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Abstract. A generally agreed upon requirement for correctness of concurrent
executions in Transactional Memory systems is that all transactions including the
aborted ones read consistent values. Opacity is a recently proposed correctness
criterion that satisfies the above requirement. Our first contribution in this paper
is extending the opacity definition for closed nested transactions. Secondly, we
define conflicts appropriate for optimistic executions which are commonly used
in Software Transactional Memory systems. Using these conflicts, we define a
restricted, conflict-preserving, class of opacity for closed nested transactions the
membership of which can be tested in polynomial time. As our third contribu-
tion, we propose a correctness criterion that defines a classof schedules where
aborted transactions do not affect consistency of the othertransactions. We define
a conflict-preserving subclass of this class as well. Both the class definitions and
the conflict definition are new for nested transactions.

1 Introduction

In recent years, Software Transactional Memory (STM) has garnered significant inter-
est as an elegant alternative for developing concurrent code. Importantly, transactions
provide a very promising approach for composing software components. Composing
simple transactions into a larger transaction is an extremely useful property which forms
the basis of modular programming. This is achieved through nesting. A transaction is
nested if it is invoked by another transaction.

STM systems ensure that transactions are executed atomically. That is, each trans-
action is either executed to completion in which case it iscommittedand its effects are
visible to other transactions orabortedand the effects of a partial execution, if any, are
rolled back. In aclosednested transaction [2], the commit of a sub-transaction is local;
its effects are visible only to its parent. When the top-level transaction (of the nested-
computation) commits, the effects of the sub-transaction are visible to other top-level
transactions. The abort of a sub-transaction is also local;the other sub-transactions and
the top-level transaction are not affected by its abort.3

To achieve atomicity, a commonly used approach for softwaretransactions is opti-
mistic synchronisation (term used in [6]). In this approach, each transaction has local
buffers where it records the values read and written in the course of its execution. When
⋆ This work was done when the author was a Post-doctoral Fellowat Memorial University
3 Apart from Closed nesting, Flat and Open nesting [2] are the other means of nesting in STMs.



the transaction completes, the contents of its buffers are validated. If the values in the
buffers form a consistent view of the memory then the transaction is committed and the
values are merged into the memory. If the validation fails, the transaction is aborted and
the buffer contents are ignored. The notion of buffers extends naturally to closed nested
transactions. When a sub-transaction is invoked, new buffers are created for all the data
items it accesses. The contents of the buffers are merged with its parent’s buffers when
the sub-transaction commits.

A commonly accepted correctness requirement for concurrent executions in STM
systems is that all transactions including aborted ones read consistent values. The values
resulting from any serial execution of transactions are assumed to be consistent. Then,
for each transaction, in a concurrent execution, there should exist a serial execution of
some of the transactions giving rise to the values read by that transaction. Guerraoui
and Kapalka [5] captured this requirement asopacity. An implementation of opacity
has been given in [8].

On the other hand, the recent understanding (Doherty et al [3], Imbs et al [7]) is
that opacity is too strong a correctness criterion for STMs.Weaker notions have been
proposed: (i) The requirement of a single equivalent serialschedule is replaced by al-
lowing possibly different equivalent serial schedules forcommitted transactions and for
each aborted transaction, and these schedules need not be compatible; and (ii) the ef-
fects, namely, the read steps, of aborted transactions should not affect the consistency
of the transactions executed subsequently. The first point refines the consistency notion
for aborted transactions. (All the proposals insist on a single equivalent serial schedule
consisting of all committed transactions.) The second point is a desirable property for
transactions in general and a critical point for nested transactions, where the reads of an
aborted sub-transaction may prohibit committing the entire top-level transaction. The
above proposals in the literature have been made for non-nested transactions.

In this paper, we define two notions of correctness and corresponding classes of
schedules:Closed Nested Opacity (CNO)andAbort-Shielded Consistency (ASC). In
the first notion, read steps of aborted (sub-)transactions are included in the serialization
as in opacity [5, 8]. In the second, they are discarded. Thesedefinitions turn out to
be non-trivial due to the fact that an aborted sub-transaction may have some (locally)
committed descendents and similarly some committed ancestors.

