a key-value pair based ato a global table, reads
from b and adds a corresponding pair to the table, and then stores
the suma + binto c. TransactiorB performs analogous operations
ond, e, andf . The table data structure is implemented as a simple
direct-access table [3, Section 11.1] with a globale eld to
count the number of elements in the table.

If the nested transactions (thé andJ's) are all at-nested or
closed-nested, then TM guarantees that the transactiesgsdaliz-
able: the program appears to executes as though déithappened
beforeB (Schedule 1) oB happened beforA. The system might
actually perform the operations in a different, interlechoeder (for
example, Schedule 2), but this schedule is equivalent tabtiee
two valid serial schedules (in this case, Schedule 1). Sdbedlis
not serializable, however, becauke(and thusB ) observes the in-
termediate value ol.size written byli (and thus written byA).
Consequently, Schedule 3 is prohibited with at or closedtimey.

To improve concurrency, a programmer may wish to allow cer-
tain schedules that are not serializable, but which negks$ls are
consistent from the programmer's point of view. A systemt tha
can admit nonserializable schedules imposes fewer résiricon
transactions, possibly allowing transactions to commiemwkhey
would have otherwise aborted. For example, the programnagr m



1 xbegin 8  xbegin
2 read a A 9 read i
3 xbegln_opt_en ‘\I B< 10 i 810 +1
4 |-read -l | 11 write i
5 i .8 i+ 1|>—I1 12 xend
A 6 write i |
7 xend_open ) 13 xbegin
14 read i

18 d b

rea cC<15 b 8i
19 c 8 a+b A, 16 write b
20 wite ¢ 17 xend
21 xend

FIGURE 3: A program execution permitted by open nesting. Transa&ion
does not appear to execute atomically, because it can ré@acansistent”
value forbif B andC interleave between the executionAdf andA .

wish to admit Schedule3, even though the and J% happen to
access the sansize eld. Conceptually, the programmer may not
care in which order the table inserts occur. For example,,if 2,

1 xbegin 3 xbegin
2 if (!Contains(5)) 4 if (!Contains(5))
A 7 Insert (5,15) B 5 Insert (5,10)
8 xend 6 xend
Contains (x) Insert (x,y)
9 xbegin 19 xbegin

10
11

20
21
22
23
24

found « true A.array[x] <« y

xbegin_open read A.size
read A.size A.size «—A.size + 1
if (A.size==0) empty« true write A.size
xend_open xend
if (!empty)

found < A.array[x]
return ((!empty) && found)

xend

FIGURE 4: Flawed implementation of a table data structure with twamet
ods,Contains(x) andinsert(x,y) . Although each method individually

appears atomic, transactioAsandB , which call those methods, may not
appear atomic. In particular, the ordering 2; 3; 4; 5; 6; 7; 8i is allowed.

we can understand what properties should be enforced bghigh

J1, andJ. are open transactions, then Schedule 3 is a valid execu- level mechanisms.

tion.

Once a TM system with open nesting admits some desirable

nonserializable schedules, however, the proverbial catti®f the
bag. As far as the memory semantics are concerned, it seéms di
cult to prohibit additional program behaviors that mightgaably

be undesirable. Figure 3 shows a program execution alloy¢ah
open-nesting implementations of [16,21]. In this examiplie,pos-
sible for all transactioné, | 1, B, andC to commit, even thougA
does not appear to execute atomically. Transaoeads incon-
sistent data, sinc€ writes tobbetweenrA's reads ofa andb. Thus,

the “snapshot” of the world seen &y when it begins is different
from its snapshot part way through its computation.

Our nal example illustrates how open nesting can admit sub-
tle program behaviors that affect the composability of seations.
Consider the program in Figure 4 which describes an impléanen
tion of a simple table library that (arguably) contains abtk aw.

The program includes @ontains(x) method to complement the
Insert(x,y)  method used in Figure 2. Since thige eld is the
primary source of transaction con icts between table opens,
the Contains method “optimizes” its search method by checking
size within an open transaction.

Using TM with open nesting, in any sequenceGaintains or
Insert operations, each individual operation still appears atomi
Thus, in transactio in Figure 4, we might expect that if the
Contains operation returns false, then the key can be safely in-
serted into the hash table without adding duplicates.

Unfortunately, one cannot correctly call bo@ontains and
Insert inside a transactiol and still havel appear to be atomic.
Indeed, the open-nesting implementation described in fl6jvs
the entire transactioB to execute between Lines 2 and 7 of trans-
actionA. Thus, this code shows that composability of transactions
is not preserved. When using open nesting, simply ensutiag t
atomicity of individual transactions is not suf cient to grantee
composability.

Admittedly, the examples in Figures 3 and 4 are somewhat
contrived. In particular, unlike in Figure 2, transactiong=igures
3 and 4 cannot be partitioned into clear abstraction leveith
each level accessing disjoint memory locations, as Mosgesig
may be necessary [19]. These examples suggest, howeweiortha
open nesting, the distinction between the abstract prognaatel
and the low-level memory model is much more signi cant than f
closed or at nesting. Thus, these examples motivate thel nee
understand memory models for open nesting so that at thdeasty

3. MEMORY MODELS

This section de nes our framework for modeling transacdion
computations. Our model is inspired by Frigo's computation
centric modeling of a program execution as a computation dag
(directed acyclic graph) [6] with an “observer function” izh es-
sentially tells what write operation is “seen” by a read. @wdel
uses a “computation tree” to model both the computation aal a
the nesting structure of transactions. We rst de ne conapian
trees without transactions, then we show how transactiansbe
speci ed, and nally, we de ne Lamport's classical sequiit
consistency model [14].

Formal models for systems with nested transactions apgear a
early as the work by Beeri, Bernstein, and Goodman [1]. Recen
papers providing operational semantics for open transastin-
clude [15, 16, 21]. Although operational semantics of a TM ca
provide an abstract basis for implementation, inferringeegent
properties of the system from these semantics can be qdite di
cult.

Our computation-centric model focuses oregposteriorianal-
ysis of a program execution. After a program completes, \weras
the execution has generatettacewhich is abstractly modeled as a
pair (C; ) , whereC is a “computation tree” describing the mem-
ory operations performed and transactions executed, aiglan
“observer function” describing the behavior of read andevap-
erations. We shall de n€ and more precisely below. We de ne
U to be the set of all possible tracgs; ) .

Within this framework, we de ne a memory model as follows:

DEFINITION 1. Amemory models a subset U .
Thatis, represents all executions that “obey” the memory model.

Computation trees without transactions

The computation tre€€ summarizes the information about the
control structure of a program together with the structdnessted
transactions. We rst describe how a computation tree notied
structure of a program execution in the special case whexe th
computation has no transactions.

Structurally, acomputation treeC is an ordered tree with
two types of nodesmemory-operation nodesnemOgE€) at the
leaves, andcontrol nodesspNodeqgC) as internal nodes. Let
nodes(C) = memOgE) [ spNodeqgC) denote the set of all
nodes ofC.



We de ne M to be the set of all memory locations. Each leaf
nodeu 2 memOHgE) represents a single memory operation on a
memory location’ 2 M . We say that node satis es theread
predicateR(u; ") if u reads from location. Similarly, u satis es
thewrite predicateéW (u; ™) if u writes to”.

