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Abstract— Software transactional memory (STM) has been
proposed as a promising programming paradigm for shared
memory multi-threaded programs as an alternative to conventional
lock based
synchronization primitives. Typical STM
implementations employ a conflict detection scheme, which works
with uniform access granularity, tracking shared data accesses
either at word/cache line or at object level. It is well known that a
single fixed access tracking granularity cannot meet the conflicting
goals of reducing false conflicts without impacting concurrency
adversely. A fine grained granularity while improving concurrency
can have an adverse impact on performance due to lock aliasing,
lock validation overheads, and additional cache pressure. On the
other hand, a coarse grained granularity can impact performance
due to reduced concurrency. Thus, in general, a fixed or uniform
granularity access tracking (UGAT) scheme is applicationunaware and rarely matches the access patterns of individual
application or parts of an application, leading to sub-optimal
performance for different parts of the application(s). In order to
mitigate the disadvantages associated with UGAT scheme, we
propose a Variable Granularity Access Tracking (VGAT) scheme
in this paper. We propose a compiler based approach wherein the
compiler uses inter-procedural whole program static analysis to
select the access tracking granularity for different shared data
structures of the application based on the application’s data
access pattern. We describe our prototype VGAT scheme, using
TL2 as our STM implementation. Our experimental results reveal
that VGAT-STM scheme can improve the application performance
of STAMP benchmarks from 1.87% to up to 21.2%.
Keywords-compiler, software transactional memory

1. Introduction
An atomic section is a programmer-specified
region of source code that executes atomically (other
concurrent code sees either none or all of the updates it
makes to program state) and in isolation from other
concurrent code. Replacing locks by atomic sections
relieves the programmer of the cumbersome task of
identifying particular locks to protect particular data
structures. The atomic section is an abstraction, likely to be
a programming language construct. Atomic sections
simplify the task of writing concurrent software since
programmers can specify the code region which needs to

execute atomically by simply enclosing the code region with
the keyword ‘atomic’.
One way of supporting atomic sections is through
transactional memory [1, 2, 20, and 21]. Transactional
Memory (TM) can be implemented either in hardware or in
software or a combination of the two. In order to be widely
adopted, a TM system must support transactions of
unbounded size and duration, and allow transactions to be
integrated with a language environment [12]. Since
Software Transactional Memory (STM) helps to achieve
these objectives, there has been considerable interest in
developing high performance implementations of STMs.
STM implementations can be broadly classified as: lockbased and obstruction-free. Lock-based STMs typically
employ a variant of the two-phase locking protocol [30].
Obstruction-free STMs [2] do not use any blocking
synchronization mechanisms (such as locks), and guarantee
progress even when some of the transactions are delayed.
Lock based STM implementations [4, 17, 18, 29] have been
shown to have lesser validation overhead and hence exhibit
better performance than non-blocking ones. Therefore we
focus our attention to lock based STMs in this paper.
STMs allow for optimistic execution by permitting
multiple atomic sections to run concurrently assuming they
will not conflict. However, in case a conflict does occur,
STMs employ a mechanism to detect and recover from such
conflicts. Most STMs employ the single-writer-multiplereaders strategy. Two concurrent transactions conflict when
they access the same location and at least one of the
accesses is a write (update). In order to commit, a
transaction must eventually acquire write locks for every
memory location that is written by it. Locks can be acquired
eagerly, i.e., at the time of the first update operation by the
transaction on the memory location, or lazily, i.e., when the
transaction is about to commit. Reads to shared data can
either be visible or invisible [20] to other transactions
accessing the same data. In an STM which supports
invisible reads, a transaction reading a shared datum x needs
to detect any possible conflicts on x with other transactions
that write x concurrently, i.e., validating its read set.

