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Abstract. A generally agreed upon requirement for correctness of et
executions in Transactional Memory systems is that als@ations including the
aborted ones read consistent values. Opacity is a recemhoped correctness
criterion that satisfies the above requirement. Our firstrdmution in this paper
is extending the opacity definition for closed nested tretisas. Secondly, we
define conflicts appropriate for optimistic executions vahéce commonly used
in Software Transactional Memory systems. Using these ictsifwe define a
restricted, conflict-preserving, class of opacity for eldsiested transactions the
membership of which can be tested in polynomial time. As aindtcontribu-
tion, we propose a correctness criterion that defines a ofesshedules where
aborted transactions do not affect consistency of the dthesactions. We define
a conflict-preserving subclass of this class as well. Batittass definitions and
the conflict definition are new for nested transactions.

1 Introduction

In recent years, Software Transactional Memory (STM) haseagad significant inter-
est as an elegant alternative for developing concurrerg.dogportantly, transactions
provide a very promising approach for composing softwammonents. Composing
simple transactions into a larger transaction is an extheuseful property which forms
the basis of modular programming. This is achieved throwgging. A transaction is
nested if it is invoked by another transaction.

STM systems ensure that transactions are executed atmidsdt is, each trans-
action is either executed to completion in which case doisymittedand its effects are
visible to other transactions abortedand the effects of a partial execution, if any, are
rolled back. In aclosednested transaction [2], the commit of a sub-transactiondal|
its effects are visible only to its parent. When the top-l¢kensaction (of the nested-
computation) commits, the effects of the sub-transactiervasible to other top-level
transactions. The abort of a sub-transaction is also ltiwalpther sub-transactions and
the top-level transaction are not affected by its abjort.

To achieve atomicity, a commonly used approach for softwaresactions is opti-
mistic synchronisation (term used in [6]). In this apprgoagdch transaction has local
buffers where it records the values read and written in theessoof its execution. When

* This work was done when the author was a Post-doctoral Feltddemorial University
8 Apart from Closed nesting, Flat and Open nesting [2] are theraneans of nesting in STMs.



the transaction completes, the contents of its buffers alidated. If the values in the
buffers form a consistent view of the memory then the trammsiats committed and the
values are merged into the memory. If the validation fafils,ttansaction is aborted and
the buffer contents are ignored. The notion of buffers eddaraturally to closed nested
transactions. When a sub-transaction is invoked, new taudiie created for all the data
items it accesses. The contents of the buffers are mergadta/parent’s buffers when
the sub-transaction commits.

A commonly accepted correctness requirement for concuesacutions in STM
systems is that all transactions including aborted onebgeasistent values. The values
resulting from any serial execution of transactions arerassl to be consistent. Then,
for each transaction, in a concurrent execution, thereldredst a serial execution of
some of the transactions giving rise to the values read hytthasaction. Guerraoui
and Kapalka [5] captured this requirementageacity. An implementation of opacity
has been given in [8].

On the other hand, the recent understanding (Doherty eflalrf®s et al [7]) is
that opacity is too strong a correctness criterion for STWeaker notions have been
proposed: (i) The requirement of a single equivalent sedhkdule is replaced by al-
lowing possibly different equivalent serial schedulesdommitted transactions and for
each aborted transaction, and these schedules need nomipatdde; and (ii) the ef-
fects, namely, the read steps, of aborted transactionddshotiaffect the consistency
of the transactions executed subsequently. The first pefimias the consistency notion
for aborted transactions. (All the proposals insist on glsiequivalent serial schedule
consisting of all committed transactions.) The secondtpsia desirable property for
transactions in general and a critical point for nestedsations, where the reads of an
aborted sub-transaction may prohibit committing the erttip-level transaction. The
above proposals in the literature have been made for nareahzansactions.