Checking opacity, like general serializability (for instance, view-serializability),
cannot be done efficiently. Very much like restricted classes of serializability allow-
ing polynomial membership test, and facilitating online scheduling, restricted classes
of opacity can also be defined. We define such classes along thelines of conflict-
serializability for database transactions:Conflict-Preserving Closed Nested Opacity (CP-
CNO)andConflict-Preserving Abort-Shielded Consistency (CP-ASC). Our conflict no-
tion is tailored for optimistic execution of the sub-transactions and not just between
any two conflicting operations. We give an algorithm for checking the membership in
CP-CNO which can be easily modified for CP-ASC as well. The algorithm uses se-
rialization graphs similar to those in [12]. Using this algorithm an online scheduler
implementing these classes can be designed.

We note that all online schedulers (implementing 2PL, timestamp, optimistic ap-
proaches, etc.) for database transactions allow only subclasses of conflict-serializable
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schedules. We believe similarly that all STM schedulers canonly allow subclasses of
conflict-preserving schedules satisfying opacity or any ofits variants. Such schedulers
are likely to use mechanisms simpler than serialization graphs as in the database area.
An example is the scheduler described by Imbs and Raynal [8].

There have been many implementations of nested transactions in the past few years
[2, 10, 1, 9]. However, none of them provide precise correctness criteria for closed
nested transactions that can be efficiently verified. In [2],the authors provide correct-
ness criteria for open nested transactions which can be extended to closed nested trans-
actions as well. Their correctness criteria also look for a single equivalent serial sched-
ule of both (read-only) aborted transactions and committedtransactions.

Roadmap: In Section 2, we describe our model and background.In Section 3, we
define CNO, CP-CNO In Section 4, we present ASC and CP-ASC Section 5 concludes
this paper.

2 Background and System Model

A transaction is a piece of code in execution. In the course ofits execution, a nested
transaction performs read and write operations on memory and invokes other transac-
tions (also referred to as sub-transactions). A compuationof nested transactions consti-
tutes acomputation tree. The operations of the computation are classified as:simple-
memory operationsandtransactions. Simple-memory operations areread or write on
memory. In this document when we refer to a transaction in general, it could be a top-
level transaction or a sub-transaction. Collectively, we refer to transactions and simple-
memory operation as nodes (of the computation tree) and denote them asnid.

If a transactiontX executes successfully to completion, it terminates with acommit
operation denoted ascX . Otherwise itaborts, aX . Abort and commit operations are
calledterminal operations4. By default, all the simple-memory operations are always
considered to be (locally) committed. In our model, transactions can interleave at any
level. Hence the child sub-transactions of any transactioncan execute in interleaved
manner.

To perform a write operation on data itemx, a closed-nested transactiontP creates
a x-buffer (if it is not already present) and writes to the buffer. A buffer is created
for every data itemtP accesses. WhentP commits, it merges the contents of its local
buffers with the buffers of its parent. Any peer (sibling) transaction oftP can read the
values written bytP only aftertP commits.

We assume that there exists a hypothetical root transactionof the computation tree,
denoted astR, which invokes all the top-level transactions. On system initialization we
assume that there exists a child transactiontinit of tR, which creates and initializes all
the buffers oftR that are written or read by any descendant oftR. Similarly, we also
assume that there exists a child transactiontfin of tR, which reads the contents oftR’s
buffers when the computation terminates.

4 A transaction starts with a begin operation. In our model we assume that the begin operation
is superimposed with the first event of the transaction. Hence, we do not explicitly represent it
in our schedules.

3



Coming to reads, a transaction maintains a read set consisting of all its read op-
erations. We assume that for a transaction to read a data-item, sayx, (unlike write) it
has access to the buffers of all its ancestors apart from its own. To readx, a nested
sub-transactiontN starts with its local buffers. If it does not contain ax-buffer,tN con-
tinues to read the buffers of its ancestors starting from itsparent until it encounters a
transaction that contains ax-buffer. SincetR’s buffers have been initialized bytinit, tN
will eventually read a value forx. When the transaction commits, its read set is merged
with its parent’s read set. We will revisit read operations afew subsections later.