The internal nodespNodeqC) of C represent the parallel
control structure of the computation. In the manner of [Zicle
internal nodeX 2 spNodegC) is labeled as either aB-node or
P -node to capture fork/join parallelism. All the children arf S-
node are executed in series from left to right, while thedreih of
anP -node can be executed in parallel.

Several structural notations will help. Denote theot of a
computation treeC as root (C). For any internal nodeX 2
spNodeqC), let children (X) denote the ordered set &f's
children. For any tree nod¢ 2 nodes(C), letances(X ) denote
the set of all ancestors &f in C, and letdesc(X ) denote the set

of all X''s descendants. Denote the set of proper ancestors (and de-

scendants) ok by pAnceq X ) (andpDesq X )). Denote thdeast
common ancestoof two nodesX 1; X2 2 C by LCAX 1;X2).

Since every subtree of a computation tree is also a compntati
tree, we shall sometimes overload notation and use a sudnticte
its root interchangeably. For example, Xf = root (C), then
memOpX ) refers to all the leaf nodes i@, andchildren (C)
refers to the children oX .

Computation dags

A computation treeC de nes a computation dagG(C) =
(V(C);E(C)) constructed as follows and illustrated in Figure 5.
For every internal nodX 2 spNodegC), we create and place
two corresponding verticeqyegin (X ) and end(X) in V(C).
For every leaf nodex 2 memOgE), we place the single node
x in V(C). For convenience, for at 2 memOgE), we de ne
begin (x) = end(x) = x.

Formally, the verticesoof the graph(C) are de ned as fgllows:

V(C)= memOgE)[ @ fbegin (X ); end(X )gA :
X 2 spNodeq C)

For any computation tree rooted at node we de ne the edges
E (X)) for the graphG(X) recursively:

Base case: IK 2 memOgE), then de neE(X) = ;.

Inductive case: IfX 2 spNodegC), let children (X) =

E(X) = f(begin(X);begin(Y1)) ; (enld(Yk); end(X ))q
1 : K :
[ f f (end(Yi); begin (Yi+1))g [
i=1
If X isaP-node, theln

k
E (Vi)
i=1
[
[ f (begin (X); begin (Yi)) ; (end(Y;); end(X))g
i=1

We shall nd it convenient to overload theCAfunction, and
de ne the least common ancestor of two graph vertiogg 2
V (C) as theLCAof the corresponding tree nodes.

The computation da@(C) is a convenient way of representing
the ow of the program execution speci ed b§. Unfortunately,
our speci cation of computation dags via computation trées
its the set of computation dags that can be described. licpart
lar, computation trees can only specify “series-paraltidys [5].
We might have founded our framework for transactional-mgmo
semantics on more-general computational dags, but thelagde

E(Yi)
i=1

E(X)=
|

SP Node

Closed Xaction

Open Xaction

Memory Op.

FIGURE 5: A sample (a) computation tre€ and (b) the corresponding
dagG(C) for a computation that has closed and open transactionkidn t
example, T2 is open-nested insid€; and Tg is open-nested insid&7.
The Xi's are tree nodes that are not marked as transactions. Wenloave
speci ed whether each transaction is committed or aborted.

erality would not affect any of our theorems, and it would énav
greatly complicated de nitions and proofs.

We shall nd it useful to de ne some graph notations. For a
graphG = (V;E) and verticesl; v 2 V, we writeu ¢ Vv if there
exists a path fronu tov in G, and we writeu ¢ vifu 6 vand
u ¢ V. Foranydadgs = (V;E), atopological sortS of G is an
ordering of all the vertices of such that for all; v 2 V, we have
u ¢ vimpliesthatu <s v (u comes before in S). For a dags,
we de netopo (G) as the set of all topological sorts Gf

Transactional computation trees

We can specify transactions in a computation @&y marking
internal tree nodes. Marking a no@le2 spNodegC) as a transac-
tion corresponds to de ning a transactidnthat contains the com-
putation subda@(T), wherebegin (T) is the start of the transac-
tion andend(T) is the end of the transactidrFormally, the com-
putation treeC speci es a sekactions (C) spNodeqC) of in-
ternal nodes agansactions and a sebpen(C)  xactions (C)
of opentransactions. The set ofosedtransactions islosed (C) =
xactions (C) open(C). In Figure 5, noded; throughTs are
transactions, anc; through Xs are ordinary nodes. De ne a
transactionT 2 xactions (C) as nestedinside another trans-
actionT?2 xactions (C) if T°2 ances(T). Two transaction§
andT° areindependenif neither is nested in the other.

The computation tre€ also speci es a setommitted (C)
xactions (C) of committedtransactions. Similarly, transactions
belonging toaborted (X) = xactions (X) committed(X)
areabortedtransactions. For a transactidn2 xactions (C), the
contentof T is the set of all operations that belongTtdut not to

2\We assume that every leaf2 memOgE) is its own committed, closed
transaction, but we do not mark leaves as a transactions imodel.



any of T's open or aborted subtransactions. Formally, we de ne

content (T) = V(T) V(2) V(2):
Z2open(T)f Tg Z2aborted (T)f Tg

We always haveontent (T)  V(T), and equality holds when
T's subtree contains no open or aborted transacfloRsr exam-
ple, in Figure 5, memory operations andu, do not belong to
content (T1), becausé; is an open transaction nested witfin
As another example from the gure, we have 2 content (T4)

if and only if Ts 2 committed (C). We also de ne théholdersof
avertexv 2 V(C) to be the set

h(v) = fT 2 xactions (C): u 2 content (T)g
of all transactions that contain

Hidden vertices

Basic transactional semantics dictate that committedséretions
should not “see” values written by vertices belonging todbetent

of an aborted transaction. One may argue whether one aborted

transaction should be able to see values written by a anativeted
transaction. In this paper, we take the position that up eopthint
that a transaction aborts, it should be “well behaved” artdaac
if it would commit. The well-behavedness of aborted tratisas
is implicitly assumed by the various proposals for open ingst
[16, 19, 21]. Thus, one aborted transaction should not skeva
written by other aborted transactions, although the valudtten

after v in the computation dag, and can only observe a vertex
if it actually writes to location'. To de ne  on all vertices that
access memory locations, we assume that the vdrggin (C)
writes initial values to all of memory.

Together, a computation tré& and an observer function
de ned onmemOgE) specify a trace.

Sequential consistency without transactions

We now turn to using our framework to de ne Lamport's clas-
sic model of sequential consistency [14] in our transaction
model. We rst mimic Frigo's de nition [6] to de ne a sequeral-
consistency memory model for computations without tratisas.
We then extend the de nition to include transactions as well

De nition 1 states that a memory model is a subset ofJ,
the universe of all possible traces. Sometimes, we wishdivice
our attention to computations with only closed and/or cottedi
transactions. Thus, we de ne the following subsettJof

U = f(C;) 2U :xactions (C)= ;g ;
Us = f(Ci) 2U :open(C)= g :
Uom = f(C;) 2U :aborted (C)= ;g9 ;
Usge = Ueo \U com :

In other words,Up contains traces (whose computations) include
no transactiondJy, contains traces that include only closed trans-
actions,Usom contains traces that include only committed transac-

by a vertex within an aborted transaction may be seen by other tions, andUec contains traces that include only committed and

vertices within the same transaction.