In this paper, we define two notions of correctness and qoorating classes of
schedulesClosed Nested Opacity (CN@nd Abort-Shielded Consistency (AS@)
the first notion, read steps of aborted (sub-)transactionmaluded in the serialization
as in opacity [5, 8]. In the second, they are discarded. Thes$eaitions turn out to
be non-trivial due to the fact that an aborted sub-transactiay have some (locally)
committed descendents and similarly some committed amrsest

Checking opacity, like general serializability (for insta, view-serializability),
cannot be done efficiently. Very much like restricted classEserializability allow-
ing polynomial membership test, and facilitating onlindeduling, restricted classes
of opacity can also be defined. We define such classes alonlinte of conflict-
serializability for database transactio@ginflict-Preserving Closed Nested Opacity (CP-
CNO)andConflict-Preserving Abort-Shielded Consistency (CP-A8Q) conflict no-
tion is tailored for optimistic execution of the sub-tracans and not just between
any two conflicting operations. We give an algorithm for dtieg the membership in
CP-CNO which can be easily modified for CP-ASC as well. Thedtgm uses se-
rialization graphs similar to those in [12]. Using this aliffom an online scheduler
implementing these classes can be designed.

We note that all online schedulers (implementing 2PL, tiawep, optimistic ap-
proaches, etc.) for database transactions allow only asges of conflict-serializable



schedules. We believe similarly that all STM schedulersaaly allow subclasses of
conflict-preserving schedules satisfying opacity or anj¥ariants. Such schedulers
are likely to use mechanisms simpler than serializatioplggas in the database area.
An example is the scheduler described by Imbs and Raynal [8].

There have been many implementations of nested transadtidhe past few years
[2, 10, 1, 9]. However, none of them provide precise corressncriteria for closed
nested transactions that can be efficiently verified. Intf#, authors provide correct-
ness criteria for open nested transactions which can ba@sdo closed nested trans-
actions as well. Their correctness criteria also look fangle equivalent serial sched-
ule of both (read-only) aborted transactions and committatsactions.

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

2 Background and System Model

A transaction is a piece of code in execution. In the coursésa#xecution, a nested
transaction performs read and write operations on mematyirarokes other transac-
tions (also referred to as sub-transactions). A compuatimested transactions consti-
tutes acomputation treeThe operations of the computation are classifiedsasple-
memory operationandtransactions Simple-memory operations aread or write on
memory. In this document when we refer to a transaction irega@nit could be a top-
level transaction or a sub-transaction. Collectively, eferto transactions and simple-
memory operation as nodes (of the computation tree) andedmem as:;,.

If a transaction x executes successfully to completion, it terminates witbrmmit
operation denoted asy. Otherwise itaborts ax. Abort and commit operations are
calledterminal operationg. By default, all the simple-memory operations are always
considered to be (locally) committed. In our model, tratisas can interleave at any
level. Hence the child sub-transactions of any transaatam execute in interleaved
manner.

To perform a write operation on data iteima closed-nested transactign creates
a x-buffer (if it is not already present) and writes to the buff& buffer is created
for every data itent p accesses. Whet» commits, it merges the contents of its local
buffers with the buffers of its parent. Any peer (siblinggrisaction of p can read the
values written by p only aftert  commits.

We assume that there exists a hypothetical root transaatithe computation tree,
denoted asr, which invokes all the top-level transactions. On systeitiaiization we
assume that there exists a child transactignp of tg, which creates and initializes all
the buffers oftg that are written or read by any descendant®f Similarly, we also
assume that there exists a child transactigp of tg, which reads the contents tig’s
buffers when the computation terminates.

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



Coming to reads, a transaction maintains a read set congistiall its read op-
erations. We assume that for a transaction to read a datas@yx, (unlike write) it
has access to the buffers of all its ancestors apart fromwits o readz, a nested
sub-transactiohy starts with its local buffers. If it does not contair:éuffer, ¢ con-
tinues to read the buffers of its ancestors starting fronpétent until it encounters a
transaction that containsiabuffer. Sincetr's buffers have been initialized ly,,;;, t v
will eventually read a value for. When the transaction commits, its read set is merged
with its parent’s read set. We will revisit read operatioriea subsections later.