To enable conflict detection, STMs associate
metadata/locks for shared data accessed inside an atomic
section. Conflict detection consists of examining the
metadata/locks corresponding to the shared reads and writes
to check if there has been a read-write or write-write
conflict. Each lock typically contains a bit indicating
whether the shared data associated with the given lock has
been locked, and the remaining bits are used to represent a
version number for the associated shared data. STMs
typically support a global fixed size lock table and shared
data is mapped to the lock table elements using a hash
function [4, 17 and 18].
The granularity at which shared data is mapped to the
metadata/locks is the access tracking granularity for an STM
implementation.
This is basically the number of
consecutive words of shared data that map to a single lock
entry in the STM’s global lock table and is the basic unit of
tracking shared data items by the STM. Shared data items
which fall within a single unit of access tracking granularity
(hereafter referred to as unit granularity region) is treated as
a single entity by the STM for conflict detection and
validation since a single lock covers all the data items lying
within a unit granularity region.
Access tracking granularity has a significant impact on
the performance of STM [7, 13]. These impacts can be
classified under 3 categories namely
(a) Impact on false conflicts and hence on concurrency
(b) Impact on cache
(c) Impact on read set validation costs and lock
acquire/release costs
A false conflict occurs in an STM when two different
addresses are mapped to the same metadata or lock and this
results in two transactions which are accessing truly disjoint
data, getting falsely diagnosed as conflicting when they are
not. Such false conflicts result in increased number of
aborts/rollbacks and hence can impact the execution time [3,
7 and 13]. Based on how false conflicts occur, they are
classified into two types, namely intra-conflicts and interconflicts. Intra-conflicts occur wherein two different data
items getting accessed in independent transactions are
mapped to the same lock due to both of them falling within
the same unit granularity region which gets mapped to a
single lock. Intra-conflicts occur when concurrent
transactions access data which have high inter-transaction
data locality.
Inter-conflicts occur wherein two different data items
getting accessed in independent transactions are mapped to
the same lock, even when they are not in the same unit
granularity region. This happens due to the limited size of
the lock table. Since the number of locks is often fewer than
the numbers of shared data (grouped at a fixed access
tracking granularity), multiple uncorrelated data items can
get mapped to the same lock. This is known as lockaliasing. When such uncorrelated data items which have
been mapped to the same lock are accessed in concurrently
executing transaction, they cause false conflicts between the

transactions, which we term as inter-conflicts. The terms
intra and inter refer to the fact that the data accesses are
within the same memory region (of size equal to the access
tracking granularity) or across two different memory
regions.
Access tracking granularity also has a significant impact
on the cache performance of STM applications. Use of fine
grained access tracking granularity also leads to more
number of metadata/lock accesses in a transaction. This can
impact the performance adversely for transactions which
touch a large volume of data. Every unit granularity
memory region of shared data accessed in a transaction
results in a corresponding programmer invisible
metadata/lock access corresponding to that shared data.
Smaller the access tracking granularity, higher is the number
of lock accesses for the volume of shared data accessed in a
transaction. While on one hand, fine grained locking
granularity improves concurrency, but it also increases the
pressure on the cache. As we see in Section 2.4, the lock
accesses are a significant contributor to the D-cache misses
in STM applications and hence impact performance.
The granularity at which accesses are tracked and
conflicts are detected also has an impact on the readvalidation costs and write-set lock acquire costs. Read-set
validation needs to validate each shared data read by
tracking their consistency at the level of unit granularity.
Similarly a transaction needs to acquire locks for each data
item in the write-set at the level of unit granularity. Smaller
the access tracking granularity, higher is the number of
locks/metadata associated with a given volume of shared
data accessed/updated in a given transaction, hence greater
is the number of validation operations and lock
acquire/release operations. This in turn increases the total
lock operation costs and validation costs of the STM.
The three factors discussed above have conflicting
requirements with respect to the access tracking granularity.
Reducing the access tracking granularity reduces the intra
false conflicts, while it can end up increasing the number of
lock accesses. This in turn can end up increasing the interfalse conflicts, the cache pressure due to lock accesses, readset validation cost and the write-set locking cost. On the
other hand, increasing/coarsening the access tracking
granularity can reduce the number of lock accesses in given
transaction, and can reduce the inter-conflicts, cache
pressure due to lock accesses, and read-validation and writelocking costs, but it can increase the intra-conflicts leading
to a reduction in concurrency, and hence STM performance.
Quantification of the impact of these factors on STM
performance
would depend on the shared data access
patterns of the STM application.
Hence the selection of access tracking granularity that
results in higher performance needs to factor in these
complex and conflicting requirements, while taking into
account the data access patterns of a given STM application.
However most of the current STM implementations use a
fixed size uniform access tracking granularity [4, 17 and