2.1 Schedules

A scheduleis a totally ordered sequence (in real time order) of simple-memory opera-
tions and terminal operations of transactions in a computation. These operations are re-
ferred to aseventsof the schedule. A schedule is represented by the tuple〈evts, nodes,
ord〉, whereevts is the set of all events in the schedule,nodes is the set of all the nodes
(transactions and simple-memory operations) present in the computation andord is an
unary function that totally orders all the events in the order of execution. Example 1
shows a schedule,S1. In this schedule, the memory operationsr2211(x) andw2212(y)
belong to the transactiont221. Transactionst22 andt31 are aborted. All the other trans-
actions are committed. It must be noted that thet221 and t222 of t22 are committed
sub-transactions of the aborted transactiont22.

Example 1.
S1 : r111(z)w112(y)w12(z)c11r211(b)r2211(x)w2212(y)c221w212(y)c21w13(y)c1
r2221(y)w2222(z)c222a22w23(z)r311(y)c2w312(y)a31r321(z)w322(z)c32c3

tR

t1

c1t11

t2

c3

t21 c2

a22

t3

t31

c32

t32

c21 t222

c221 c222

t221r111(z)
w112(y)

w12(z)

r2211(x) r2221(y)w2212(y)

r211(b) w212(y)

a31

w312(y)

w13(y)

r321(z)
w322(z)

w23(z)

r311(y)

tinit

c11

t22

tfin

w2222(z)

Fig. 1. Computation tree for Example 1

The events of the schedule are the real time representation of the leaves of the com-
putation tree. The computation tree for a scheduleS1 is shown in Figure 1. The order
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of execution of memory operations is from left to right as shown in the tree. The dotted
edges represent terminal operations. The terminal operations are not part of the compu-
tation tree but are represented here for clarity.

For a closed nested transaction, all its write operations are visible to other transac-
tions only after it commits. InS1, w212(y) occurs beforew13(y). Whent1 commits, it
writesw13(y) ontotR’s y-buffer. Butt2 commits aftert1 commits. Whent2 commits
it overwritestR’s y buffer withw212(y). Thus when transactiont31 performs the read
operationr311(y), it reads the value written byw212(y) and notw13(y) even though
w13(y) occurs afterw212(y).

To model the effects of commits clearly, we augment a schedule with extra write
operations. For each transaction that commits, we introduce a commit-write operation
for each data itemx the transaction writes to or one of its children commit-writes. This
writes the latest value in the transaction’sx-buffer. The commit-writes are added just
before the commit operation and represent the merging of thelocal buffers with its
parent’s buffers. Using this representation, the schedulefor Figure 1 is:

Example 2.
S2 : r111(z)w112(y)w12(z)w

112
11 (y)c11r211(b)r2211(x)w2212(y)w

2212
221 (y)c221w212(y)

w212
21 (y)c21w13(y)w

12
1 (z)w13

1 (y)c1r2221(y)w2222(z)w
2222
222 (z)c222a22w23(z)r311(y)

w21
2 (y)w23

2 (z)c2w312(y)a31r321(z)w322(z)w
322
32 (z)c32w

32
3 (z)c3

Some examples of commit-write inS2 arew112
11 (y), w212

21 (y), w23
2 (z) etc. The com-

mitwrite w112
11 (y) representst11’s write onto t1’s y buffer with the value written by

w112. There are no commit-writes for aborted transactions. Hence the writes of aborted
transactions are not visible to its peers. Originally in thecomputation tree only the leaf
nodes could write. With this augmentation of transactions,even non-leaf nodes (i.e.
committed transactions) write with commit-write operations. For sake of brevity, we do
not represent commit-writes in the computation tree. In therest of this document, we
assume that all the schedules we deal with are augmented withcommit-writes.

Generalizing the notion of commit-writes to any node of the tree, the commit-write
of a simple-memory write is itself. It is nil for a read operation and aborted transactions.
Collectively we refer to simple-memory operations along with commit-write operations
as memory operations. With commit-write operations, we extend the definition of an
operation, denoted asoX , to represent a transaction, a commit-write operation or a
simple-memory operation.