The following de nition describes which vertices are hidde

from which other vertices.

DEFINITION 2. For any two verticesu;v 2 V(C), let X =
LCAu; v). We say that is hiddenfromv, denoteduHv , if

[
u2 content (Y) :
Y 2aborted (X )f Xg

In Figure 5, we haver,Hz, if and only if at least one oT; T4,
or Ts belongs toaborted (C). SinceT, is an open transaction,
however, we never haug,Hz if T2; T3 2 committed (C), even
if Ty 2 aborted (C). If we haveT;; T4 2 committed (C) and
T, 2 aborted (C), then we also havg;Hv 1, but notviHy1, and
thus the hidden relatioH is not symmetric.

Observer functions

Instead of specifying the value that a vertex2 memOgE)
reads from or writes to a memory location2 M , we follow
Frigo's computation-centric framework [6, 7] which abstsaaway
the values entirely. Ambserver functiod ( v) : memOgg) !
memOgE) [f begin (C)g tells us which vertexi 2 memOgE)
writes the value of thatv sees. For a given computation trée
if v 2 memOg€) accesses location2 M , then a well-formed
observer function must satisf (v g(c) ( v)) andW (( v);").

In other wordsy can not observe a value from a vertex that comes

31n this paper, we consider onlylobal open nestingmeaning that ifT ©

is open-nested i, then it is open with respect to every transaction in

ances(T). Alternatively, one might specify ©asopen-nested with respect
to an ancestor transactidn. In this case, the operations ©f are excluded
from all transactionsT ©on the path fromrl' ® up to and includingT , but
included in transactions that are proper ancestofB.dftuitively, if T%is
open-nested with respect T, thenT 2 commits its changes t6's context
rather than directly to memory. Global open-nesting is therspecial case
when all open transactions are open with respeobad (C).

40ur de nition of s similar to Frigo's [6], but with a salient difference,
namely, Frigo's observer function gives values for all meynlocations,
not just for the location that a vertex accesses. Moreok®, (v; ), Frigo
de nes ( v) = v, whereas we de ng( v) = u for someu 6 v.

closed transactions.
We now follow Frigo [6] in de ning a “last-writer” observer
function.

DerFINITION 3. Consider atrac€C; ) 2 Ug and a topological
sortS 2 topo (G(C)). Forallv 2 memOg€) such thaR(v; ") _

W (v; "), the last writer of v according toS, denotedL s (v), is

the uniqgueu 2 memOgE) [ f begin (C)g that satis es three
conditions:

L W(y),

2.u<sv,and

3. 9wstW(w; )N (uU<s W<g V).

In other words, if vertex accesses (reads or writes) locatigthe
last writer ofv is the last vertexi beforev in the orderS that writes
to location’.

We can use the last-writer function to de ne sequential &ns
tency for computations containing no transactions.

DEFINITION 4. Sequential consistencfor computations without
transactions is the memory model

SC=1(C;) 2Up:9S 2 topo(G(C)) s.t. = Lsg:

By this de nition, a trace(C; ) 2 Up is sequentially consistent if
there exists a topological so& of G(C) such that the observer
function satises ( v) = Ls(v) for all memory operations
v 2 memOgE). De nition 4 captures Lamport's notion [14] of
sequential consistency: there exists a single order orpatiations
that explains the execution of program. Figure 6 shows a Eamp
computation dags(C) and two possible observer functions;
and .. The trace(C; 1) is sequentially consistent, b(€; 2)

is not.

Transactional sequential consistency

We now extend the de nition of sequential consistency tooact

for transactions. Our de nition does not attempt to modehaitity,
however — that is the topic of Section 4. It simply models that
a transaction outside an aborted transaction cannot “salgles
written by the aborted transaction. Moreover, our de nitinakes
the assumption that an aborted computation is consistett the
point that it aborts.



FIGURE 6: Examples of sequential consistency for a compu-
tation C with only committed transactions. Shown is the com-
putation dag G(C). For the observer function 1 given by

h 1(1)=0; 1@=1; 13)=0; 14 =0; 1(5)=2i, the
trace (C; 1) is sequentially consistent, with the topological sort
S = h0;1;2;3;4;5 of G(C). For the observer function 2 given by
h21)=0; 22)=1; 2(3)=0; 2(4)=0; 2(5)=1i, however,
the trace(C; ) is not sequentially consistent, because there is no
topological sort consistent with the last-writer function

We rst rede ne the last-writer function to take abortedns
actions into account. Intuitively, another transactionwgtl not be
able to “see” the values of an aborted transaction.

DEFINITION 5. Consider a tracgC; ) 2 U and a topological
sortS 2 topo (G(C)). Forallv 2 memOg€) such thaR(v; ") _

W (v; "), thetransactional last writerof v according toS, denoted
Xs(v), is the uniquau 2 memOgE) [f begin (C)g that satis es
four conditions:

L W(y;),

2.U<gV,

3.: (uHv), and

4, 8W(W(wW; )M (U<sW<sV)) wHv.

The rst two conditions for the transactional last-writamiction
X are the same as for the last-writer functibn The third and
fourth conditions of De nition 5 parallel the third condith of
De nition 3, except that now ignores vertices or w that write to
* but which are hidden frona.

Sequential consistency can now be de ned for computations
that include transactions. The de nition is exactly like Digon 4,
except that the last-writer functidns is replaced by the transac-
tional last-writer functionXs..

DEFINITION 6. Transactional sequential consistenéythe mem-
ory model

TSC = f(C;) 2U :9S 2 topo(G(C)) st. = Xsg:

4. TRANSACTIONAL MEMORY MODELS

In this section, we use our framework to de ne three diffeteans-
actional memory models: serializability, race freedond pre x-
race freedom. The intuition behind all three memory model®i
nd a single linear ordes on all operations that both “explains” all
memory operations and provides guarantees about evergatian
tion. Serializability requires that all transactions agpas contigu-
ous inS. Race freedom weakens serializability by allowing trans-
actions that do not “con ict” to interleave their memory spgons

in S. Finally, pre x-race freedom weakens race freedom by only
prohibiting con icts with the pre x of a transaction.

Serializability

Serializability [22] is the standard correctness condifior trans-
actional systems.

DEFINITION 7. The serializability transactional memory model,
ST, is the set of all trace¢C; ) 2 U for which there exists a
topological sortS 2 topo (G(C)) that satis es two conditions:

1. = Xs,and

2. 8T 2 xactions (C) and8v 2 V(C), we havebegin (T) s
v s end(T) impliesv 2 V(T)).

Informally, an execution belongs ®T if there exists an ordering
on all operationsS such that the observer functionis the trans-
actional last writeiX s, and for every transactiof, the vertices in
V (T) appear contiguous i8.

