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ABSTRACT

Software Transactional Memory(STM) is a new program-
ming paradigm that can be an effective alternative to the
conventional parallel programming models and languages.
It absolves the programmer of having to synchronize and co-
ordinate parallel computations, and instead delegates these
to the compiler and run-time systems. In this paper, we
describe an enhanced Automatic Checkpointing and Partial
Rollback algorithm(CaPR™) to realize STMs that is based
on continuous conflict detection, lazy versioning with auto-
matic checkpointing, and partial rollback. Further, we pro-
vide a proof of correctness of CaPR™ algorithm, in particu-
lar, Opacity, a STM correctness criterion, that precisely cap-
tures the intuitive correctness guarantees required of trans-
actional memories. The algorithm provides a natural way to
realize a hybrid system of pure aborts and partial rollbacks.
We have also implemented the algorithm, and shown its ef-
fectiveness with refernce to the Red-black tree microbench-
mark and STAMP benchmarks. The results obtained demon-
strate the effectiveness of the Partial Rollback mechanism
over abort mechanism, particularly in applications consist-
ing of large transaction lengths.
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1. INTRODUCTION

The challenges posed by the use of low-level synchronization
primitives like locks led to the search of alternative parallel
programming models to make the process of writing concur-
rent programs easier. Transactional Memory is a promising
programming memory in this regard.

A Software Transactional Memory(STM)[1] is a concurrency
control mechanism that resolves data conflicts in software as
compared to in hardware by HTMs.
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STM provides the programmers with high-level constructs to
delimit transactional operations and with these constructs in
hand, the programmer just has to demarcate atomic blocks
of code, that identify critical regions that should appear to
execute atomically and in isolation from other threads. The
underlying transactional memory implementation then im-
plicitly takes care of the correctness of concurrent accesses to
the shared data. The STM might internally use fine-grained
locking, or some non-blocking mechanism, but this is hidden
from the programmer and the application thereby relieving
him of the burden of handling concurrency issues.

Several STM implementations have been proposed, which
are mainly classified based on the following metrics:

1) shared object update(version management) - decides when
does a transaction update its shared objects during its life-
time.

2) conflict detection - decides when does a transaction de-
tect a conflict with other transactions in the system.

3) concurrency control - determines the order in which the
events - conflict, its detection and resolution occur in the
system.

Each software transaction can perform operations on shared
data, and then either commit or abort. When the transac-
tion commits, the effects of all its operations become imme-
diately visible to other transactions; when it aborts, all its
operations are rolled back and none of its effects are visible
to other transactions. Thus, abort is an important STM
mechanism that allows the transactions to be atomic. How-
ever, abort comes at a cost, as an abort operation implies
additional overhead as the transaction is required to be re-
executed after cancelling the effects of the local transactional
operations. Several solutions have been proposed for this,
that are based on partial rollback, where the transaction
rolls back to an intermediate consistent state rather than
restarting from beginning. [3] was the first work that illus-
trated the use of checkpoints in boosted transactions and
[13] suggested using checkpoints in HTMs. In [4] the partial
rollback operation is based only on shared data that does
not support local data which requires extra effort from the
programmer in ensuring consistency. [6] and [5] is an STM
algorithm that supports both shared and local data for par-
tial rollback. [14] is another STM that supports both shared
and local data. Our work is based on [6]. We present an im-
proved and simplified algorithm, Automatic Checkpointing
and Partial Rollback algorithm(CaPR™) and prove its cor-
rectness.



Several correctness criteria exist for STMs like linearizabil-
ity, serializability, rigorous scheduling, etc. However, none
of these criteria is sufficient to describe the semantics of
TM with its subtleties. Opacity is a criterion that captures
precisely the correctness requirements that have been intu-
itively described by many TM designers. We discuss Opac-
ity in section 2 and present the proof of opacity of CaPR™
algorithm in section 4.2.

2. SYSTEM MODEL

The notations defined in this section have been inspired
from [2]. We assume a system of n processes (or threads),
p1,...,Dn that access a collection of objects via atomic trans-
actions. The processes are provided with the following trans-
actional operations: begin_tran() operation, which invokes a
new transaction and returns the id of the new transaction;
the write(z,v,4) operation that updates object x with value
v for a transaction ¢, the read(z) operation that returns a
value read in z, tryC/() that tries to commit the transaction
and returns commst (c for short) or abort (a for short), and
tryA() that aborts the transaction and returns A. The ob-
jects accessed by the read and write operations are called as
t-objects. For the sake of presentation simplicity, we assume
that the values written by all the transactions are unique.