It can be seen that a schedule partially orders all the transactions and simple-memory
operations in the computation. The partial order is calledschedule-partial-orderand is
denoted<S . For a transactiontX in S, we defineS.tX .f irst, S.tX .last as the first and
last operations oftX . Thus,S.tX .last denotes the terminal operation of thetX . For a
simple-memory operationmX , S.mX .f irst = S.mX .last. For two nodesnX , nY , in
S: (nX <S nY ) ≡ (S.ord(S.nX .last) < S.ord(S.nY .f irst)).

2.2 Function Definitions

For a commit-write operationwX we define itsholder, S.holder(wX) as the trans-
action tX to which it belongs to. Extending this function to a node (a transaction or
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simple-memory operation), the holder of a node is itself. For any operationoX , we de-
fineS.level(oX) as the distance ofS.holder(oX) in the tree from the root. From this
definitiontR is at level 0. The level of a transaction and all its commit-write operations
are the same. For instance in Example 2,S2.level(w212

21 ) = S2.level(t21) = 2.
The functions on a tree, namely parent, children, ancestor,descendant, peer (sib-

lings) can be extended to commit-write operations by defining them forS.holder(oX)
over the tree. For instance inS2 of Example 2,S2.parent(w21

2 ) = tR andS2.children(
w21

2 = {t21, t22, w23(z)}. Thus transactions and simple-memory operations are chil-
dren of a transaction. Two commit-writes of the same node arenot peers of each other
since they have the same holder.

For a transaction,tX in a computation, we define itsdSet, denoted asS.dSet(tX)
as the set consisting oftX , tX ’s commit-writes,tX ’s begin and terminal operations
and dSets oftX ’s descendants (including its children). This set comprises of all the
operations in the sub-tree oftX . A simple-memory operation’s dSet is itself. A commit-
write’s dSet is its holder transactions’s dSet. In Example 2,S2.dSet(t2) = S2.dSet(w23

2

(z)) = {t2, t21, t22, w23(z), r211(b), w212(y), w
212
21 (y), c21, t221, r2211(x), w2212(y),

w2212
221 (y), c221, t222, r2221(y), w2222(z), w

2222
222 (z), c222, a22, w

21
2 (y), w23

2 (z), c2}
Next we define a boolean functionoptVison two operationsoX , oY in a scheduleS,

denoted asS.optV is(oY , oX). It is true if oY is a peer ofoX or peer of an ancestor of
oX , i.e.,oY ∈ (S.peers(oX)∪S.peers(S.ansc(oX))). Otherwise it is false. This defi-
nition implies that if (oX ∈ S.dSet(oY )) thenS.optV is(oY , oX) is false. As a result for
any commit-write ofoY , saywY , S.optV is(wY , oX) is false as well. One can see that
optVis function is not symmetric (but not asymmetric). HenceS.optV is(oY , oX) does
not implyS.optV is(oX , oY ). In S2, S2.optV is(w12

1 (z), r211(b)) is true asw12
1 (z) is

a peer oft2 which is an ancestor ofr211(b). Similarly S2.optV is(t3, r2221(y)) is true
becauset3 is a peer oft2 which is an ancestor ofr2221(y). ButS2.optV is(r2221(y), t3)
is false.

We denoteS.schOps(tX) as the set of operations inS.dSet(tX) which are also
present inS.evts. Formally,S.schOps(tX) = (S.dSet(tX) ∩ S.evts). We define a
few notations based on aborted transactions in a scheduleS. For an aborted transac-
tion tX , we denoteS.abort(tX) as the set of all aborted transactions intX ’s dSet.
It includestX as well, if it is aborted. We defineS.prune(tX) as all the events in
the schOps oftX after removing the events of all aborted transactions intX . For-
mally, S.prune(tX) = {S.schOps(tX) − (

⋃

tA∈S.abort(tX)

S.schOps(tA))}. If tX has

no aborted transaction in its dSet thenS.prune(tX) is same asS.schOps(tX). If tX
itself is an aborted transaction then its pruned set is nil.