Race freedom

Our de nition of race freedom is motivated by the observatibat
actual TM implementations allow independent transactionis-
terleave their executions provided that one transacti@s dot try
to write to a memory location accessed by the other trarmacti
Normally, with only closed-nested transactions and ignpoper-
ations from aborted transactions, we expect to be able toarege
any interleaved execution order allowed by race freedom amt
equivalent serializable order. As we shall see in Sectidghé&two
models are indeed equivalent for computations having ciolyed
and committed transactions. With aborted and open trainsadn
the model, however, we shall discover that the models atimdis
To de ne race freedom, we rst describe what it means to have
a transactional race between a memory operation and a ¢ttarsa
with respect to a topological sort of the computation dag.
DEFINITION 8. Let C be a computation tree, and suppose that
S 2 topo (G(C)) is a topological sort of5(C). A (transactional)
race with respect toS occurs betweerv 2 V(C) and T 2
xactions (C), denoted by the predicatRACEs (v;T), if v 2
V(T) and there exists & 2 content (T) satisfying the following
conditions:
1.: (vHw),
2.9 2 M st(R(v;) N W(w; 7)) _ (W(v;") N R(w; 7)) _
(W(v; )N W(w; ")), and
3.begin(T) sv sendT) .
The notion of a race is easier to understand when all traiosact
are committed, in which case no vertices are hidden from each
other. Intuitively, a race occurs between transacfioand a ver-
texv 2 V(T) appearingbetweehegin (T) andend(T) in S if
v “con icts” with some vertexu 2 content (T), where by “con-
icts,” we mean thatv writes to a location that reads or writes, or
vice versa.
We can now de ne race freedom.
DEFINITION 9. Therace-freetransactional memory mod&FT
is the set of all trace$C; ) 2 U for which there exists a topolog-
ical sortS 2 topo (G(C)) satisfying two conditions:
1. = Xs,and
2.8v 2 V(C) and8T 2 xactions (C),: RACEs(v;T) .

The rst condition of race freedom is the same as for seréditity,
that the observer function is the transactional last wrikee sec-
ond condition allows an operationto appear betweebegin (T)
andend(T) in S, but only provided no race betweemndT exists.

Pre x-race freedom

The notion of a pre x-race is motivated by the operationahae-
tics of TM systems. As two transactiofis and T execute, ifT®
discovers a memory-access con ict between a vewnteéx T° and
T, then the con ict must be with a vertex ih that has already exe-
cuted, that is, the pre x oT that executes before For pre x-race
freedom, no such con icts may occur.

DEFINITION 10. Let C be a computation tree, and & 2
topo (G(C)) be a topological sort ofG(C). A (transactional)
pre x-race with respect toS occurs betweerv 2 V(C) and
T 2 xactions (C), denoted by the predicateRACEs (v; T), if
v 2 V(T) and there exists av 2 content (T) satisfying the
following conditions:

1.: (vHw)



2.9 2 M st(R(v;) N W(w; 7)) _ (W(v;") N R(w; 7)) _
(W (Vi) N W(w; ).
3. begin(T) sw<sv sendT).
Thus, this de nition is identical to De nition 8, except thdhe
potential con icting vertexw must occur before in S.
The notion of a pre x-race gives rise to an corresponding mem
ory model in which pre x-races are absent.
DEFINITION 11. Thepre x-race-freetransactional memory mod-
el PRFT is the set of all trace¢C; ) 2 U for which there exists
a topological sortS 2 topo (G(C)) satisfying two conditions:
1. Xs, and
2.8v2 V(C) and8T 2 xactions (C),: PRACEs(v;T) .

Thus, pre x-race freedom describes a weaker model than race
freedom, where a vertex is only guaranteed to not to con ict
with the vertices of transactioh that appear before in S. If a
“nontransactional” leaf node 2 memOgE) runs in parallel with
a transactiorT, all of De nitions 7, 9, and 11 check whether
interleaves withirT 's execution. Thus, these models can be thought
of as guaranteeing “strong atomicity” in the parlance ofriglell,
Lewis, and Martin [2]. In Scott's model [24], RcEs(v; T) and
PRACEs (v; T) can be viewed as particular “con ict functions.”

Relationships among the models

The following theorem shows that the memory models as pteden
are progressively weaker.

THEOREM 1. ST RFT  PRFT

ProoF Follows directly from De nitions 7, 9, and 11. O

For computations with only closed and committed transastio
pre x-race freedom and serializability are equivalent,vees shall
see in Section 5. When open and aborted transactions arigcons
ered, all three models are distinct.

5. DISTINCTNESS OF THE MODELS

In this section, we study the memory models of serializghili
pre x-race freedom, and race freedom. Speci cally, we shbwat

for computations containing only committed and closed da&n

tions, all three models are equivalent. We also demonsthate
when aborted and/or open transactions are allowed, ak timeed-

els are distinct.

Dependency graphs

Before addressing the distinctness of the memory modedsttiir

we rst present an alternative characterization of segaégon-
sistency for the special case of computations with only cdtech
transactions. The idea of a “dependency” graph is to addsetige
the computation dag to re ect the dependencies imposed &y th
observer function.

DEFINITION 12. The set oflependencgdges of atracéC; ) 2
Ueom is 4(C; )= f(uy;v)2V(C) V(C):u=( v)g, and
the set ofaintidependencedgesis a(C; )= f(u;v) 2 V(C)
V(C) : (( u)y= ( v))»W(v;)g. Thedependency graptof
(C; ) isthe graphDG(C; ) = ( V;E), whereV = V(C) and
E=E@C)[ «C) [ a(C).
The sets 4 and . capture the usual notions of dependency
and antidependency edges from the study of compilers [13]. A
dependency eddgy; v) indicates thav observed the value written
by u. An antidependency edde; v) means that if bothu andv
observe the same write to a locationand ifv performs a write,
thenu must “come beforeV.

The following lemma, presented without proof, shows that in
the universe of all traces with only committed transacti@angace

Control Edge

Dependency Edge  Anti-dependency Edge

FIGURE 7: Dependency grapi3G(C; 1) andDG(C; ») forthe traces
from Figure 6. SincgC; 1) 2 SC, the graphDG(C; 1) is acyclic,

but since(G; 2) 2 SC, the graphDG (C; ) contains a cycle, namely
h2; 3; 4, 5; 2i.
(C; ) is sequentially consistent if and only if the dependency

graphDG(C; ) is acyclic®
LEMMA 2. Suppose thafC; ) 2 Ucom - Then, we havéC; ) 2
SC if and only if the dependency grafG(C; ) is acyclic. [l

Figure 7 shows the dependency graphs for the example traces
from Figure 6. Whereas the tra(@; 1) is sequentially consistent,
the tracgC; ) is not. Equivalently by Lemma 2, the dependency
graphDG(C; 1) is acyclic, but the grapPG(C; ») is not.

We can now prove the equivalence of serializability, raege{r
dom, and pre x-race freedom when we consider only compoutati
with committed and closed transactions.

THEOREM 3. ST\U ¢gc = RFT \U cgc = PRFT \U ¢gc:

PROOF Since Theorem 1 shows th&fT RFT PRFT , it
suf ces to prove thaPRFT \ U cgc ST\U cgc .

We start by de ning some terminology. Far,v 2 V(C),
de ne thealternation countof u andv as

A(u;v) = jh(u)j + jh(v)j  2jh(LCAU;V))] :

(The holders functiorn was de ned in Section 3.) Thug\(u;Vv)
counts the number of transactiohs2 xactions (C) that contain
eitheru or v, but not both. For any topological sds of G(C),

de ne thealternation countof S, denotedalt(S), as the sum of
all A(u;v) for consecutival andv in S. Intuitively, alt (S) counts
the number of times we “switch” between transactions as we ru
throughsS.