Operations write, read and tryC may return a, in which case
we say that the operations forcefully abort. Otherwise, we
say that the operation has successfully executed. Each op-
eration is equipped with a unique transaction identifier. A
transaction 7T; starts with the first operation and completes
when any of its operations returns a or ¢. Abort and commit
operations are called terminal operations. For a transaction
Tk, we denote all its read operations as Rset(Ty) and write
operations Wset(T}y). Collectively, we denote all the opera-
tions of a transaction T; as evts(Tk).

Histories. A history is a sequence of events, i.e., a se-
quence of invocations and responses of transactional op-
erations. The collection of events is denoted as evts(H).
For simplicity, we only consider sequential histories here:
the invocation of each transactional operation is immedi-
ately followed by a matching response. Therefore, we treat
each transactional operation as one atomic event, and let
< g denote the total order on the transactional operations
incurred by H. With this assumption the only relevant
events of a transaction Ty are of the types: rx(z,v), re(x, A),
wi(z,v), wg(x,v, A), tryCik(C) (or ¢ for short), tryCi(A),
tryA, (A) (or ay for short). We identify a history H as tuple
(evts(H), <m).

Let H|T denote the history consisting of events of T in H,
and H|p; denote the history consisting of events of p; in
H. We only consider well-formed histories here, i.e., (1)
each H|T consists of a read-only prefix (consisting of read
operations only), followed by a write-only part (consisting
of write operations only), possibly completed with a tryC or
tryA operation®, and (2) each H|p; consists of a sequence
of transactions, where no new transaction begins before the
last transaction completes (commits or a aborts).

We assume that every history has an initial committed trans-

#This restriction brings no loss of generality [15].

action Ty that initializes all the data-objects with 0. The
set of transactions that appear in H is denoted by tzns(H).
The set of committed (resp., aborted) transactions in H is
denoted by committed(H) (resp., aborted(H)). The set of in-
complete or live transactions in H is denoted by incomplete(H)
(incomplete(H) = tzns(H) — committed(H) — aborted(H)).

For a history H, we construct the completion of H, denoted
H, by inserting ax immediately after the last event of every
transaction Ty, € incomplete(H).

Transaction orders. For two transactions Tk, T € tzns(H),
we say that Ty precedes T, in the real-time order of H,
denote T, <ET T, if Ty is complete in H and the last
event of Ty precedes the first event of Ty, in H. If neither
Ty —<§T T,, nor Tp, <§T Ty, then Ty and Ty, overlap in
H. A history H is t-sequential if there are no overlapping
transactions in H, i.e., every two transactions are related by
the real-time order.

For two transactions Ty and T, in tzns(H), we say that Ty
precedes Ty, in conflict order, denoted Ty <$° T, if: (a)
(w-w order) cr, <g cm and Wset(Ty) N Wset(Tr,) # 0; (b)
(w-r order) ¢ <g rm(z,v), x € Wset(Tk) and v # A; (c)
(r-w order) Tk (x,v) <H cm and x € Wset(Ty,) and v # A.
Thus, it can be seen that the conflict order is defined only
on operations that have successfully executed.

Valid and legal histories. Let H be a history and rx(x, v) be a
read operation in H. A successful read r(z,v) (l.ev # A), is
said to be valid if there is a transaction 7T} in H that commits
before rx and w;(z,v) is in evts(T;). Formally, (ri(x,v) is
valid = 37} : (¢; <wm mk(z,v)) A (wi(z,v) € evts(Tj)) A
(v # A)). The history H is valid if all its successful read
operations are valid.

We define r(z,v)’s last Write as the latest commit event ¢;
such that ¢; precedes ri(z,v) in H and © € Wset(T;) (T;
can also be Tp). A successful read operation r(z,v) (i.e
v # A), is said to be legal if transaction T; (which contains
ri’s lastWrite) also writes v onto . Formally, (ri(z,v) is
legal = (v # A) A (H.lastWrite(ri(z,v)) = ¢;) A (wi(z,v) €
evts(T;))). The history H is legal if all its successful read
operations are legal. Thus from the definitions we get that
if H is legal then it is also valid.