18]. TL2 [4] supports two fixed access tracking granularity
schemes namely ‘Per Stripe’ (PS scheme) and a ‘Per Object’
(PO Scheme). Either of these two schemes can be chosen by
the programmer when compiling the application, by
enabling certain flags. Shavit [4] found that PS scheme
performed better than PO scheme for a given set of
benchmarks and hence TL2 supports PS scheme with word
size as the access tracking granularity by default. Dragojević
[18] evaluated the impact of the locking granularity on STM
performance. They found that a lock granularity of four
words performed better than both word-level and cache linelevel locking by 4% and 5% respectively across the set of
benchmarks they studied, demonstrating that the access
tracking granularity which is best for an application, is
highly application/application region dependent. To the best
of our knowledge, we are not aware of any lock based STM
implementation which supports different granularity of
access tracking for different data structure types of the same
application.
There has been considerable prior work on compile time
lock allocation schemes for atomic sections. Compiler
analysis to improve allocate minimum number of locks to
atomic sections has been studied in [22, 23, 24]. But these
approaches require highly sophisticated alias analysis
information which makes their applicability restricted.
In order to overcome the disadvantages associated with
uniform granularity access tracking (UGAT), we propose a
Variable Granularity Access Tracking (VGAT) scheme.
Our scheme uses static analysis by the compiler to select the
access tracking granularity for different shared data
structures of the application based on the application’s data
access patterns.
We have implemented a prototype of our VGAT scheme
in Open64 compiler [11] with TL2 [4] as our underlying
STM for our experimental evaluation. Performance results
on a set of STAMP benchmark programs [6] indicate that
our VGAT scheme performs better than the baseline STM’s
UGAT scheme. Our VGAT scheme improves application
performance in 6 of the STAMP [6] benchmarks from
1.87% to 21.2% over the base STM implementation.
This paper is organized as follows: In Section 2, we
provide the necessary motivation for our VGAT-STM
scheme. Section 3 describes our VGAT scheme. We report
the results of our experimental evaluation in Section 4. We
discuss related work in Section 5 and conclude with a short
summary in Section 6.

2. Motivation
This section motivates the need for a Variable
Granularity Access Tracking (VGAT) scheme. Since
applications contain atomic sections with different
characteristics, some with fine-grained parallelism and some
with coarse-grained parallelism, we demonstrate that a
uniform access tracking granularity does not serve best all
types of atomic sections. Even in a single application,
different code regions can be best served by different access

tracking granularities. We illustrate this next with a couple
of examples.

2.1. Motivating Example 1
Figure 1 Code Snippet contains two code regions
(Example 1a and Example 1b), simplified and modified
from the STAMP benchmark program Ssca2. The code
snippet in Figure 1 Example 1a accesses the shared data
array ‘GPr->indegree[]’ using the index ‘v’ which is
obtained from the adjacency vertex list of the inner loop
index ‘j’. The accesses to ‘GPtr->inDegree []’ are noncontiguous and hence this region benefits from the word
level access tracking granularity supported by the TL2
STM.
On the other hand, consider the code snippet in Figure 1
leading to cache pressure and lock acquire/release
overheads. This can be seen in the small code snippet in
Figure 2 Example 2. In the code snippet shown, each thread
operates on a disjoint portion of the array ‘centers’.
Consider an STM which uses a access tracking granularity
of a word and a lock table size of 1000. Each thread will
need to make 1000 lock accesses per transaction. This leads
to cache pressure as well as to an increased lock
acquire/release overhead costs. And also the 10000 array
elements will map to the 1000 locks resulting in lock
aliasing and inter-conflicts.
for (i = i_start; i < i_stop; i++) {
for (j = GPtr->outVertexIndex[i];.. ; j++) {
int v = GPtr->outVertexList[j];
TM_BEGIN()
long inDegree = GPtr->inDegree[v];
GPtr->inDegree[v] = (inDegree + 1);
TM_END();
}
}//end for
Figure 1 Example 1a

// ‘thread_section_start’ and ‘thread_section_stop’
// define independent array sections for each thread
TM_BEGIN
for (i = thread_section_start;
i < thread_section_stop; i++)
{
GPtr->outDegree[i] = my_outdegree[i];
}
TM_END
Figure 1 Example 1b

#define ArraySectionSize 1000

BM

%execution
cycles
incurred on
Dcache Misses

% of D-cache
Miss Cycles
incurred on
Lock Accesses

Kmeans
Genome
Vacation
Intruder
Ssca2
Yada

84.12%
56.98%
56.85%
54.25%
53.58%
51.58%

51.37%
50.63%
54.07%
55.12%
34.05%
44.02%

int centers[10000];
start()

{

for (int tid = 0; tid < 10; tid++)

{

int start = tid * ArraySectionSize;
pthread_create(perform, &centers[start], 1000);
}
}

Table-1 – Impact of Lock Accesses On Data Cache Misses

TMBEGIN
perform(int* mycenters, int size) {
for (int j = 0; i < size; j++) {
*(mycenters + j) = ….
}
}
TMEND
Figure 2 Example 2 code snippet

Though an increased lock table size will avoid interfalse conflicts, the cache pressure and lock acquire/release
overheads due to fine grained locking (which is not actually
required in this case) still impact performance adversely. On
the other hand an STM scheme which supports variable
granularity access tracking can use a coarser tracking
granularity of 1000 for this array, requiring only 1 lock
access per atomic section. This leads to reduced read-set
validation and write-set lock acquire costs, as well as
reduced cache pressure for this atomic section, without
having an adverse impact on concurrency.