We prove by contradiction that for any tra¢€; ) 2 Ucec,
we have(C;) 2 PRFT implies (C;) 2 SC. Suppose
that a trace(C; ) 2 U exists that is pre x-race free but
not serializable. Consider any pre x-race-free topoladjicort
S 2 topo(DG(C;)) that has a minimum alternation count
alt(S) over all sorts irtopo (DG(C; )) . By Lemma 2S satis es
the condition = Xs (the rst condition for all three transactional
models).

Since(C; ) 2 ST, some transactiofl exists that is not
contiguous inS (and therefore violates the second condition in
De nition 7). Let T be such a transaction, and hat be the rst
vertex such thav; 2 V(T) andbegin(T) <s v <s end(T).
Choose vertices<s U1y s U2 <s Vi s V2 <s W1 <s Wg,

50ne must extend the de nition of an antidependency edge twepr
an analogous result when the computationhas aborted transactions.
Lemma 2 does not hold without the assumption that every wwoite lo-
cation also performs a read.



(@) A, A, A,
— —— —
e Qe O Qe O—0O ) e O v
t begin(T) u, v, v, w, w, end(7)
= U,
(b) A2 A1 A3
— — —
t 2] Vo begin(T) U w; W, end(T)

=u1

FIGURE 8: Two topological sorts of a computation gra@(C) for a
hypothetical tracgC; ) which is pre x-race free, but not serializable.
TransactionT is not contiguous in the topological so& in (a). One
can convertS into the topological sor8° in (b). Doing so reduces the
alternation count.

such thau; = begin (T) as shown in Figure 8(a). De ne the sets
A1; Az, andAs; as follows:

A1 = fx2V(T):u1 sX s UxQ;

A, = fx2V(C) V(T):vi sXx s Vo0; and

As; = fx2V(T):w1 sX sWeg:

Dene two setsA; = fx2V(T):u1 sX s uxgand
Az = fx2V(T): w1 s X s wegwhose vertices all belong
toV(T).DeneA,=fx2V(C) V(T):vi sX sVegas

the set interleaved between the contiguous fragmerifs of

FromS, we construct the new ord&®° shown in Figure 8(b) in
which the intervalsA; and A, are interchanged. We shall show
that (1) S° 2 topo(DG(C; )) (and therefore = Xsgo), (2)
SCis still a pre x-race-free topological sort dG(C; ) , and (3)
alt(S9 < alt(S), thereby obtaining the contradiction ttis not
a pre x-race-free topological sort with minimum alterr@ticount.

To prove these three facts, we shall use a “noncon icting”
property: no pair of verticeg 2 A1 andz 2 A; exist such that

thatbegin (T1) <s w <s end(T1) <s V. Sinceend(T1) and
v swapped, we must havend(T:) 2 A; andv 2 Aj. Since
A1 content (T), it follows thatend(T:) 2 content (T), and
thusT1 must be nested withifi . Consequently, we hawe 2 A1,
which cannot occur because of the noncon icting property.

To establish (3), thaalt(S% < alt(S), let us examine the
difference = alt(S) alt(SY in the alternation counts &
andS® The only terms that contribute toare at the boundaries of
A, andA;. We have that

= A(tur)+ A(uz;vi)+ A(vz;wy)
A(t;ve)  A(vz;ui)  A(uz;wi)
= 2(jh(LCAt;v1))j + jh(LCAV2; U1))]
+Jh(LCAu2;w1))j j h(LCAt;u1))]
j h(LCAu2;Vv1))j | h(LCAvz;w1))j) :

By construction, we know thatui;uz;wi;w2g V(T),
whereas none of, vi, andv, haveT as an ancestor. For any
y 2 V(T)andz 2 V(T), we haveLCAy; z) = LCAT;z), which
yields

= 2(jh(LCAt;v1))j + jh(LCAUZ; W1))]

j h(LCAt;T))j j h(LCAT;v1))j) :
SinceLCAuz;w1) 2 desc(T), we knowh(LCAuz;w1))
h(T) andjh(LCAu2;w1))j j h(T)j. Sincet;vy 2 V(T), we
haveh(LCAT;t))  h(T) andh(LCAT;v1)) h(T).® Thus,
Jh(LCAu2; w1))j > max fj h(LCAT;1))j; jh(LCAT; v1))jg ;

and a similar algebra yields

JN(LCAt;v1))j  min fj h(LCAT;1))]; jh(LCAT; v1))ig :
Consequently, we conclude that alt(S) alt(S% > 0. ([l

Aborted transactions

We now consider computations with aborted transactionsak&e
unaware of any prior work on transactional semantics thaliex

y and z access the same memory location and one of them is altly models aborted transactions. The reason is Simplenvmh)m-

write. Otherwise we haveRACEs (z; T) by de nition becauseg 2
content (T),z 62/(T), andbegin(T) <s y<s z<s end(T).
Thus,A1 andA» do not perform “con icting” accesses to memory.
To establish (1), thaB® 2 topo(DG(C; )) , we show that
for anyy 2 A; andz 2 Az, no edge(y;z) belongs to the
graphDG(C; ) . If we have(y;z) 2 4(C;) [ a(C;) ,

putations have only closed transactions, aborted transaaio not
affect a program'’s output. Since TM systems do not allow camm
ted transactions to observe data directly from aborteds#etions,
in most cases, vertices from aborted transactions aredraeserve
arbitrary valueg.

In a system with open nesting, however, we must include

theny andz access the same memory location and one of those aborted transactions in the memory model if we wish to under-

accesses is a write, contradicting the noncon icting propabove.
Alternatively, if we havey; z) 2 E(C), thenLCAy; z) must be an
S-node withy to the left ofz. Sincez 2 V (T), we haveLCAT ; z)
(= LCAy;z)) is anS-node, and thus we hawend(T) z. Thus,
S was not a valid sort dbG(C; ) , and(y;z) 2 E(C).

To establish (2), tha8®is pre x-race free, we show that swap-
ping A1 andA, cannot introduce any pre x races that weren't al-
ready there irS. Suppose that there is a pre x-race 1. Then,
there must exista 2 V (C) and a transactiom; 2 xactions (C)
satisfying all three conditions of De nition 10 foB°. Letw 2

content (T1) be the candidate vertex that satis es the three con- e need only show thaBT \ U

ditions. In particular, the third condition gives begin (T1) <so
W <go V <go end(T1). We consider two cases, each of which
leads to a contradiction.

In the rst case, suppose that <s w. Sincev andw swap
in the two orders, we must have2 A; andw 2 A;. But, then
they con ict by the second condition of De nition 10, whiclaonot
occur because of the noncon icting property above.

In the second case, suppose that<s v. Since there is no
pre x-race in S, the only situation in which this can happen is
whenv falls entirely outside transactiofy in S, which is to say

stand what happens when an open transaction commits buarits p
ent aborts. We contend that a reasonable transactionabtams/
model for open transactions must not only model abortedséan
tions, but it should also guarantee that an aborted trainsattis
consistent up to the point it aborts. Otherwise, any opetrang-
actions withinT may obtain inconsistent values and still commit.

The next theorem shows that when aborted transactions are

modeled, the three transactional memory models are distinc
THEOREM 4. ST\U o ( RFT \U ¢o ( PRFT \U ¢p :
PrROOF Since Theorem 1 shows th&fT RFT PRFT ,
do 6 RFT \ Uyge and that
RFT \U ¢o 8 PRFT \ U ¢p.