Opacity. We say that two histories H and H’ are equivalent
if they have the same set of events. Now a history H is
said to be opaque [8, 17] if H is valid and there exists a
t-sequential legal history S such that (1) S is equivalent to
H and (2) S respects <& ie <B'c<ET By requiring
S being equivalent to H, opacity treats all the incomplete
transactions as aborted.

Implementations and Linearizations. A (STM) implemen-
tation is typically a library of functions for implementing:
ready, writeg, tryCy and tryA, for a transaction T,. We
say that an implementation M), is correct w.r.t to a property
P if all the histories generated by M, are in P. The histo-
ries generated by an STM implementations are normally not
sequential, i.e., they may have overlapping transactional op-
erations. Since our correctness definitions are proposed for



sequential histories, to reason about correctness of an imple-
mentation, we order the events in a non-concurrent history
in a sequential manner. The ordering must respect the real-
time ordering of the operations in the original history. In
other words, if the response operation o, occurs before the
invocation operation o; in the original history then o; oc-
curs before o; in the sequential history as well. Overlapping
events, i.e. events whose invocation and response events do
not occur either before or after each other, can be ordered
in any way.

We call such an ordering as linearization [7]. Now for a (non-
sequential) history H generated by an implementation M,
multiple such linearizations are possible. An implementation
M is considered correct (for a given correctness property P)
if every its history has a correct linearization (we say that
this linearization is exported by M).

We assume that the implementation has enough information
to generate an unique linearization for H to reason about its
correctness. For instance, implementations that use locks for
executing conflicting transactional operations, the order of
access to locks by these (overlapping) operations can decide
the order in obtaining the sequential history. This is true
with STM systems such as [19, 18, 16] which use locks.

3. CAPR+ ALGORITHM

In this section, we present the data structures and the CaPR™
Algorithm. The various data structures are categorised into
local workspace and global workspace, depending on whether
the data structure is visible to the local transaction or every
transaction. The data structures in the local workspace are
as follows:

1. Local Data Block - Each entry in the local data block
consists of the local object and its current value in the
transaction.

2. Shared object Store - The shared object store contains
a) the shared object, b) its initial value, ¢) an info-
flag that gives information about the shared object.
Value 1 of this flag indicates the shared object has
been read from the shared memory, value 2 indicates
it has been modified locally by the transaction, and
value 3 indicates the object has been created locally.

3. Checkpoint Log - It is used to partially rollback a
transaction. Each entry in the checkpoint log consists
of a) the shared object whose read initiated the log
entry (this entry is made every time a shared object
is read for the first time by the transaction), b) the
program location from where the transaction should
proceed after a rollback, and c) the current snapshot
of the transaction’s local data block and the shared
object store.

Table 1: Local Data Block
Object | Value

The data structures in the global workspace are as follows:

Table 2: Shared object Store
Object | Current Value | Info flag

Table 3: Checkpoint Log
Victim Shared
object

Program Location | Local Snapshot

1. Global List of Active Transactions - Each entry in this
list contains a) a unique transaction identifier, b) a
status flag that indicates the status of the transaction,
as to whether the transaction is in conflict with any
of the committed transactions, and ¢) a list of all the
objects in conflict with the transaction. This list is
updated by the committed transactions.

2. Shared Memory - Each entry in the shared memory
stores a) a shared object, b) its value, and ¢) an active
readers list that stores the transaction IDs of all the
transactions reading the shared object.

Table 4: Global List of Active Transactions
Transaction | Status . .
D Flag Conflict Objects

4. CONFLICT OPACITY

In this section we describe about Conflict Opacity (CO),
a subclass of Opacity using conflict order (defined in Sec-
tion 2). This subclass is similar to conflict serializability of
databases whose membership can be tested in polynomial

time (in fact it is more close to order conflict serializability)
[20, Chap 3].

DEFINITION 1. A history H is said to be conflict opaque
or co-opaque if H is valid and there exists a t-sequential
legal history S such that (1) S is equivalent to H and (2) S
respects <51 and <F°.

From this definition, we can see that co-opaque is a subset
of opacity. We now give an algorithm to show that the
membership of co-opacity can be tested in polynomial time.
This algorithm is based on graph characterisation.