2.2. Issues with Object-Level Granularity
Next we consider whether using object level access
tracking granularity can help mitigate some of the issues we
have discussed above. Consider the code snippet in Figure 3
Example 3. In an STM with object level access tracking
granularity, each ‘myobject’ object is mapped to a lock.
However assigning such object-level lock prevents the two
atomic sections in Figure 3 Example 3 from being executed
concurrently even though each of the atomic sections
operate on different sets of fields of ‘myobject’ thereby
leading to loss of concurrency.
Atomic {

}

% execution
cycles incurred on
dcache misses
during Lock
accesses
43.21%
28.84%
30.73%
29.91%
18.24%
22.70%

Atomic {

myobject->field1 = t1;

myobject->field3 = t2;

myobject->field2 =…;

myobject->field4 = …;
}
Figure 3 Example 3

On the other hand, a word level granularity will enable
the two atomic sections in Figure 3 Example 3 to execute
concurrently with a lock word being accessed for each
shared data word access, requiring 2 lock accesses for each
transaction. A variable access tracking granularity scheme
which tracks ‘field1’ and ‘field2’ together as a single entity
and ‘field3’ and ‘field4’ together as a single entity
respectively (assuming that there exist no other atomic
section in the applications where the fields of ‘myobject’ are
accessed in a different pattern) will reduce the number of
lock accesses without reducing the concurrency.

2.3. Impact of Fine Grained Locking granularity
on Cache Performance of STM
Another major impact of fine grained locking is the
impact on data cache (D-cache) performance of STM
applications. Column 2 of Table 1 shows the percentage of
execution cycles due to D-cache miss stall cycles
experienced on TL2 STM implementation [4] for a set of
STAMP applications [6] run with 32 threads on a 32 core
IA-64 server BL-890c, with 8 Intel Itanium Processors 9350
with 4 cores per socket, and a total of 127.71GB of physical
memory. Each core operates at 1.73 GHz and has 6 MB
non-shared L3 cache per core. We see from Column 2 that
more than 50% of total execution cycles in all the six
benchmarks are spent on data cache misses. Column 3 gives
the % of D-cache miss cycles which occur due to lock
accesses and Column 4 gives the % of execution cycles due
to data cache misses from lock accesses. The D-cache miss
data was obtained using the performance profile tool caliper
[16] from the IA-64 hardware Performance Monitoring Unit
counters.
Table-1 shows that a significant percentage of the total
execution cycles were on data cache misses that are due to
STM lock accesses in each of the benchmarks. This shows
that the word level granularity used by TL2, though
improving concurrency, increases the cache pressure. This
in turn can adversely affect overall performance. Also
applications contain many regions which do not require
such fine grained locking, wherein using a fixed fine
grained granularity uniformly over the entire application
results in paying the cache performance penalty over the
whole application except where it may be actually justified
for achieving fine grained parallelism.

BM
Bayes
Kmeans
Genome
Intruder
labyrinth
Ssca2
Vacation
Yada

Granularity (in
bytes)
at which best
performance occurs
4
8
16
64
32
8
32
16

Performance Variation
with Different
granularity levels
-4.75%
-11.32%
-7.86%
-14.73%
-7.32%
-8.21%
-18.13%
-11.34%

to
to
to
to
to
to
to
to

0%
27.81%
15.32%
22.38%
3.21%
5.93%
24.21%
4.76%

Table 2 – Performance Potential for varying the granularity

2.4. Performance Potential for Variable
Granularity in STM
From the various code snippets illustrated above, we can
see that a fixed uniform access tracking granularity can not
serve all applications or even different parts of the same
application equally well. Shared data structures in atomic
sections of an STM application have different data access
patterns. Such data structures are better served by varying
the access tracking granularity of the STM.
In order to understand the potential for a variable
granularity access tracking scheme for STM, we measured
the execution time for different values of access tracking
granularity for a set of STAMP benchmarks using TL2
STM implementation with 32 threads on 32 core IA-64
server. TL2 has the default granularity equal to a word, and
in our experiments, we compared the performance with
granularity being 8, 16, 32, 64, and 128 bytes respectively to
the baseline. We report the optimal access tracking
granularity for each of the benchmark (at which the
reduction in execution time is maximum compared to the
baseline) in Column 2 of Table-2 and we report the
performance variation compared to the baseline with the
varying access tracking granularity in Column 3 of Table-2.
We find that the best performance improvements occur at
different access tracking granularity for different
applications and different access tracking granularities have
a varying impact on the performance for each of the
benchmarks. This shows that there is considerable potential
for using a variable granularity access tracking scheme for
STMs.