We rst exhibit a computation that is race free but not se-
rializable. Consider the computation d& shown in Figure 9.
Let (C1; 1) be the trace that generat€& where transactions

61n this case, we have a proper subset becu@&T;t); LCAT;v1) 2
pAnces(T) and we excludg .

"This intuition is not strictly true in a model that does notabze an
executiona posteriorj since control ow can be affected by inconsistent
data and prevent a program from terminating.



FIGURE 9: An example distinguishing the memory models. The transac-

tions T2 andT3 are closed-nested inside ©f. If transactionT4 commits,
then this computation is not serializable, becaligenust interleave inside
of T1. If both transactiond; andT3 abort, then the execution is race free.
If T, aborts andl's commits, then this execution is not race free, but it is
pre x-race free.

T, and T3 abort but transactioifs commits. We shall show that
(Cl; 1) 2 RFT , bUt(Cl; 1) 2 ST.

If transactionT4 commits, then for any topological sd#t sat-
isfying Xs = , we must havéd <s 3 <s 6 <s 9. Thus,T;
cannot be contiguous withig, implying that(C,; 1) 2 ST.

We can show tha{Ci; 1) is race free, however. Le® be

last-writer function according t& (since T4 commits,: (6H 9),
and thus 1(9) = Xs(9)). The only transactions that might violate
the second condition of De nition 9 are transactions thatnid
appear contiguous i8, in this case, onlyT;1. The only candidate
vertexv for RACEs (v; T1) isv = 6. SinceT; is an aborted sub-
transaction ofl1, however, neitheB or 9 belong tocontent (T1).

We next exhibit a computation that is pre x-race free but not
race free. ConsiddiC,; ) as the trace generating the same com-
putation dads from Figure 9, but this time witfi, aborted and’s
andT, committed. We shall show th&€,; ) 2 RFT , but that
(C2; 2) 2 PRFT.

To show that(C,; 2) is not race free, observe that in any
topological sortS 2 topo (G) for which = Xs, we must have
RACEs (6; T1), sincebegin (T1) <s 6 <s end(T1), vertices6
and9 access the same memory locatiorand verte)6 is a write,

however, sinc® s 6. The only transactions that might violate
the second condition of pre x-race freedom are those thahato
appear contiguous i§, in this case, onlyT:. When we look at
the vertexv = 6 that falls betweerbegin (T1) andend(T1), we
only look at the pre x of T1 beforev (verticesl through4) for a
pre x-race con ict, and there is none.

The proof holds whetheF; commits or aborts.

Open transactions

We now study computations with open transactions but whitre a
transactions commit. In this context, the three mod&ls RFT ,
andPRFT are distinct.

THEOREM 5. ST\U ¢om ( RFT \U com ( PRFT \U com :
PrROOF Since Theorem 1 shows th&fT RFT PRFT ,

we need only show tha®T \ U com 6 RFT \ U ¢em and that
RFT \\U com 6 PRFT \ U com. The trace in Figure 10 shows
a(Cy; 1) 2 ST, but (Cs1; 1) 2 RFT. Figure 11 shows
(C2; 2) 2RFT, but(C2; 2) 2 PRFT. OJ

Trade-offs among the models

The three transactional memory models of serializabiiétye free-
dom, and pre x-race freedom exhibit different behaviorsTiM
systems that have open transactions.

With serializability, for any trace(C;) 2 ST, we can
“change” the trace to convert any open transacidmested in-

FIGURE 10: When all transactions commit, this computation @)
with observer edges 1 is not serializable, but is race free. This trace
represents Schedule 3 from the program in Figure 2.

FIGURE 11: When all transactions commit, this computation @&{C,)
with observer edges is pre x-race free, but not race free, because a race
exists between verticek3 and15.

side a committed transaction from open to closed while still
keeping the same, and still be serializable. Thus, in some sense,
with serializability, open nesting only differs from clabeesting if
an open transaction commits, but its parent aborts.

Race-freedom appears to be more dif cult to implement than
either serializability or pre x race-freedom. For examptensider
the example from Figures 3 and 11. After an transactio(open-
nested inA) commits, any number of other transactiofs &nd
C) can read values written by that open transaction and commit
their changes, all before the original outer transacficcompletes.
To support race freedom, it seems we may need to maintain the
footprints of B andC even after they have committed to detect a
future con ict with A.

6. THE ON OPERATIONAL MODEL

This section presents an abstract operational model far opst-
ing, called theON model, which is a generalization of the Stanford
model [16]. We prove that th@N model implements at least pre x
race-freedom but is strictly weaker than race freedom.

We begin our description of theN model by de ning some
notation. For any s€8  nodes(C) of tree nodes, ldbwest (S)
be the nod&X 2 S such thatS  ances(X), if such aX exists.
Otherwise, de ndowest (S) = null . Thus, if all nodes ir& all
fall on one root-to-leaf path i€, thenlowest (S) is the lowest
node on that path. De nbighest (S) in a similar fashion. For any
T 2 xactions (C), de ne xparent (T) = lowest (ances(T) \
xactions (C)), that is, xparent (T) is the transactional parent
of T. For anyX 2 nodes(C), let xAnces(X) = ances(X) \
xactions (C) be the set of transactional ancestorXof

Abstractly, we shall view th@®©N model for open nesting as
a nondeterministic state machi@N that constructs a sequence
of traces. The initial trace contains a computation treesismimg



of a singleS-noderoot (C) 2 spNodegC) with associated sets
xactions (C) = froot (C)gandopen(C) = committed (C) =
aborted (C) = ; and an empty observer function By assuming
thatroot (C) 2 xactions (C), we simplify the description of the
model by treating the entire computati@nas a global closed trans-
action in which other transactions are nested. The comipatatso
maintains an initially empty auxiliary setone(C)  nodes(C)
of nodes that have nished their execution. The computatier
C and all these associated sets only grow during the execution
At any time during the computation, a subseady(C) of
S-nodes are designated esady, meaning that they can issue a
program instruction, which includeead, write , fork , join ,
xbegin, xbegin _open, and xend. The ON machine nondeter-
ministically chooses a read$-node to issue an instruction, and
the machine processes the instruction which augm@dts by
adding nodes to the tree and to its associated sets. Unliler ot
associated seteady (C) may grow and shrink during execution.
We shall factor the description of the state mach@®id by
describing the creation of the computation té2end the observer
function separately.
Creating the computation tree
How the computation tre€ evolves depends on the instructions
that are issued nondeterministically. L&t be the S-node that
issues an instruction. The instructions are handled asWsl|
read from a location”™ 2 M : If the read causes a con ict
(more about conicts when we describe the creation of the
observer function) with one or more transactions, dbtre
deepest such transactidh by adding all transaction°® 2
desc(T)\ xactions (T) done(C) both toaborted (C) and
to done(C). Keep checking for and aborting con icting trans-
actionsT , deepest to shallowest, until no such con icting trans-
actions exist. Then, create a nesad nodev 2 memOgE) as
the last child of thes-nodeX . Add v to doneg(C).

write to alocation’ 2 M : Similar toread.

fork : Create a newP-nodeY 2 nodes(C) as a child ofX,
and create two nev-nodes as children of . Add these two
children toready (C), and removeX from ready (C).