4.1 Graph characterization of co-opacity
Given a history H, we construct a conflict graph, CG(H) =
(V,E) as follows: (1) V = tzns(H), the set of transactions
in H (2) an edge (Ti,T}) is added to E whenever T; <87 Tj
or T; <§° Tj, i.e., whenever T; precedes T} in the real-time
or conflict order.

Note, since tzns(H) = tzns(H) and (<& U <§°) = (=5

U <99), we have CG(H) = CG(H). In the following lem-



Table 5: Shared Memory

Shared Value List of
object active readers

Algorithm 1 CaPR Algorithm

1: procedure READTX(t, 0, pc)

2 if oisin t’s local data block then

3 read value of o from LDB into str-)val;
4: update | = 1(Success);

5: else if o is in t’s shared object store then
6.

7

8

mas, we show that the graph characterization indeed helps
us verify the membership in co-opacity.

read value of o from SOS into str-)val;

update | = 1(Success); LEMMA 2. Consider two histories H1 and H2 such that
else if o is in shared memory then H1 is equivalent to H2 and H1 respects conflict order of
9: obtain locks on shared object o, € transaction, t; H2, ie., <59C<%9. Then, <59==<%9.
10: if color of t’s status flag = RED then
11: PL = partially_Rollback(t); co~ co
192: update str-)PL = PL, | = 0(Rollback); PrOOF. Here, we have that <57 C<%s5 . In order to prove

<69=<%59, we have to show that <55C<%5Y. We prove

ﬁ crezte checkp c;lmt ;ntry i ch}ectkp o;nt logl‘f or o; this using contradiction. Consider two events p, ¢ belonging
) read o from shared memory into str-)val; to transaction T'1, T2 respectively in H2 such that (p, ¢) €<%5
15: update | = 1(Success); co q:
, i but (p,q) ¢<%7. Since the events of H2 and H1 are same,
16: add t to o’s readers’ list . o .
. ) ) these events are also in H1. This implies that the events
17: insert o into shared object store; .
p,q are also related by CO in H1. Thus, we have that
18: release locks on o and t; . co co
19 1 ¢ in shared either (p,q) €<{HT or (¢,p) €<E7. But from our assump-
9 0: else date | — 2(E ) > 0 not in shared memory tion, we get that the former is not possible. Hence, we get
: update | = 2(Error); that (¢,p) €<59= (¢,p) €<%5S. But we already have that
21: release lock on transaction t; (p,q) €<59. This is a contradiction. [
22: return l;
23: procedure WRITETX(o, t)
24: if o is a local object then LEMé\‘/IoA S.Cget H1 and H2 be equivalent histories such
25: update o in local data block; that <H7==fs . Then H1 is legal iff H2 is legal.
26: else if o is a shared object then
27 update o in shared object store; ProOF. It is enough to prove the ‘if’ case, and the ‘only
28: procedure cOMMITTX(?) if’ case will follow from symmetry of the argument. Suppose
29: find the write set of t;' o . . that H1 is legal. By contradiction, assume that H2 is not
30: obtain lOCkS' on al? objects in its write set(after sorting); legal, i.e., there is a read operation r;(z,v) (of transaction
31: for each ob?ect 0 the write set T;) in H2 with lastWrite as ¢i (of transaction Tx) and Ty
32: collect its active readers to "A’ writes u # v to z, i.e wi(z,u) € evts(Tk). Let r;j(z,v)’s
33: Add t to "A° lastWrite in H1 be ¢; of T;. Since H1 is legal, T} writes v to
34: obtain locks on all transactions in A’ in a pre-defined ordgrj e w; (z,v) € evts(T3).
35: if color of t’s status flag = RED then
36: PL = partially_Rollback(t); Since evts(H1) = evts(H2), we get that ¢; is also in H2,
37: release all locks; and ¢y is also in H1. As <§9==<%9, we get ¢; <z rj(x,v)
38: return PL; and ¢ <m1 75(z,v).
39: if all locks obtained then > ready to commit
40: write desired shared memory objects Since ¢; is the lastWrite of 7;j(z,v) in H1 we derive that
41: for each reader transaction, ¢k <m1 ¢ and, thus, ¢ <m2 ¢ <m2 rj(z,v). But this con-
42: add the objects to their conflict objects’ list; tradicts the assumption that ¢ is the lastWrite of r;(x,v)
43: set status flag to RED; in H2. Hence, H2 is legal. [
44: drop t from actrans;
45: drop t from acreader’s lists;
46: release all locks; From the above lemma we get the following interesting corol-
47: return 0; lary.