2.3 Writes for Read Operations and Well-Formedness

For a read operationrX(z) belonging to a transactiontP in S, we associate a write
wY (z) as itslastWrite5 or S.lastWrite(rX(z)). The read operation will retrieve the
value written by the lastWrite. We want the lastWritewY (z) to satisfy the properties:
(1)wY occurs beforerX in the schedule; (2)wY is optVis torX ; (3) The value written

5 This term is inspired from [2]
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by wY is in thez-buffer of an ancestor (starting from its parenttP ) closest torX in
terms of level and (4) If there are multiple writes satisfying the above conditions then,
thewY is closest torX in the scheduleS.

The lastWrite definition ensures that all transactions readvalues only from commit-
ted nodes i.e. a committed transaction or a simple-write operation. Having lastWrite be
optVis to the read operation ensures that the buffer in whichthe lastWrite writes to is ac-
cessible by the read operation. InS2, the lastWrites are:(r111(z) : winit(z)), (r211(b) :
winit(b)), (r2211(x) : winit(x)), (r2221(y) : w

2212
221 (y)), (r311(y) : w

13
1 (y)), (r321(z) :

w23
2 (z)). Note that the readr2221(y) reads fromw2212

221 (y) even thoughw13
1 (y) is closer

to r2221(y) in the schedule. This is becausew2212
221 (y) is closer to it in terms of level.

For a nodenP with a read operationrX in its dSet, the read is said to be anexternal-
read if its lastWrite is not innP ’s dSet. Thus a read operationrX is an external-read of
itself. It can be seen that a nested transaction interacts with its peers through external-
reads and commit-writes. Thus, a nested transaction can be treated as a non-nested
transaction consisting only of its external-reads and commit-writes. The external-reads
and commit-writes of a transaction constitute itsextOpsSet.

A schedule is calledwell-formedif it satisfies: (1) Validity of Transaction limits:
After a transaction executes a terminal operation no operation (memory or terminal)
belonging to it can execute; and (2) Validity of Read Operations: Every read operation
reads the value written by its lastWrite operation.

We assume that all the schedules we deal with are well-formed.

2.4 Serial Schedules

For the case of non-nested transactions a serial schedule isa schedule in which all
the transactions execute serially (as the name suggests) without any interleaving. For
a nested transaction we define a serial scheduleSS as: for every transactiontX in
SS, its children (both transactions and simple-memory operations) are totally ordered.
Formally,〈∀tX ∈ SS.trans : {nY , nZ} ⊆ S.children(tX) : (SS.ord(nY .last) <

SS.ord(nZ .f irst))∨(SS.ord(nZ .last) < SS.ord(nY .f irst))〉. Thus in a serial sched-
ule, all the events in the dSet of a transaction appear contiguously.

3 Conflict Preserving Closed Nested Opacity

3.1 Closed Nested Opacity

Guerraoui and Kapalka [5] proposed the notion ofopacityas a correctness criterion for
software transactions. A schedule, consisting of an execution of transactions, is said
to beopaqueif there is an equivalent serial schedule such that it respects the original
schedule’s real time ordering of the nodes and the lastWrites for every read operation,
including the reads of aborted transactions, in the serial schedule is same as in the
original schedule. Opacity ensures that all the reads are consistent. An implementation
of opacity for non-nested transactions is given in [8] in which aborted transactions are
treated as read-only (with read steps executed before the abort) when looking for an
equivalent serial schedule consisting of all the transactions.
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In the context of nested transactions, an aborted transaction can have a committed
sub-transaction whose values are read by other sub-transactions. For instance inS2,
aborted transactiont22’s sub-transactionst221 andt222 are committed. The read oper-
ation r2221(y) of t222 reads fromt221. This shows that some writes of aborted (sub)
transactions should also be considered for correctness of other sub transactions. On
the other hand, a committed transaction can have aborted sub-transactions whose write
values should be omitted.

In our characterization of schedules, aborted transactions do not have commit-
writes. Thus an aborted transaction’s writes do not affect any of its peers or ancestors.
But committed sub-transactions of an aborted transactionscan have commit-writes and
other sub-transactions can read from it. Thus using our representation, opacity can be
extended to closed nested transactions. Formally, we definea class of schedules called
asClosed Nested Opacityor CNO as follows: A scheduleS belongs toCNO if there
exists a serial scheduleSS such that: (1) Event Equivalence: The operations ofS and
SS are the same. (2) schedule-partial-order Equivalence: Forany two nodesnY , nZ

that are peers in the computation tree represented byS, if nY occurs beforenZ in S

thennY occurs beforenZ in SS as well. (3) lastWrite Equivalence: The lastWrites of
all read operations inS andSS are the same.