2.1 Schedules

A schedulds a totally ordered sequence (in real time order) of sinmpmory opera-
tions and terminal operations of transactions in a commurtathese operations are re-
ferred to aeventof the schedule. A schedule is represented by the tigpls, nodes,
ord), whereeuvts is the set of all events in the scheduledes is the set of all the nodes
(transactions and simple-memory operations) presentigdimputation andrd is an
unary function that totally orders all the events in the omfeexecution. Example 1
shows a schedulé&1. In this schedule, the memory operations;; (x) andwasi2(y)
belong to the transactian,;. Transactionsys andts; are aborted. All the other trans-
actions are committed. It must be noted that the andtss, of to2 are committed
sub-transactions of the aborted transactign

Example 1.
S1: 7“111(2)w112(y)w12(2)0117“211(b)T2211(17)w2212 (9)622110212(y)021w13(y)01
rzm(y)wzzzz(2)0222a22w23(2)r311(y)02w312(y)a3lr321(Z)w322(2)03203

"~ war2(y)
Coa1

O
7‘2211(1‘&)2212@) 7@(@/292)

Fig. 1. Computation tree for Example 1

The events of the schedule are the real time representdtiba teaves of the com-
putation tree. The computation tree for a schediilés shown in Figure 1. The order



of execution of memory operations is from left to right aswhan the tree. The dotted
edges represent terminal operations. The terminal opesadire not part of the compu-
tation tree but are represented here for clarity.

For a closed nested transaction, all its write operatioavasible to other transac-
tions only after it commits. Ir§1, wo12(y) occurs beforev,5(y). Whent; commits, it
writeswi3(y) ontotr’s y-buffer. Butt, commits aftert; commits. Whert; commits
it overwritestr’'s y buffer with wo;2(y). Thus when transaction; performs the read
operationrsy1 (y), it reads the value written bys12(y) and notwss(y) even though
w13 (y) occurs aftervarz(y).

To model the effects of commits clearly, we augment a scleedith extra write
operations. For each transaction that commits, we intre@ucommit-write operation
for each data item the transaction writes to or one of its children commit-esitThis
writes the latest value in the transactiombuffer. The commit-writes are added just
before the commit operation and represent the merging ofatte buffers with its
parent’s buffers. Using this representation, the schefdulgigure 1 is:

Example 2.
52 : rinn(2)wnia(y)wiz(2)wit? (y)errrann (b)raann (2) w212 (y)wizi? (y) caz1waia (y)
w312 (y)carwis(y)wi? (2)wi® (y)c1razer (y)waea (2)wizs? (2)cazeaaowas (2)rs11 (y)

w3 (y)wy? (2)cawsi2(y)asirs21 (2)wsea (2)wiz? (2)csawi? (2)cs

Some examples of commit-write 82 arew1i?(y), w3i?(y), w33(z) etc. The com-
mitwrite wii?(y) represents;;’s write ontot;’s y buffer with the value written by
wi12. There are no commit-writes for aborted transactions. dée writes of aborted
transactions are not visible to its peers. Originally in¢benputation tree only the leaf
nodes could write. With this augmentation of transacti@ve&n non-leaf nodes (i.e.
committed transactions) write with commit-write operagoFor sake of brevity, we do
not represent commit-writes in the computation tree. Inrést of this document, we
assume that all the schedules we deal with are augmentedavitmit-writes.

Generalizing the notion of commit-writes to any node of tleef the commit-write
of a simple-memory write is itself. It is nil for a read opéoatand aborted transactions.
Collectively we refer to simple-memory operations alontweommit-write operations
as memory operations. With commit-write operations, weedtthe definition of an
operation, denoted asy, to represent a transaction, a commit-write operation or a
simple-memory operation.