48: procedure PARTIALLY_ROLLBACK(t)

49: identify safest checkpoint - (victim);

50: apply selected checkpoint;

51: reset status flag to GREEN;

52: proceed with the new program location; Based on the conflict graph construction, we have the fol-
lowing graph characterization for co-opaque.

COROLLARY 4. Every co-opaque history H is legal as well.

THEOREM 5. A legal history H is co-opaque iff CG(H)
is acyclic.



PROOF. (Onlyif)If H is co-opaque and legal, then CG(H)
is acyclic: Since H is co-opaque, there exists a legal t-
sequential history S equivalent to H and S respects <&T
and <$°. Thus from the conflict graph construction we have
that CG(H)(= CG(H)) is a sub graph of CG(S). Since S
is sequential, it can be inferred that CG(S) is acyclic. Any
sub graph of an acyclic graph is also acyclic. Hence CG(H)
is also acyclic.

(if) If H is legal and CG(H) is acyclic then H is co-opaque:
Suppose that CG(H) = CG(H) is acyclic. Thus we can
perform a topological sort on the vertices of the graph and
obtain a sequential order. Using this order, we can obtain a
sequential schedule S that is equivalent to H. Moreover, by
construction, S respects -<§T:-<%T and -<%O:-<%O.

Since every two events related by the conflict relation (w-
w, r-w, or w-r)in S are also related by 4%07 we obtain
—<§O:-<%O. Since H is legal, H is also legal. Combining
this with Lemma 3, we get that S is also legal. This satisfies
all the conditions necessary for H to be co-opaque. []

4.2 Proof of Opacity for CaPR+ Algorithm

In this section, we will describe some of the properties of
CaPR" algorithm and then prove that it satisfies opacity.
In our implementation, only the read and tryC operations
access the memory. Hence, we call these operations as mem-
ory operations. The main idea behind our algorithm is as
follows: Consider a live transaction 7T; which has read a value
u for t-object x. Suppose a transaction T} writes a value v to
t-object x and commits. When T; executes the next memory
operation (after the c;), T; is rolled back to the step before
the read of . We denote that T; has invalidated the T;’s
read of z. Transaction T; then reads x again.

The following example illustrates this idea. Consider the
history H1 : ri(z,0)ri(y,0)r2(z,0)r1(z,0)
wa(y,5)cawi(x,5). In this history, when T7 performs any
other memory operation such as a read after C'—, it will
then be rolled back to the step ri(y) causing it to read y
again.

T prln0) n(0) (0 w9
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Figure 1: Pictorial representation of a History H1

Thus as explained, in our algorithm, when a transaction’s
read is invalidated, it does not abort but rather gets rolled
back. In the worst case, it could get rolled back to the first
step of the transaction which is equivalent to the transaction
being aborted and restarted. Thus with this algorithm, a
history will consist only of incomplete (live) and committed
transactions.

To precisely capture happenings of the algorithm and to
make it consistent with the model we discussed so far, we
modify the representation of the transactions that are rolled
back. Consider a transaction T; which has read x. Suppose

another transaction 7} that writes to = and then commits.
Thus, when T; performs its next memory operation, say m;
(which could either be a read or commit operation), it will
be rolled back. We capture this rollback operation in the
history as two transactions: 7T;.1 and T;.2.

Here, T;.1 represents all the successful operations of trans-
action 7T} until it executed the memory operation m; which
caused it to roll back (but not including that m;). Trans-
action T;1 is then terminated by an abort operation a;.i.
Then, after transaction 7; has committed transaction T;.»
begins. Unlike T;.1 it is incomplete. It also consists of all
same operations of T; 1 until the read on x. T; 2 reads the lat-
est value of the t-object x again since it has been invalidated
by Tj. It then executes future steps which could depend on
the read of x. With this modification, the history consists of
committed, incomplete as well as aborted transactions (as
discussed in the model).