join : Test whetherX's sibling belongs todone(C). If yes,
then addX and therparent (X ) todone(C). RemoveX from
ready (C), and addparent (parent (X)) (the grandparent of
X which is anS-node) toready (C). If no, then removeX
fromready (C), and addX todone(C).

xbegin : Create a nevs-nodeY 2 nodes(C) as the last child
of X. Add Y to xactions (C). RemoveX from ready(C),
and addy toready(C).

xbegin _open: Similar toxbegin, but also addr' to open(C).

xend: Test whetherX 2 xactions (C). If yes, removeX
from ready (C), and addparent (X ) to ready(C). Add X
to done(C) and tocommitted (C). If no, error.
TheON machine maintains several invariants. All transactioes ar
S-nodes. Every -node has a-node as its parent and has exactly
two S-nodes as children. If a8-node is ready, none of its ancestors
are ready.
Creating the observer function
To create the observer function, tlN model maintains aux-

iliary state to keep track of how values are propagated among

transactions and global memory. Speci cally, every tratisa

8The ON machine uses a “pessimistic” concurrency control mechanis
in that it immediately aborts a conicting transactioh upon con ict.
Moreover, it always abort3 rather than its own transaction. One could
abort the transaction performing tlmead, but the model is simpler by
always abortingl' and not providing a nondeterministic choice.

T 2 xactions (C) maintains areadsetRT) and awriteset
WT). The readseRT) is a set of pairg*;v), where® 2 M

is @ memory location and 2 memOgE) is the memory oper-
ation that read gorﬁ, that is, we maintain the invaria®R(v; )
forall (;v) 2 15 actions (c) RT)- The writesetWT) is sim-
ilarly de ned. We initialize Rroot (C)) = Wroot (C)) =

f (; begin (root (C))): " 2 Mg .

The ON model maintains two invariants concerning readsets
and writesets. First, it maintain§T) RT) for every transaction
T 2 xactions (C), that is, a write to a location also counts as a
read to that location. Second,T) andWT) each contain at most
one pair(";v) for any location . Because of this second invariant,
we employ the shorthand2 R(T) to mean that there exists a node
usuchtha(’;u) 2 RT), and similarly fo§T). We also overload
the union operator to accommodate this assumption: if weewri
RT) RT) [f (;u)g, then if there exist§;u% 2 RT), we
mean to replace it with’; u). Likewise, ifu accesses a location
we employ the shorthand 2 RT) to mean tha(*;u) 2 RT),
and similarly forWT).

The state machin®N handles events as follows, wheXe is
the S-node that issues the instruction:

read from location” 2 M : Ifthere exists & 2 xactions (C)

dong(C) ances(X) such that 2 WT), then a conict
occurs. Let be the read operation added as the last child of

Dene S = fT 2 xactions (C)\ ances(v): 2 RT)g,

let T° = lowest (S+), and let(‘;u) 2 RTY. Add (";u) to

RT), and set( v) = u.

write to a location” 2 M : Similar toread, but to check for

a con ict, test whether there existsa 2 xactions (C)

dong(C) ances(X) such that” 2 RT). Findu in the

same way, and ad@;u) both toRT) and toWT), and set
(v)=u.

xbegin andxbegin _open: Initialize RY) = ; andWY) = ;.

xend: If X 2 closed (C), then addR(X ) to Rixparent (X))

and addWX ) to Wxparent (X)). If X 2 open(C), then

let Q = xAnces(T). For any(;u) 2 WT), let - =
fT92 Qj 2 RTYg. For all suchT® 2 -, RT9
RTY [f (;u)g. Similarly, let -+ = fT°2 Qj 2 WTYg.

ForallT°2 -, WT9 WTY[f (;u)g.

fork orjoin : No action.

The Stanford model [16] is similar to tl@N model, except that
it only supports “linear” nesting (transactions can haveparmllel
transactions within them) and the choice of which transacto
abort is nondeterministic. Neither of these differencdsca$ the
theorems that deal with tH@eN model, assuming they implement
their system with pessimistic concurrency control.

Pre x race-freedom ofON

We now prove that th©N model is pre x-race free with respect
to the natural topological so of G(C) created by the nonde-
terministic operation of th©N machine. Speci cally, as th©N
model generates a tra¢€; ) , it creates tree nodewdes(C) =
spNodeqC) [ memOg€) and eventually marks these nodes as
“done” by placing them indone(C). We can view this process
as determining the topological s@tof G(C) as follows. When
a nodeX 2 nodes is created, the vertekegin (X) 2 V(C)
is appended t&&. When a node is marked as done, the vertex
end(X) 2 V(C) is appended t&. If the nodeX is a memory
operation, we havbegin (X) = end(X) = X, and we view it as
being appended only once. It is straightforward to verifgtth is
indeed a topological sort @&(C), and indeed oDG(C; ) .

We begin with a de nition of time in the@DN model. Ifv 2
V(C) is thetth element ofS, we say thatv occurs attime t,
and we writet = S(v). Thus, for allu;v 2 V(C), we have



u s vifandonlyifS(u) S (v). We can view the evolution
of (C; ) over time as a sequen¢€®; M) fort = 0;1;:::,
where the operation that occurs at timereateC; () from
(ct b, Dy For convenience, however, we shall omit time
indices unless clarity demands it.

We de ne two time-sensitive sets. The setagtivetransactions
at any given time isactive (C) = xactions (C) dongC).
The spine of a memory location 2 M at any given time is
spine (") = fT 2 active (C): " 2 WT)g.

We now state a structural lemma that describes invariartteeof
computation tre€ as it evolves.

LEMMA 6. TheON machine maintains the following invariants:

1. If T 2 active (C), then we haveeAnces(T) active (C).

2. Ifv2 WT), thenv 2 V(T).

3. All transactions irspine () are on the same root to leaf path
in C, and hence the nodewest (spine (*)) exists.

4. 1f° 2 RT), whereT 2 active (C), then we have either
spine (') ances(T) or T 2 ances(lowest (spine ("))) .
5.1f (;u) 2 RT) for someT 2 active (C), then(";u) 2

WT9), whereT°= lowest (xAnces(T)\ spine (*)).

6. Let(";u) 2 WT1) and (;v) 2 WT2), whereTy; T, 2

spine (7). If T1 2 ances(T2), thenu s v.

7. Let(;u) 2 WT) and letu < s v such thatW (v; ). Then, we
havev 2 desc(T).
PROOF. Induction on time. O

The next three lemmas describe additional structure ofdhe ¢
putation tree.
LEMMA 7. Forall T 2 aborted (C) andT? 2 active (C), if
v 2 content (T), then we have 2 WT9). O

LEMMA 8. If v 2 memOgE) accesses2 M , then attimeS(v),
we havespine (*)  ances(v). O

LEMmMA 9. Forallv 2 V(C), T 2 aborted (C), andw 2
content (T), if end(T) <s v, then we havevHv . O

The next lemma shows that a memory location written within
a transaction remains in the writeset of some active descerud
the transaction.
LEMMA 10. Letw 2 memOgE) \ content (T) be a memory
operation in a transactiol 2 xactions (C), and suppose that
W (w; ") for some location 2 M . Then, at all timeg in the
range S(w) < t < S(end(T)), we have’ 2 WTY for some
T°2 desc(T)\ active (T).

added toR(xparent (v)), andxparent (v) 2 desc(T9), because
otherwisev 2 desc(T desc(T). Therefore, at tim&(v), we
have' 2 Rixparent (v)) and® 2 WT 9, which violates Invariant 4
in Lemma 6.