It can be seen that a schedule partially orders all the tcdioss and simple-memory
operations in the computation. The partial order is cadigiedule-partial-ordeand is
denoted< . For a transactiony in S, we defineS.t x. first, S.t x .last as the first and
last operations of x. Thus,S.tx.last denotes the terminal operation of the. For a
simple-memory operatiomx, S.mx.first = S.mx.last. For two nodes x,ny, in
S:(nx <g ny) = (S.ord(S.nx.last) < S.ord(S.ny.first)).

2.2 Function Definitions

For a commit-write operatiomx we define itsholder, S.holder(wx) as the trans-
actiontx to which it belongs to. Extending this function to a node @ngaction or



simple-memory operation), the holder of a node is itself. &ty operation x, we de-
fine S.level(ox) as the distance d§.holder(ox ) in the tree from the root. From this
definitiontg is at level 0. The level of a transaction and all its commiitevoperations
are the same. For instance in Exampl&2,/level (w3i?) = S2.level(ta1) = 2.

The functions on a tree, namely parent, children, ancedascendant, peer (sib-
lings) can be extended to commit-write operations by deditfirem forS.holder(ox)
over the tree. For instance #2 of Example 2,52.parent (w3') = tr andS2.children(
w3 = {ta1,t22, wa3(2)}. Thus transactions and simple-memory operations are chil-
dren of a transaction. Two commit-writes of the same nodaat@eers of each other
since they have the same holder.

For a transaction,x in a computation, we define i§Set denoted as$s.dSet(tx)
as the set consisting @fy, tx's commit-writes,t x’s begin and terminal operations
and dSets of x's descendants (including its children). This set comgriskall the
operations in the sub-tree tbf . A simple-memory operation’s dSet is itself. A commit-
write’s dSet is its holder transactions’s dSet. In Exampl§2dSet (t2) = S2.dSet(w3?

(2)) = {ta, a1, tas, wos(2), r211(b), w212(y), w3 2(y), c21, tao1, r2211 (), wa212(y),
w3312 (y), 21, 222, 72221 (Y), Waz22(2), w3337 (2), €222, a2, w3 (y), w3 (2), 2}

Next we define a boolean functioptVison two operationsx , oy in a schedulé,
denoted asS.optVis(oy,o0x). Itis true if oy is a peer obx or peer of an ancestor of
ox,i.e.,0y € (S.peers(ox)U S.peers(S.ansc(ox))). Otherwise itis false. This defi-
nition implies thatif px € S.dSet(oy)) thenS.optVis(oy, ox) is false. As a result for
any commit-write ofoy, saywy, S.optVis(wy,ox) is false as well. One can see that
optVis function is not symmetric (but not asymmetric). HeScoptVis(oy, 0x ) does
not imply S.optVis(ox, oy ). In S2, S2.0ptVis(wi?(z),r211(b)) is true aswi?(z) is
a peer ofty which is an ancestor ok (b). Similarly S2.0ptVis(ts, o201 (y)) is true
becauses is a peer o, which is an ancestor 0f221 (y). But.S2.0ptVis(raee:1 (y), ts)
is false.

We denoteS.schOps(tx) as the set of operations ifidSet(tx) which are also
present inS.evts. Formally, S.schOps(tx) = (S.dSet(tx) N S.evts). We define a
few notations based on aborted transactions in a schedut®r an aborted transac-
tion tx, we denoteS.abort(tx) as the set of all aborted transactionstjn's dSet.
It includestx as well, if it is aborted. We defin€.prune(tx) as all the events in
the schOps of x after removing the events of all aborted transactionsxin For-
mally, S.prune(tx) = {S.schOps(tx) — ( U S.schOps(ta))}. If tx has

ta€S.abort(tx)
no aborted transaction in its dSet th&mrune(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 operationy (z) belonging to a transactioty in S, we associate a write
wy (z) as itslastWrite® or S.lastWrite(rx(z)). The read operation will retrieve the
value written by the lastWrite. We want the lastWrite- (z) to satisfy the properties:
(1) wy occurs before x in the schedule; (2)y is optVis torx; (3) The value written

5 This term is inspired from [2]



by wy is in the z-buffer of an ancestor (starting from its parep) closest tory in
terms of level and (4) If there are multiple writes satisfythe above conditions then,
thewsy is closest to-x in the schedulé.