In reality, the transaction T; could be rolled back multiple
times, say n. Then the history H would contain events from
transactions T;.1,7T; .2, T;.3....T;.». But it must be noted that
all the invocations of T; are related by real-time order. Thus,
we have that TiA1 -<§T Ti,g -<§T Tl3 <§T TiAn

With this change in the model, the history H1 is represented
as follows, H2 : r1.1(x,0)r1.1(y,0)r2.1(x, 0)
r1.1(%, 0)w2.1(y, 5)caa1wi (z, 5)ar.1r.2(x, 0)r1.2(y, 10).

For simplicity, from now on in histories, we will denote a
transaction with greek letter subscript such as «, 3,7y etc
regardless of whether it is invoked for the first time or has
been rolled back. Thus in our representation, transaction
Ti.1,T;.2 could be denoted as T, T respectively.

We will now prove the correctness of this algorithm. We
start by describing a property that captures the basic idea
behind the working of the algorithm.

PROPERTY 6. Consider a transaction T; that reads t-object
x. Suppose another transaction T; writes to x and then com-
mits. In this case, the next memory operation (read or tryC)
executed by T; after c; returns abort (since the read of x by
T; has been invalidated).

For a transaction T;, we define the notion of successful final
memory operation(sfm). As the name suggests, it is the
last successfully executed memory operation of T;. If T; is
committed, then sfm; = ¢;. If T; is aborted, then sfm;
is the last memory operation, in this case a read operation,
that returned ok before being aborted.

For proving the correctness, we use the graph characteriza-
tion of co-opacity described in Section 4. Consider a his-
tory Heqpr generated by the CaPR algorithm. Let geapr =
CG(Hcqpr) be the corresponding conflict graph. We will
show that geapr is acyclic. We start with the following lemma
on the path of the graph.

LEMMA 7. Consider the conflict graph geapr = CG(Hcapr),
the conflict graph of Heapr. Consider a path p in geapr 6S
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Figure 2: Pictorial representation of the modified History H?2

follows: To1 — Taz — .... = Tok. Then, sfmai <Heapr
sfma2 <Heapr - <Heapr sfmak.

PROOF. We prove this using induction on k.

Base Case, k = 2. In this case the path consists of only one
edge between transactions Tn1 and T,2. Let us analyse the
various types of edges possible:

e real-time edge: This edge represents real-time. In this

case Ta1 <§Zﬂuw Tw2. Hence, we have that sfma1 <#,.p,

sfmaa.

e w-w edge: This edge represents w-w order conflict. In
this case both transactions 7,1 and T2 are committed
and sfma1 = ca1 and sfmae2 = ca2. Thus, from the
definition of this conflict, we get that sfma1 <m_.p.
sfmas.

e w-r edge: This edge represents w-r order conflict. In
this case, ca1 <Heapr raz2(z,v) (v # A). For transac-
tion Th1, Sfma1 = ca1. For transaction T,2, either
Ta2 <Heapr sfmaz or raa = sfmea2. Thus in either
case, we get that sfma1 <w..,, SfMasz.

e r-w edge: This edge represents r-w order conflict. In
this case, ra1(2,v) <H,p, Caz (Where v # A). Thus
sfma2 = caz. Here, we again have two cases: (a) Ta1
terminates before T,2. In this case, it is clear that
5fMa1 <Hewpr 5fMaz. (b) Ta1 terminates after Too
commits. The working of the algorithm is such that, as
observed in Property 6, the next memory operation ex-
ecuted by T,1 after the commit operation c,2 returns
abort. From this, we get that the last successful mem-
ory operation executed by T,1 must have executed be-
fore co2. Hence, we get that sfma1 <Heapr sfmas.

Thus in all the cases, the base case holds.

Induction Case, k = mn > 2. In this case the path consists of
series of edges starting from transactions 71,1 and ending at
Torn. From our induction hypothesis, we know that it is true
for K = n—1. Thus, we have that sfma1 <Heapr sfma(n,w.
Now consider the transactions T (n—1), Tan Which have an
edge between them. Using the arguments similar to the base
case, we can prove that sfmam-1) <H.ap. SfMan. Thus,
we have that sfma <Heapr sfman.

In all the cases, we have that sfma1 <u
proved. [

sfman. Hence,

capr

Using Lemma 7, we show that gcapr is acyclic.

LEMMA 8. Consider the conflict graph geapr = CG(Hecapr)
the conflict graph of Heapr. The graph, geapr is acyclic.