3. Variable Granularity Access Tracking
Scheme
In this section, we describe our compile time variable
granularity access tracking scheme (VGAT) for STM,
which uses compiler analysis to determine the appropriate
access tracking granularity for each data structure in the
application.

3.1. Overview of our VGAT scheme
Our Variable Granularity Access Tracking scheme
(VGAT) consists of the following two major steps:

1. Selection of candidate data structure types on which
VGAT scheme can be applied. The candidate selection
step consists of two parts, namely:
a) Legality checks to determine whether a data
structure is eligible for VGAT transformation.
b) Determination of the appropriate access tracking
granularity for the fields of the shared data structure.
2. Code Transformations by the compiler to modify the
shared data references of the selected VGAT candidate
types to use the appropriate access tracking granularity
determined for that data structure by the VGAT
analysis. The compiler also needs to communicate the
modified access tracking granularity to the STM so that
this can be used in place of the default STM’s access
tracking granularity. Since the access tracking
granularity determines the granularity of the locks in an
STM, varying the access tracking granularity also
changes the mapping between shared data addresses to
the STM assigned locks for the shared data.

3.2. Candidate Selection for VGAT scheme
Initially we consider all shared data structure types as
candidates for VGAT scheme. We then apply legality
checks on the initial candidate sets to identify those which
are eligible for VGAT transformation. We explain next why
we need these legality checks and the type of checks used.
3.2.1.

Legality Checks for VGAT candidates

When the VGAT scheme changes the lock mapping
between a shared data reference and its meta-data, in order
to ensure a uniform locking discipline throughout the
application, the compiler must be able to update the
modified locking information for all the shared data
references of a selected VGAT candidate. If this cannot be
done, then the candidate data structure cannot be chosen for
VGAT. For example, if an instance of the VGAT candidate
type escapes to an external function call, whose source code
is not visible to the compiler, the compiler cannot apply
VGAT to that type since it cannot modify the affected
references in the external opaque function. A similar issue
occurs if a VGAT candidate data type is cast to a different
type, since there is ambiguity as to what would be the
correct access tracking granularity that should be applied.
Full fledged field sensitive points-to analysis information if
available, can help ensure which types are safe to transform
for VGAT. However such sophisticated ‘points-to’ analysis
information is expensive to compute and may not be
available readily. Hence we adopt a more conservative but
less expensive approach of applying a set of simple and
practical tests to check whether a type is VGAT eligible.
Hence our set of legality checks includes the following:
a. Dangerous type casts: This test looks for a cast to
a candidate type or a cast from a candidate type. This
indicates type unsafe use of a VGAT candidate type
and hence such types are marked ineligible for
VGAT. Note that in C/C++ programs, if there are

dynamic allocations for a candidate type data, then a
cast from a (void *) to the result type will be found,
as malloc & calloc return (void *). We maintain a
list of such special cases and tolerate the casts found
in such cases.
b. Type escaping to an external opaque function: If
the VGAT candidate type escapes to an external
function not visible during the compiler’s whole
program analysis and if the function is not a standard
library function whose semantics is known, then that
type is marked as ineligible for VGAT.
c. Address Arithmetic on the pointer to VGAT type:
If the compiler detects address arithmetic operations
on the pointers to VGAT types, it marks the type as
ineligible.
Other than the ones mentioned above, our legality checks
also include a few other corner case checks which are
similar to those applied for any data layout transformation
eligibility [28].
Our legality check implementation is split into 2 phases,
with type cast and pointer arithmetic checks being done in
the optimizer front end summary phase while the type
escape checks are being done in the inter-procedural whole
program analysis of the compiler. Also our static VGAT
scheme requires whole program analysis. As mentioned
earlier, our legality check is conservative and can result in
certain candidates not being selected for VGAT scheme
when they are actually safe. This limitation has no impact
on the correctness of our approach, although it may leave
some performance on the table. We plan to study using
sophisticated points to analysis for determining VGAT
eligible candidates as part of future work.
3.2.2.

Determining Access Tracking Granularity

Once a shared data structure type is marked as
eligible for VGAT by the legality analysis, our compiler
then determines the access tracking granularity for that data
structure. Our approach tries to improve the access tracking
granularity based on the data access patterns of the shared
data structure with the objective of reducing the number of
metadata (lock) accesses associated with it, but without
adversely impacting the concurrency. For our approach, we
consider the basic access tracking granularity to be a word,
which is the default for our underlying TL2 STM
implementation. Our approach attempts to determine the
most profitable access tracking granularity for each of the
data structure of the application being compiled. We first
explain certain terms used in our profitability analysis.
We use the term ‘Access Group’ to denote the set of
fields of a data structure D. An Access Group is tracked as a
single entity by the STM’s access tracking scheme. In the
baseline TL2 STM implementation, each ‘Access Group’
represents a word of memory and a single data structure is
tracked using multiple Access Groups, each word sized. In
an object based STM, each ‘Access Group’ represents an
object; On the other hand, in our VGAT scheme, the