The lastWrite definition ensures that all transactions kedges only from commit-
ted nodes i.e. a committed transaction or a simple-writeatjos. Having lastWrite be
optVis to the read operation ensures that the buffer in wtiehastWrite writes to is ac-

cessible by the read operation.d8, the lastWrites arir111(2) : winit(2)), (r211(b) :
2212 13

Winit (b)), (r2211(®) : Winit (), (2221 (y) : w3317 (Y)), (r311(y) + w1°(y)), (ra21(2) :
w33(2)). Note that the reaghs2; () reads fromw33i2(y) even thoughoi3(y) is closer
t0 72201 () in the schedule. This is becausési?(y) is closer to it in terms of level.

For a node: p with a read operationy in its dSet, the read is said to beexternal-
readif its lastWrite is not inn p’s dSet. Thus a read operatiog is an external-read of
itself. It can be seen that a nested transaction interagitsitsipeers through external-
reads and commit-writes. Thus, a nested transaction caneb&ed as a non-nested
transaction consisting only of its external-reads and caramites. The external-reads
and commit-writes of a transaction constitutegtsOpsSet

A schedule is calledvell-formedif it satisfies: (1) Validity of Transaction limits:
After a transaction executes a terminal operation no ojpergmemory or terminal)
belonging to it can execute; and (2) Validity of Read Operati 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 schedalesdbedule in which all
the transactions execute serially (as the name suggestg)utiany interleaving. For
a nested transaction we define a serial schedfleas: for every transactiofi in
S8, its children (both transactions and simple-memory oj@naj are totally ordered.
Formally, (Vtx € SS.trans : {ny,nz} C S.children(tx) : (SS.ord(ny.last) <
SS.ord(nz.first))V(SS.ord(nz.last) < SS.ord(ny.first))). Thusin a serial sched-
ule, all the events in the dSet of a transaction appear aontigly.

3 Conflict Preserving Closed Nested Opacity

3.1 Closed Nested Opacity

Guerraoui and Kapalka [5] proposed the notiompécityas a correctness criterion for
software transactions. A schedule, consisting of an ei@tuaif transactions, is said
to beopaqueif there is an equivalent serial schedule such that it résple original
schedule’s real time ordering of the nodes and the last@/fiteevery read operation,
including the reads of aborted transactions, in the sedlaédule is same as in the
original schedule. Opacity ensures that all the reads arsistent. An implementation
of opacity for non-nested transactions is given in [8] in ethaborted transactions are
treated as read-only (with read steps executed before thrt) athen looking for an
equivalent serial schedule consisting of all the traneasti



In the context of nested transactions, an aborted tramsactin have a committed
sub-transaction whose values are read by other sub-tt@nsad-or instance 52,
aborted transactioty.’s sub-transaction&z; andtqqe are committed. The read oper-
ation o901 (y) Of ta90 reads fromiaq;. This shows that some writes of aborted (sub)
transactions should also be considered for correctnesthef sub transactions. On
the other hand, a committed transaction can have abortettaudactions whose write
values should be omitted.

In our characterization of schedules, aborted transaxtdm not have commit-
writes. Thus an aborted transaction’s writes do not affagtd its peers or ancestors.
But committed sub-transactions of an aborted transactianfiave commit-writes and
other sub-transactions can read from it. Thus using ouesgmtation, opacity can be
extended to closed nested transactions. Formally, we defitess of schedules called
asClosed Nested Opacityr CNO as follows: A schedul& belongs toCNO if there
exists a serial scheduleS such that: (1) Event Equivalence: The operations @nd
SS are the same. (2) schedule-partial-order EquivalenceaRgrtwo nodesiy, nz
that are peers in the computation tree representesl, lifyny- occurs beforei in S
thenny occurs beforewz in SS as well. (3) lastWrite Equivalence: The lastWrites of
all read operations i§ andS'S are the same.