PROOF. We prove this by contradiction. Suppose that
Jeapr 18 cyclic. Then there is a cycle going from To1 —
Taz = oo = Tok = Tan.

From Lemma 7, we get that sfma1 — sfmaz — ... —
sfmar — Sfma1 which implies that sfma1 — Sfmai.
Hence, the contradiction. [

This lemma shows that the history generated by Hcqpr is in
co-opacity and hence in opacity.

5. PERFORMANCE EVALUATION OF CAPR

ALGORITHM

Existing benchmarks may be categorised into microbench-
marks and individual(or set of) applications. Microbench-
marks are composed of transactions that execute a few op-
erations on a data structure. These are typically easy to
develop, parameterize, and port across systems. They may
be useful in cases when a particular aspect of the implemen-
tation is to be selectively evaluated. However, they do not
allow us to evaluate the whole implementation exhaustively.
Whereas full applications have transactions that consist of
many operations over many data structures, and may in-
clude a significant amount of non-transactional code as well.

Red-black tree and hash-tabes are examples of microbench-
marks used for evaluating TM systems. Short and simple
transactions of microbenchmarks are good for testing me-
chanics of STM itself and comparing low-level details of var-
ious implementations.

STMBench7 [9] is another candidate benchmark for eval-
uating STM implementations. However STMBench7 tar-
gets only a specific class of applications i.e. CAD/CAM.
Other benchmarks include SPLASH-2 [10], SPEComp [11],
BioParallel, MineBench etc, but almost all of them lack
in dealing with a wide range of transactional behaviours -
contention, length of transactions, and sizes of their read
and write sets. Also they are only partially portable. This
leads us to another benchmark called STAMP [12] (Stanford
Transactional Applications for Multi-Processing).



It is a comprehensive benchmark suite that includes eight
applications spanning different classes of applications, and
thirty variants of input parameters and data sets that exer-
cise a wide range of transactional behaviours. It is for this
reason that we target STAMP benchmarks for performance
analysis. The main features of benchmarks thrusted upon
by the authors are:

1. Breadth - the benchmark must target a variety of al-
gorithms and application domains.

2. Depth - it must cover a wide range of transactional
characteristics - transaction lengths, contention and
size of read and write sets.

3. The amount of time spent in executing the transac-
tions should be varied.

4. Portability- it must be compatible with a large variety
of TM systems.

Table 6 depicts the different applications and their brief de-
scription.

Experimental setup
The experiments were performed on the following platforms:

1. Intel Xeon X5650 - comprising 6 cores, operating at
2.7GHz.

2. TILEPro64 Tile processor - comprising 64 cores, oper-
ating at 7T00MHz.

The TILEPro64 processor consists of 64 general-purpose,
three-wide issue Very Long Instruction Word (VLIW) CPUs

that are are interconnected using an 8 x 8 mesh-based network-

on-chip.

To analyse the performance gain obtained by the partial
rollback mechansim, we compare the CaPR implementation
with a light-weight version of the CaPR implementation that
implements abort mechanism. This is done by eliminat-
ing the book-keeping required by the CaPR algorithm like
checkpointing. The comparison is done by using the kmeans,
genome and ssca2 applications of the STAMP benchmarks.
The experiments involve analysing the execution time of a
benchmark application with the abort and partial-rollback
implementations for different number of threads.

Observations: From Figures 3 and 4, its evident that abort
mechanism performs better for the kmeans application. This
can be explained by the small length of transactions in kmeans
which renders rollback less feasible. However, an interesting
point to note is that in Figure 4, there is only a marginal
difference in performance of both mechanism. This is be-
cause kmeans does not use transactions frequently, it spends
very less of its execution time in transactions(which is as
low as 3 percent for low contention), where as for Figure
3, the overhead for rollback is exposed completely, without
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Figure 3: Results for kmeans, input 1
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Figure 4: Results for kmeans, input 3(high con-
tention)

contributing any performance gain. Similarly, for ssca2 ap-
plication(Figures 5,6) too, the abort mechanism fares well.
Here, the amount of contention is relatively low due to infre-
quent concurrent updates of the same adjacency list. This
is because of the large number of graph nodes resulting
in lesser number of conflicts, and hence lesser number of
aborts/rollbacks.