Even though the definition of CNO is similar to opacity, the condition lastWrite
equivalence captures the intricacies of nested transactions. This class ensures that the
reads of all the transactions including all the sub-transactions of aborted transactions
read consistent values.

3.2 Conflict Notion: optConf

Checking opacity, like general serializability (for instance, view-serializability) cannot
be done efficiently. Restricted classes of serializability(like conflict-serializability) have
been defined based on conflicts which allow polynomial time membership test, and
facilitate online scheduling. Along the same lines, we define a subclass of CNO,CP-
CNO. This subclass is defined based on a new conflict notionoptConffor closed nested
transactions. It is tailored for optimistic execution of sub-transactions. This notion is
similar to the idea of conflicts presented in [4] for non-nested transactions.

The conflict notion optConf is defined only between memory operations in extOps-
Sets (defined in SubSection2.3) of two peer nodes. As explained earlier, a node (or
transaction) interacts with its peer nodes through its extOpsSet. Consider two peer
nodesnA, nB. For two memory operationsmX ,mY on the same data buffer in the
extOpsSets ofnA, nB, S.isOptConf(mX ,mY ) is true ifmX occurs beforemY in S

and one of the following conditions hold: (1) r-w conflict:mX is an external-readrX
of nA, mY is a commit-writewY of nB or (2) w-r conflict:mX is a commit-writewX

of nA andmY is an external-readrY of nB or (3) w-w conflict:mX is a commit-write
wX of nA andmY is a commit-writewY of nB.

Consider a readrX that is in optConf with a writewY and letrX ’s lastWrite bewL.
By defining the conflicts in this manner we ensure thatwL is in w-r conflict withrX and
if wY is also in w-r conflict withrX , then w-w conflict betweenwL andwY ensures
that wY does not becomerX ’s lastWrite in any optConf equivalent serial schedule.
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Similarly if wY is in r-w conflict withrX then it cannot becomerX ’s lastWrite in the
equivalent serial schedule.

ForS2 in Example 2, we get the set of conflicts as:(r111(z), w12(z)), (r111(z),
w23

2 (z)), (w112
11 (y), w13(y)), (w

12
1 (z), w23

2 (z)), (w13
1 (y), w21

2 (y)), (w2212
221 (y), r2221(y)),

(w13
1 (y), r311(y)), (r311(y), w

21
2 (y)), (r311(y), w312(y)), (w

12
1 (z), r321(z)), (w

23
2 (z),

r321(z)), (r321(z), w322(z))). It must be noted that there is no optConf betweenw13
1 (y)

andr2221(y) or betweenw212
21 (y) andr2221(y) even thoughw13

1 (y) andw212
21 (y) are

optVis to r2221(y). This is because thew2212
221 (y)’s level (which is the lastWrite of

r2221(y)) is greater thanw13
1 (y) andw212

21 (y). Hencer2221(y) is not an external-read of
any peer ofw13

1 (y) orw212
21 (y)

Using optConf, we define a class of schedules called asConflict-Preserving Closed
Nested OpacityorCP-CNO. It differs from CNO in condition (3) in SubSection3.1. The
lastWrite equivalence is replaced by optConf Implication:if two memory operations
in S are in optConf then they are also in optConf inSS. Since optConf implication
subsumes lastWrite equivalence, we have:

Theorem 1. If a scheduleS is in the class CP-CNO then it is also in CNO.

Benefits of optConf:Traditionally, two memory operations are said to be in conflict
if one of them is a (simple) write operation. In STM systems that employ optimistic
synchronization, a write of a transaction becomes visible only after it has committed. In
this case for conflicts to be meaningful, two memory operations are said to be in conflict
if one of them is a commit-write operation (and not a simple-write). Refining the conflict
notion further, we define optConf only between an external-read and a commit-write
operation (as well as between two commit-write operations). By defining optConf this
way, the class CP-CNO is as non-restrictive as possible and yet does not compromise
on any desired property.