number and size of Access Groups for tracking a given data
structure is a variable, determined by our compiler analysis.
Given a shared data structure SD, the goal of our VGAT
scheme is to partition the set of fields of SD into a set of
Access Groups AG (SD) so that each Access Group can be
tracked as a single entity by the STM algorithm.
Recall our discussion in Section 1 which describes the
impact of access tracking granularity on STM performance.
These factors are: false conflicts (intra, inter), cache
pressure, read-set validation and write-set locking costs.
We term the performance impacts arising due to these
factors for a given access tracking granularity as:
1. false conflicts cost, which represents the
performance lost due to falsely conflicting
transactions;
2. cache cost which represents the performance impact
arising from the increased cache pressure due to
lock accesses; and
3. Book-keeping cost
which represents the
performance impact arising from the read-set
validation costs and write-set lock acquire tests.
Thus, the overall performance impact is given by the sum of
False Conflicts Cost, Cache Cost and Book-keeping cost.
An ideal model which attempts to decide whether two
fields ‘f1’ and ‘f2’ should be placed in the same access
group should determine the impact of that decision on each
of these costs and make the choice to place the two fields in
the same access group if it will lead to an overall
improvement in the performance. Note that a change in
granularity can have a positive or negative impact on each
of the above costs. For instance an increase in granularity
can decrease the cache costs and book keeping costs due to
a reduction in number of lock accesses per transaction
whereas it can increase the false conflict costs due to the
increased intra-conflicts.
The construction of an ideal model which computes these
costs and uses them to drive the partitioning of fields into
access groups poses many challenges. Each of these
quantities are not directly and accurately computable. While
it is possible to use extensive instrumentation to compute
these quantities, the instrumentation itself can perturb the
execution, impacting the measured quantities. Therefore we
approximately model these costs in our approach as
explained below.
Recall that a change in access tracking granularity results
in a change in the number of lock accesses needed to track a
given set of shared data items in an atomic section. Change
in the number of lock accesses in turn impacts the interconflicts, cache costs and book keeping costs. Granularity
change also impacts false conflicts and hence the
concurrency. Therefore we approximate our model by
considering only the change in the number of lock accesses
and the potential intra-conflicts introduced by the change in
the granularity.
Our current model does not include the effects of interconflicts. Therefore, the partitioning of the fields in to

Access Groups in our simplified model is driven by the
following criteria:
(i) The Access Groups determined by VGAT scheme
results in a reduction in the number of lock
accesses compared to the baseline Access Tracking
Granularity for that data structure over the entire
application.
(ii) There is no reduction in the application
concurrency due to intra-conflicts.
Criterion (i) is modeled in our cost-benefit calculations
as the reduction in the number of execution cycles due to
reduction in number of lock accesses by the proposed
VGAT scheme. Hence this quantity is referred to as
VGAT_Gain. If a given VGAT scheme results in loss of
concurrency, then this will be modeled as an increase in the
number of execution cycles due to loss of application
concurrency. Hence criterion (ii) is modeled using a
VGAT_Loss metric which captures the increase in execution
cycles due to a given VGAT scheme. Therefore the access
tracking granularity selected by a specific VGAT scheme is
beneficial if the difference between (VGAT_Gain –
VGAT_Loss), which represents the Net Gain, is positive.
We represent the VGAT_Gain and VGAT_Loss effects on
the fields of a VGAT candidate type by a Field Access
Graph (FAG). The nodes of the Field Access Graph
represent the fields of the VGAT candidate type. FAG is a
weighted undirected graph. Weight of an edge between two
fields f1 and f2 indicates the VGAT net gain which is
(VGAT_Gain – VGAT_Loss) and represents the benefits of
placing f1 and f2 together in the same access group. The
goal is to determine the partition of the FAG into different
access groups so that the net gain is maximized. This can be
realized by using graph partitioning algorithms that
maximize the intra-cluster edge weights and minimize intercluster edge weights.
We use the following approximation to compute the
VGAT_Gain as:

denotes the average transaction abort cost for a given atomic
section.
Once we construct the FAG, we compute the partition of
the FAG into Access Groups using a simple graph
clustering algorithm. Initially all nodes of the FAG are in
their own individual Access Group. The nodes of the FAG
are sorted by their execution frequencies as obtained from
the execution profile information. The mostly frequently
accessed node among the unassigned nodes is picked next
and placed in a new cluster. FAG construction proceeds by
adding the next node to the current cluster which maximizes
the sum weights within a cluster. A cluster is grown until we
end up with all unassigned nodes with negative edge
weights to the nodes already in the cluster. Once a cluster is
grown to the maximum possible, we mark it as complete
and mark the fields of the cluster as belonging to the same
Access Group. Then, the process is repeated until all the
fields are assigned to an access group.
Each Access Group is selected as a basic access tracking
entity for the STM operations by the compiler. Therefore
the size of the each access group is the access tracking
granularity for the fields belonging to that access group.
Compiler uses the access group information so determined
to establish the lock mapping between the shared data
references as we discuss in the next section.