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

3.2 Conflict Notion: optConf

Checking opacity, like general serializability (for ingta, view-serializability) cannot
be done efficiently. Restricted classes of serializablike conflict-serializability) have
been defined based on conflicts which allow polynomial timenimership test, and
facilitate online scheduling. Along the same lines, we defirsubclass of CNG;P-
CNO. This subclass is defined based on a new conflict na@onffor closed nested
transactions. It is tailored for optimistic execution obstmansactions. This notion is
similar to the idea of conflicts presented in [4] for non-eeédransactions.

The conflict notion optConf is defined only between memoryragiens in extOps-
Sets (defined in  SubSection2.3) of two peer nodes. As exqiladarlier, a node (or
transaction) interacts with its peer nodes through its pgg&#&t. Consider two peer
nodesn 4, np. For two memory operations.x, my on the same data buffer in the
extopsSets ofia,np, S.isOptCon f(mx,my) is true ifmx occurs beforeny in S
and one of the following conditions hold: (1) r-w conflict:y is an external-ready
of n 4, my is a commit-writewy of np or (2) w-r conflict:m x is a commit-writew x
of n4 andmy is an external-reachy of np or (3) w-w conflict:m x is a commit-write
wx 0f ny andmy is a commit-writewy of np.

Consider a readly that is in optConf with a writevy and letrx’s lastWrite bewy,.
By defining the conflicts in this manner we ensure thats in w-r conflict withr x and
if wy is also in w-r conflict withry, then w-w conflict betweew;, andwy ensures
that wy does not becomey’s lastWrite in any optConf equivalent serial schedule.



Similarly if wy is in r-w conflict withrx then it cannot becomex's lastWrite in the
equivalent serial schedule.

For S2 in Example 2, we get the set of conflicts &si11(2), w12(2)), (r111(2),
w3 (2), (w2 (y), wis (), (Wi (2), w3 (2)), (WI (), w3 (1), (W31 (y), 2221 (),
(w1 (), 7311(y)), (r311(y), w3 (y)), (r311(y), wa12(y)), (Wi (2), r321(2)), (w3 (2),
r321(2)), (r321(2), w322(2))). It must be noted that there is no optConf betwegh(y)
andraao1 (y) or betweenw3i?(y) andrage; (y) even thoughoi®(y) andw3i?(y) are
optVis to r2001(y). This is because the331%(y)'s level (which is the lastWrite of
r2221(y)) is greater thami3(y) andw3i?(y). Hencerazo: () is not an external-read of
any peer ofiwy* (y) or w3;*(y)

Using optConf, we define a class of schedules calledatlict-Preserving Closed
Nested Opacitgr CP-CNQ It differs from CNO in condition (3) in SubSection3.1. The
lastWrite equivalence is replaced by optConf Implicatifriwo memory operations
in S are in optConf then they are also in optConf9y. Since optConf implication
subsumes lastWrite equivalence, we have:

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

Benefits of optConf:Traditionally, two memory operations are said to be in caotfli
if one of them is a (simple) write operation. In STM systemat ttmploy optimistic
synchronization, a write of a transaction becomes visihlg after it has committed. In
this case for conflicts to be meaningful, two memory operetre said to be in conflict
if one of them is a commit-write operation (and not a simpléey. Refining the conflict
notion further, we define optConf only between an extererallrand a commit-write
operation (as well as between two commit-write operatioBg)defining optConf this
way, the class CP-CNO is as non-restrictive as possible ahdges not compromise
on any desired property.