3.3 Membership Verification Algorithm

Now, we describe the algorithm for testing the membership inthe class CP-CNO in
polynomial time. Our algorithm is based on the graph construction algorithm by Re-
sende and Abbadi [12] but adapted to optConf. For a scheduleS, the algorithm con-
structs a conflict graph based on optConfs, denoted asS.optGraph, and checks for the
acyclicity of that graph. We call thisoptGraphCons algorithm. The graphS.optGraph

is constructed as follows: (1) Vertices: It comprises of allthe nodes in the computation
tree. The vertex for a nodenX is denoted asvX . (2) Edges: Consider each transaction
tX starting fromtR. For each pair of childrennP , nQ, (other thantinit andtfin) in
S.children(tX) we add an edge fromvP to vQ as follows: (2.1) Completion edges: If
nP <S nQ. (2.2) Conflict edges: For any two memory operations,mY ,mZ such that
mY is in nP ’s dSet andmZ is in nQ’s dSet, ifS.isOptConf(mY ,mZ) is true.

Since the position of the transactionstinit andtfin are fixed in the tree and in any
schedule, we do not consider them in our graph construction algorithm. Now, we get
the theorem,

Theorem 2. For a scheduleS, the graph S.optGraph is acyclic if and only ifS is in
CP-CNO.
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It must be noted that in our construction all the edges are between vertices corre-
sponding to peer nodes. There are no edges between vertices that correspond to nodes of
different levels. Thus the graph constructed consists of disjoint subgraphs. If the graph
is acyclic, then an equivalent serial schedule can be constructed by executing topologi-
cal sort on all the subgraphs [11]. Using this algorithm, it can be verified thatS2 is not
in CP-CNO. Further,S2 is also not in CNO.

4 Abort-Shielded Consistency

Shortcoming of CNO:A single serial schedule involving all transactions, as required in
CNO (and opacity) allows for the reads of an aborted transaction to affect the transac-
tions that follow it. This effect is more pronounced in nested transactions. For instance
in S2, transactionst1 andt2 write to the variablesy andz. The aborted sub-transaction
t31 readsy from t1. The sub-transactiont32 readsz from t2. As a result there is no
equivalent serial schedule having the same lastWrites as inS2 and hence it is not in
CNO. For that matter, any sub-transaction oft3 invoked aftert31’s invocation (liket33,
t34 etc) that reads any variable written byt2 that has also been written byt1 will cause
this schedule to be not opaque. In the worst case, all the sub-transactions oft3 invoked
aftert31 may satisfy this property and a scheduler (implementing CNO) will abort all of
them. This effectively abortst3. This shows that with CNO, an aborted sub-transaction
can cause its top-level transaction to abort. This can be avoided if the read operations
of the aborted transactions are ignored as described below.

4.1 ASC Class Definition

Let tA be an aborted transaction in a scheduleS. If tA should not affect the transactions
following it, thentA should be dropped while considering the correctness of the remain-
ing transactions. Generalizing this idea to all aborted transactions, we construct a sub-
schedule consisting of events only from committed transactions (and committed sub-
transactions whose ancestors have not been aborted). Thus,the sub-schedule consists of
all the events fromS.prune(tR) (prune is defined in SubSection2.2) and is denoted as
commitSubSchR. The ordering of the events is same as in the original schedule. We
check for the correctness ofcommitSubSchR. The sub-schedulecommitSubSchR

for S2 is: r111(z)w112(y)w12(z)w
112
11 (y)c11r211(b)w212(y)w

212
21 (y)c21w13(y)w

12
1 (z)

w13
1 (y)c1w23(z)w

21
2 (y)w23

2 (z)c2r321(z)w322(z)w
322
32 (z)c32w

32
3 (z)c3.