The case wheR (u; ) is analogous. [l

The next series of lemmas show that the observer function
created by th©N machine is the transactional last-writer function
according tcS.

LEMMA 12. Forall T 2 xactions (C), T° 2 active (C), and
u 2 content (T),if T 2 committed (C) at timet andu 2 WT9
at timet, thenT" 2 desc(T).

PROOF SKETCH. One can prove by induction that at any time
suchthaS(u) t< S(end(T)),we haveh(u) xAnces(u)
pAnceqT) andh(u) \ (open(T) f Tg)= ;. O

LEMMA 13.For any v 2 memOgeg), if (v) =
2 (UHvV).

PrRooF Assume for contradiction thatHv holds. Then, there
exists T 2 pDesqLCAu;Vv)) \ aborted (C) such thatu 2
content (T). If the ON machine setg v) = u, thenu 2 RT9
for someT? 2 xAnces(v). By Invariant 5 in Lemma 6, it fol-
lows thatu 2 WT%), whereT® 2 ances(T?, and hencel 2
ances(T% by Lemma 12. Therefore, we haVe2 ances(v), and
LCAu;v) = T 2 pDesqT). Contradiction. ([l

We say that a vertex 2 memOg€) is alive, denotedalive (v),
if h(v) \ aborted (C) = ;.
LEMMA 14.Letw 2 V(C) be the last vertex ir§ such that
W (w; ") andalive (w). Then, there existéT') 2 spine (") such
that(";w) 2 WT9.
PROOF SKETCH. At time S(w), by Invariant 3 of Lemma 6, we
have (";w) 2 Wxparent (w)) and xparent (w) 2 spine (7).
Assume for contradiction that is not on the spine. Sinc# is
alive, w can only be removed fromspine (*) by being overwritten
by somey such thatW (y; ) holds, andv < s y (from Invariant 6
from Lemma 6). Sincav is the last writer to which is alive, we
have: alive (y).One can show thatalive (w) in this case. [

u, then

LEMMA 15. For u;v 2 memOgE) that both access a memory
location® 2 M ,if ( v) = u, then for anyw 2 memOgE) such
thatu sw s vandW(w;"), we havevHv.

PrROOF Assume for the purpose of contradiction that there exists
aw 2 memOgE) suchthaut sw s v,W(w;),and: wHv.

PrROOF. We proceed by induction on time. For the base case, at Consider the last such.

timeS(w), location’ is added t&xparent (w)), andxparent (w)

2 desc(T)\ active (T). For the inductive step, 16t2 WT9 for
someT? 2 desc(T) \ active (T). Once a location is added to a
transaction's writeset, it is never removed until the teati®n com-
mits or aborts. IfT® = T, then we are done. Otherwise, we have
T°2 pDesdT) and by de nition ofcontent (T), it follows that
T%2 open(C) [ aborted (C). Therefore, at tim&(end(T?), lo-
cation” is added td/fxparent (T9), at which timexparent (T9

is an active descendant of

We can now prove that tH@eN model admits no pre x-races.

LEMMA 11. Forall v2 memOg€) andT 2 xactions (C), we

have: PRACEs (v;T).

PROOF Suppose for contradiction thaRRCEs (v; T). Then, by

De nition 10, we haver 2 V (T) (or equivalently,;T 2 ances(v)),

and there exists & 2 content (T) such that: (vHw) and

begin(T) <s w <s v <s end(T), wherev andw access the

same location 2 memOl€) and one of those accesses is a write.
Consider the case whai (u; *). By Lemma 10, at timé&(v)

we have 2 WT9), whereT®2 desc(T). AttimeS(v), vertexv is

If w 2 content (T) for someT 2 aborted (CSM)), then by
Lemma 9 we havevHv .

If w is not in the contents of any aborted transaction at time
S(v), then by Lemma 14, we hawe 2 WT) for some trans-
actionT 2 spine (') andT 2 ances(v) by Lemma 8. Let
Tr = lowest (fT 2 xAnces(v): * 2 RT)g), and letTw =
lowest (f T 2 xAnces(v) : * 2 WT)g). If ( v) = u, then we
haveu 2 RTr), since theON machine always reads from the
lowest ancestor that hasin its readset. By Invariant 5, we have
u 2 WTw ), but sinceu <s w, we haveTw 2 pAnceqT) by
Invariant 6 in Lemma 6. Therefor&, is a lower ancestor of than
Tw , contradicting the fact thaftw is the lowest ancestor efwith
T in its writeset. [l

We now can prove that the observer function for @& model
is the transactional last-writer function.

LeEMMA 16. Ifthe ON model generates an executi@®; ) , then
= Xs.

PrRoOF Let ( v;') = u. To be the transactional last writer

Xs, the observer function must satisfy four conditions. The rst



two, W (u; ) andu
Lemmas 13 and 15 provide the last two conditions.

s V, hold by theON machine's operation.
O

THEOREM 17. TheON model implements pre x race-free free-
dom.

PrROOFR Combine Lemmas 11 and 16.

7. CONCLUSION

Open nesting provides a loophole in the strict serialiigbile-
quirement for transactional programs, but at what cost ¢égam
understandability? When we began our study, we believaapien
nesting could be modularized so that users of a subroutinddwo
not need to know whether the subroutine uses open nestirfigr-un
tunately, as we saw in Section 2, Figure 4, implementing oyt
ing using pre x-race freedom can lead to unexpected progsam
havior if the programmer is unaware of the existence of opemst
actions in subroutines. Race-freedom admits similar ataumsde-
havior. At least at the level of memory semantics, it seentigelg
that such anomalous behaviors can be completely and sately h
den.

Our study leaves open the possibility, however, that opeit- ne
ing can be modularized at the level of program semanticsciSpe
cally, one may be able to devise a program semantics for op&n n
ing, as discussed in [20], and formally relate it to a memoogdet
in such a way that anomalies in the memory model do not propa-
gate to the program model. For example, the anomalous memory
semantics for open nesting provided by pre x-race freedoighin
be able to be hidden from programmers at a higher level withou
sacri cing the advantages of open nesting. Such a progranase
tics for open nesting would allow a user to be oblivious torope
transactions in libraries. Unfortunately, our research imade us
doubtful that program semantics can offer an elegant antntbe
modularity question for open nesting.

Perhaps we should seek loopholes for TM other than open nest-
ing. For example, Herlihgt al.[11] have proposed an early-release
mechanism for dropping locations from a transaction's seadr
writeset. Zilles and Baugh [27] have suggested a mechanism f
pausing and resuming a transaction to allow the executiagroof
transactional code. Harris [10] has proposed an extectadraab-
straction for performing I/0O. We have not studied these rwde
enough to say whether like open nesting, they provide armmsal
or dif cult semantics.

If ever a safe loophole can be punched in the steel armor &f cla
sical transaction memory, however, we believe that a peeais
derstanding of the system's memory semantics will be nacgss
We hope that our work will offer insight into how transactbn
memory loopholes, such as open nesting, might be safelg-intr
duced.
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