3.3 Membership Verification Algorithm

Now, we describe the algorithm for testing the membershifhéclass CP-CNO in
polynomial time. Our algorithm is based on the graph corsivn algorithm by Re-
sende and Abbadi [12] but adapted to optConf. For a schegiulee algorithm con-
structs a conflict graph based on optConfs, denotefl@gGraph, and checks for the
acyclicity of that graph. We call thigptGraphCons algorithmrhe graphS.optGraph
is constructed as follows: (1) Vertices: It comprises oftlaél nodes in the computation
tree. The vertex for a nodey is denoted asx. (2) Edges: Consider each transaction
tx starting fromtg. For each pair of childrenp, ng, (other thart;,;; andt;,) in
S.children(tx) we add an edge fromp to v as follows: (2.1) Completion edges: If
np <g ng. (2.2) Conflict edges: For any two memory operations;, mz such that
my isinnp’s dSetandnz is inng’s dSet, if S.isOptCon f (my, mz) is true.

Since the position of the transactiofs;: andty;, are fixed in the tree and in any
schedule, we do not consider them in our graph constructgorithm. Now, we get
the theorem,

Theorem 2. For a scheduleS, the graph S.optGraph is acyclic if and onlySfis in
CP-CNO.



It must be noted that in our construction all the edges arevdxt vertices corre-
sponding to peer nodes. There are no edges between venatestrespond to nodes of
different levels. Thus the graph constructed consistss)oitit subgraphs. If the graph
is acyclic, then an equivalent serial schedule can be amtstt by executing topologi-
cal sort on all the subgraphs [11]. Using this algorithmait be verified tha$2 is not
in CP-CNO. Furthers2 is also notin CNO.

4 Abort-Shielded Consistency

Shortcoming of CNOA single serial schedule involving all transactions, asuines in
CNO (and opacity) allows for the reads of an aborted traimatd affect the transac-
tions that follow it. This effect is more pronounced in nelsteansactions. For instance
in S2, transactiong; andt, write to the variableg andz. The aborted sub-transaction
t31 readsy from t;. The sub-transactioty, readsz from ¢,. As a result there is no
equivalent serial schedule having the same lastWrites &2 iand hence it is not in
CNO. For that matter, any sub-transactiorntpinvoked afterts;'s invocation (liketss,
ts4 etc) that reads any variable written bythat has also been written by will cause
this schedule to be not opaque. In the worst case, all théranbactions of; invoked
afterts3; may satisfy this property and a scheduler (implementing ¥Wiabort all of
them. This effectively aborts;. This shows that with CNO, an aborted sub-transaction
can cause its top-level transaction to abort. This can belesidf the read operations
of the aborted transactions are ignored as described below.

4.1 ASC Class Definition

Lett4 be an aborted transaction in a schedilléf ¢ 4 should not affect the transactions
following it, thent 4 should be dropped while considering the correctness oftimain-

ing transactions. Generalizing this idea to all aborteddaations, we construct a sub-
schedule consisting of events only from committed transast(and committed sub-
transactions whose ancestors have not been aborted).thbssib-schedule consists of
all the events frond.prune(tr) (prune is defined in SubSection2.2) and is denoted as
commitSubSchg. The ordering of the events is same as in the original scleetivd

check for the correctness obmmitSubSchr. The sub-scheduleommitSubSchg
212 12

for S2is: 7111 (2)wi2(y)wi2(2)wit® (Y)crrran (b)wara (y)wsi? (y) carwis (y)wi’ (2)
wi® (y)erwas (2)wi' (y)ws® (2)carsar (2)wszz (2)w3s? (2) esowi? (2)cs.

As explained in [5], it is necessary that the aborted trati@mac, also reads consis-
tent values. To ensure this, we construct another sub-stdetlS denoted as
pprefSubScha (pruned prefix sub-schedule) fog. We consider the prefix of all the
events untik 4’s abort operation. From this prefix we construct the sutedadke by re-
moving (1) events from transactions that aborted earlidi(@8pevents from any aborted
sub-transaction of4. Thus, the sub-schedule consists of events from transesciimt
committed beforé 4, events from pruned sub-transactiong gfand events from live
transactions (i.e., transactions that have not yet ter@it)dhat executed until abort of

t 4. The ordering among the events is same as in the originatisths.
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Finally, for each live transaction we add a commit operatifiart 4's abort oper-
ation to the sub-schedule. But we do not add the commit-s/fadethese transactions.