This application uses transactions quite frequently, as it op-
erates continuously on shared data structures and a signifi-
cant amount of execution time is spent in transactions. Also,
the mean number of instructions per transaction is higher
in genome as compared to kmeans and ssca2, which makes
genome an ideal candidate for studying the impact of the
partial rollback mechanism. From Figures 7,8, an interest-
ing trend is observed. For a single thread, the abort per-
forms significantly well, and then as the number of threads
increases, the performance of abort mechanicm gradually
decreases, while that of rollback mechanism increases. And
as is evident from Figure 8, the overall best performance is



Table 6: STAMP applications

Application Domain Description
bayes machine learning | Learns structure of a Bayesian
network
genome bioinformatics Performs gene sequencing
intruder security Detects network intrusions
kmeans data mining Implements K-means clustering
labyrinth engineering Routes paths in maze
ssca2 scientific Creates efficient graph
representation
vacation online transaction Emulates travel reservation
processing system
yada scientific Refines a Delaunay mesh
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Figure 5: Results for ssca2, input 1

achieved for 16 threads for the rollback mechanism, resulting
in around 10% performance gain.

Another important point to note is that with greater num-
ber of threads, there is higher contention, leading to greater
number of rollbacks/aborts. This is apparent from the re-
sults, and justifies why the performance takes a hit beyond
8/16 threads. This is also because the Xeon processor con-
sists of only 6 cores. For further substantiation, we con-
ducted the same set of experiments on TilePro64, the re-
sults for which also exhibit similar trends. However, due to
availability of greater parallelism in the form of 64 cores, we
now get the best results for 16/32 threads, beyond which
the performance starts degrading again. Similarly, for Red-
Black tree microbenchmarks too, we found partial rollback
to be better as compared to abort mechanism. The results
have been shown in the Table 7 for 100 transactions.

6. ANINTEGRATED ABORT-PARTIAL ROLL-

BACK FRAMEWORK FOR STMS

The partial rollback mechanism is expected to perform well
with applications in which transaction lengths(determined
by number of reads) are relatively longer. With smaller
transactions, the overhead incurred in book-keeping exceeds
the performance improvement achieved using rollback. In
these circumstances, it makes sense for us to run the trans-
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Figure 6: Results for ssca2, input 2

Table 7: Results for Red-Black tree microbench-
mark for 100 transactions

Abort Partial Rollback
No. Threads | Time(in ms) | Abort | Time(in ms) | Rollbacks
1 474 0 460 0
2 456 81 443 75
4 642 117 626 101
8 942 134 747 160
16 1209 196 1291 184

actions using abort mechanism.

Towards this, we give an integrated abort-partial rollback
framework, that provides support for the user to designate
some of the transactions(typically with small transactional
length), to run with partial rollback mechanism, and oth-
ers to run with abort mechanism, which entails minimum
book-keeping. This allows us to extract maximum benefit
by exploiting both the mechanisms simultaneously.

Apart from transactional length, which can be easily deter-
mined by the user, another factor that affects the utility of
partial rollback is contention. Contention in the applica-
tion, however, may not be determined/known to the user
apriori. In order to address this, we need to provide an
additional instrumentation mechanism which measures the
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contention. One way to achieve this is to keep track of the
average number of conflicts occurring in the execution per
unit time. This information could be used by the transac-
tions to determine dynamically the mechanism to which it
should subscribe to - abort or partial rollback.

7. CONCLUSION

We have modified the CaPR algorithm for performance and
presented the proof for opacity for CaPR algorithm, which
guarantees the correctness required of transactional memo-
ries. STAMP benchmark suite is used to evaluate the per-
formance of the partial rollback mechanism, implemented by
CaPR algorithm. The results show that the partial rollback
mechanism is found to be effective for applications where
the transaction length is more, while for shorter transac-
tions, abort mechanism performs better. We exploit this
observation by suggesting an integrated Abort-Partial Roll-
back framework that provides support for utilizing both the
abort and partial rollback mechanism simultaneously. The
current implementation has been realized without much op-
timizations, so we are trying to optimize it(rollback mecha-
nism in particular) resulting in better performance, so that
our implementation can be effectively compared with other

existing STM implementations like RSTM, and then extend
it further to the hybrid model, incorporating both the par-
tial rollback and abort mechanisms.
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