As explained in [5], it is necessary that the aborted transaction tA also reads consis-
tent values. To ensure this, we construct another sub-schedule ofS denoted as
pprefSubSchA (pruned prefix sub-schedule) fortA. We consider the prefix of all the
events untiltA’s abort operation. From this prefix we construct the sub-schedule by re-
moving (1) events from transactions that aborted earlier and (2) events from any aborted
sub-transaction oftA. Thus, the sub-schedule consists of events from transactions that
committed beforetA, events from pruned sub-transactions oftA and events from live
transactions (i.e., transactions that have not yet terminated) that executed until abort of
tA. The ordering among the events is same as in the original scheduleS.
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Finally, for each live transaction we add a commit operationafter tA’s abort oper-
ation to the sub-schedule. But we do not add the commit-writes for these transactions.
Then we look for the correctness of this sub-schedule. InS2, for the aborted transaction
t31, pprefSubSch31 is: r111(z)w112(y)w12(z)w

112
11 (y)c11r211(b)w212(y)w

212
21 (y)c21

w13(y)w
12
1 (z)w13

1 (y)c1w23(z)r311(y)w
21
2 (y)w23

2 (z)c2w312(y)a31c3. Similarly the sub-
schedules for every aborted transaction can be constructed.

Here all the sub-schedules have events from at most one aborted transaction. One
can see that the sub-schedulescommitSubSchR andpprefSubSchA for every aborted
transactiontA have the property that if any event is in the sub-schedule, then any other
event that is relevant to it is also in the sub-schedule. We call this property ascausality
completeness. Hence the lastWrite for any read operation in a sub-schedule will be same
as the lastWrite as in the original scheduleS. It can also be seen that the events of these
sub-schedules form a valid sub-tree of the original computation tree represented byS.
We verify the correctness of each of these sub-schedules by looking for an equivalent
serial sub-schedule which has the same lastWrite for every read operation.

Based on these sub-schedules,Abort-Shielded Consistencyor ASC is defined. A
scheduleS belongs to class ASC if there exists a set of sub-schedules ofS, denoted
assubSchSet, such that the sub-schedules,commitSubSchR andprefSubSchA, for
every aborted transactiontA in S, are insubSchSet and for every sub-schedulesubS in
subSchSet there exists a serial sub-schedulessubS such that: (1) Sub-Schedule Event
Equivalence: The operations ofsubS andssubS are the same (2) schedule-partial-order
Equivalence: For any two peer nodesnY , nZ in the computation tree represented by
subS, if nY occurs beforenZ in subS thennY occurs beforenZ in ssubS as well. (3)
lastWrite Equivalence: For all the read operations inssubS, the lastWrites are the same
as insubS.

From this definition we get that, CNO is a subset of ASC. The scheduleS2 is
in ASC. Using optConfs with pprefSubSch we define a class of schedules,Conflict-
Preserving Abort-Shielded Consistencyor CP-ASC. It differs from the definition of the
class ASC only in the condition (3), which is optConf Implication: If two memory
operations insubS are in optConf then they are also in optConf inssubS. Using the
optGraphCons algorithm we can verify if there exists an equivalent serial sub-schedule
for each sub-schedule in subSchSet. Thus checking whether aschedule is in CP-ASC
or not, can be done in polynomial time [11]. Further, it can aswell be proved that the
class CP-CNO is a subset of CP-ASC. The scheduleS2 is in CP-ASC.

Using the optGraphCons algorithm an elegant online scheduler implementing CP-
ASC can be designed [11]. The scheduler can be implemented ina completely dis-
tributed manner. The serialization graph has separate components for each (parent)
sub-transaction. Each component can be maintained at a different site (process exe-
cuting the sub-transaction) autonomously and the checkingcan be done in a distributed
manner.

5 Conclusion

Concurrent executions of transactions in Transactional Memory are expected to ensure
that aborted transactions, as the committed ones, read consistent values. In addition,
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it is desirable that the aborted transactions do not affect the consistency for the other
transactions. Incorporating these simple-sounding criteria has been non-trivial even for
non-nested transactions as can be seen in recent publications [5, 8, 3].

In this paper, we have considered these requirements for closed nested transactions.
We have also defined new conflict-preserving classes that allow polynomial time mem-
bership test, by means of constructing conflict-graphs and checking acyclicity. Further,
a completely distributed STM scheduler can be designed using these conflict preserving
classes. Our future work includes the study of how the above two properties manifest
in executions with open nested transactions and with non-transactional steps.
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