3.3. Communication of Access Tracking
Granularity to STM
Our VGAT scheme has been implemented in the Open64
compiler [11] using TL2 [4] as our baseline STM. We built
our legality checking and access group determination phase
leveraging the Open64 compiler’s structure field layout
analysis and optimization phase [11, 28] which performs
field access identification and computing execution
frequencies of field accesses inside basic blocks. Before we
discuss how the VGAT access tracking granularity is
communicated to the STM, we provide a brief overview of
TL2.
3.3.1.

where Execution Frequency (ASi) is the execution
frequency in atomic section i∈ I where I is the set of all
atomic sections in which f1 and f2 are accessed together. ‘k’
denotes the average lock access cost. We compute the
VGAT_Loss as:

where ExecutionFrequency(ASj) is the execution frequency
in atomic section j∈J where J is the set of all concurrent
atomic sections such that j contains the access of f1 but not
f2 or the access of f2 but not f1. If f1 and f2 were not
grouped together, then two independent transactions which
access f1 and f2 respectively can execute without conflict,
whereas grouping f1 and f2 together results in them
conflicting leading to one of them getting aborted. k`

TL2 Basics

TL2 is a lock based based STM with a word based
granularity. It supports invisible readers and uses a global
timestamp based validation scheme. It uses write locks to
protect shared memory locations. A table of lock words is
allocated by TL2. The default size of the global lock table is
220 entries. Note that default TL2 implementation uses a
single lock table with a fixed uniform access tracking
granularity equal to word size. TL2 STM uses a hash
function of the memory address to map a given shared
memory location to its associated lock word.
3.3.2.

Code Transformations and STM Modifications

To support the VGAT scheme, our compiler needs to
allocate the locks to satisfy the selected access tracking
granularity and communicate the mapping between the
shared data address and the address of the compiler created

lock to the STM. Instead of a single lock table, we use
multiple lock tables, with one lock table being associated
with each VGAT candidate. This allows us to specify
different access tracking granularity for each of the different
data structure types. We use the type id of the VGAT
candidate to select the associated lock table and given the
address of the field of a shared data structure in a shared
data reference, we compute the base address of the structure
and map this to an address in the associated lock table for
that structure. We use the field id corresponding to the
shared data reference to determine the access group it
belongs and hence the corresponding lock mapping.

Both these conditions are not violated by VGAT. The
only change VGAT incorporates is in the lock mapping.
VGAT assigns a lock to each shared datum whose type is
selected as a VGAT candidate and other shared data whose
types are not VGAT candidates are covered by the default
STM lock mapping. Hence the first condition is clearly
satisfied. Since VGAT legality checks and transformation
ensures that all the shared data references to VGAT
candidates are modified appropriately throughout the entire
application, the second condition is also satisfied for all
VGAT candidates. For shared data references to non-VGAT
candidate types, there is no change in original STM
behavior.

Compiler also transforms the shared data references for
the VGAT candidate data types so that the compiler
specified lock mapping is used instead of the default STM
lock mapping. Compiler transforms all transactional
references (TxLoad/TxStore) for each of the shared data
whose types are selected for the VGAT scheme by calls to
new
STM
interfaces
VGATLoadWithLock
and
VGATStoreWithLock to which the compiler specified lock
mapping
is
passed
as
an
extra
argument.
VGATLoadWithLock and VGATStoreWithLock are two
new interfaces added to the VGAT STM implementation.
These are exactly identical to TxLoad and TxStore
interfaces in their functionality except that the lock address
is passed by the compiler as an extra parameter and STM
uses this lock for the transactional access instead obtaining
the lock from the default word granularity lock table.

4. Experimental Evaluation

3.4. Overheads of our approach
VGAT has following sources of overheads on the
application’s compile time and space compared to an
unmodified STM implementation. Compile time overheads
are due to the VGAT whole-program analysis phase. We
report the compile time overheads due to our approach in
Section 4.3. Space overheads can arise as we allocate
multiple lock tables of smaller sizes compared to a single
lock table of a large size. While the default TL2 STM uses a
single lock table of 220 entries, we used multiple lock tables
of size 214 entries and our selected VGAT candidates in all
our experimental benchmarks were less than 32. Therefore
we did not observe any major increase in memory
requirements for the modified implementation. However
this can be an issue with other applications and should be
factored into account while building a production quality
VGAT STM.