Then we look for the correctness of this sub-schedul§2rfor the aborted transaction
112 212

ts1, pprefSubSchay is: 111 (2)wii2(y)wi2(2)wi” (y) 117211 (b)wai2 (y)ws (y)co1
w1z (y)wi?(2)wi3 (y)erwes (2)ra1n (y) w3t (y)wi(2)cawsi2(y)asi cz. Similarly the sub-
schedules for every aborted transaction can be constructed

Here all the sub-schedules have events from at most oneealtoainsaction. One
can see that the sub-schedulesmitSubSch g andppre f SubSch 4 for every aborted
transactiort 4 have the property that if any event is in the sub-schedués #my other
event that is relevant to it is also in the sub-schedule. Wehia property asausality
completenes#ience the lastWrite for any read operation in a sub-scleaslillbe same
as the lastWrite as in the original scheddldt can also be seen that the events of these
sub-schedules form a valid sub-tree of the original conmtmridree represented bfy.
We verify the correctness of each of these sub-schedulesaiynlg for an equivalent
serial sub-schedule which has the same lastWrite for eeay operation.

Based on these sub-schedulébprt-Shielded Consistenay ASCis defined. A
scheduleS belongs to class ASC if there exists a set of sub-schedul&s dénoted
assubSchSet, such that the sub-schedulesynmitSubSchr andprefSubSch 4, for
every aborted transaction in .S, are insubSchSet and for every sub-schedwebs in
subSchSet there exists a serial sub-scheds#@bS such that: (1) Sub-Schedule Event
Equivalence: The operations @ibS andssubsS are the same (2) schedule-partial-order
Equivalence: For any two peer nodeg,nz in the computation tree represented by
subS, if ny occurs beforerz in subS thenny occurs beforevz in ssubS as well. (3)
lastWrite Equivalence: For all the read operationssnbS, the lastWrites are the same
as insubs.

From this definition we get that, CNO is a subset of ASC. Thesdale 52 is
in ASC. Using optConfs with pprefSubSch we define a class béduolesConflict-
Preserving Abort-Shielded ConsisteraryCP-ASC It differs from the definition of the
class ASC only in the condition (3), which is optConf Imptica: If two memory
operations insubS are in optConf then they are also in optConfsisubS. Using the
optGraphCons algorithm we can verify if there exists anegjant serial sub-schedule
for each sub-schedule in subSchSet. Thus checking whetwrealule is in CP-ASC
or not, can be done in polynomial time [11]. Further, it camad be proved that the
class CP-CNO is a subset of CP-ASC. The schefi@les in CP-ASC.

Using the optGraphCons algorithm an elegant online scleeduplementing CP-
ASC can be designed [11]. The scheduler can be implementadcompletely dis-
tributed manner. The serialization graph has separate aoemts for each (parent)
sub-transaction. Each component can be maintained at exeiff site (process exe-
cuting the sub-transaction) autonomously and the cheakdnde done in a distributed
manner.

5 Conclusion

Concurrent executions of transactions in Transactionahbly are expected to ensure
that aborted transactions, as the committed ones, readstemtsvalues. In addition,
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it is desirable that the aborted transactions do not affexicbnsistency for the other
transactions. Incorporating these simple-soundingraiteas been non-trivial even for
non-nested transactions as can be seen in recent publis§io8, 3].

In this paper, we have considered these requirements feedloested transactions.
We have also defined new conflict-preserving classes ttmat glblynomial time mem-
bership test, by means of constructing conflict-graphs &egdlking acyclicity. Further,
a completely distributed STM scheduler can be designedulsese conflict preserving
classes. Our future work includes the study of how the abweeproperties manifest
in executions with open nested transactions and with remstictional steps.
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