3.5. Establishing the correctness of VGAT scheme
We need to ensure that our VGAT scheme does not
violate the original STM semantics of the atomic sections.
Hence we need to ensure that:
a) There is a locking discipline which associates each
shared data item accessed within a transaction to a
lock, and
b) The locking discipline is consistent.

4.1. Experimental Methodology
To evaluate the effectiveness of our VGAT scheme, we
used the STAMP benchmark suite [6] version 0.9.10. We
implemented the VGAT scheme prototype in the Open64
C/C++ compiler [11]. For the performance runs,
the
benchmarks, compiled with the VGAT scheme enabled at
optimization level 3 with inter-procedural analysis enabled,
were run on the modified VGAT TL2 implementation (as
described in Section 3.3.2). For our baseline, we compiled
the benchmarks at the same optimization level (level 3) with
inter-procedural analysis enabled, but with VGAT phase
turned off and run the executable on the unmodified TL2
implementation [4]. The native input sets of the STAMP
benchmarks were used for our performance evaluation. We
used a 32 core IA-64
BL-890c, with 8 Intel Itanium
Processors 9350 with 4 cores per socket, and a total of
127.71GB of physical memory. Each core operates at 1.73
GHz and has 6 MB non-shared L3 cache per core. The
latencies of L1, L2, and L3 caches are 1, 5 and 20 cycles
respectively. Cell local cache to cache (c2c) latency, cell
local memory latency, one-hop remote memory latency, 2
hop remote memory and 1 or 2 hop remote c2c access times
are 150, 300, 650, 750, 750+ cycles respectively.
Access groups determination in VGAT scheme described
in Section 3.3, requires the execution frequencies of the
atomic sections, which are obtained from the application’s
profile data. It is possible to use either dynamic profile or
static profile data [27]. For our experiments, we used the
dynamic profile data with the profile collection runs being
performed using STAMP simulator input data sets (which
are much smaller than the native inputs).
Determining the access tracking granularity also
requires the computation of average lock access cost k and
the average transaction abort cost k’. The values of average
transaction abort cost and average lock access cost for each
atomic section can be empirically determined using
instrumentation of atomic sections during profiling runs.
However for our current experiments, we adopt the
simplistic approach of using a fixed value of unit lock
access cost and a uniform average transaction abort cost per

Benchmark
Kmeans
Vacation
Genome
Intruder
Labyrinth
Ssca2
Yada
Bayes

VGAT candidates found
2
6
4
7
4
6
8
3
Table 3 – VGAT candidates

application computed using the profile data instead of
computing them individually for each atomic section.

4.2. Performance Comparison
The number of candidate data structure types selected by
VGAT scheme for each benchmark is reported in Column 2
of Table 3. We find that VGAT scheme had performance
impact on only 6 of the 8 benchmarks namely Kmeans,
Intruder, Genome, Yada, Vacation and Ssca2. In the
remaining 2 benchmarks, we observed negligible
performance differences (< ±1%) on applying VGAT (we
discuss the reasons for this later in the section). Therefore
we report performance results only for the 6 benchmarks, in
which VGAT has a performance impact. We report the
percentage improvement in execution time for 4, 8, 16 and
32 threads in Table-4a, Table-4b, Table-4c and Table-4d
respectively for the 6 STAMP benchmarks. We measured
the reduction in the D-cache miss latency cycles for these
benchmarks as compared with our baseline STM. We report
these results also in Table-4a, 4b, 4c and 4d in Column 5.
We note that the scheme improves the performance in all of
these applications. Further the performance improvement
increases with increasing number of threads. VGAT scheme
also helps improve the memory performance of the
application by reducing the number of lock accesses (due to
the variable access tracking granularity). Data cache miss
information reported in Column 5 was obtained using the
performance profile tool HP-Caliper [16] from the IA-64
hardware performance counters.
Intruder has 3 atomic sections. VGAT scheme selects 7
data structure types as candidates. VGAT improves
performance by associating a larger access tracking
granularity (equal to ‘sizeof(queue_t)’) for ‘decodedQueue ‘
and ‘packetQueue’ in two atomic sections which are quite
hot. The remaining 5 data structures such as ‘Stream’,
‘Decoded_t’, ‘packet_t’ etc selected by VGAT scheme are
not hot in intruder and hence do not contribute much to
improved performance.
Two of the hot atomic sections in Intruder access data
structure types with different access granularity
requirements. The decoder map needs to have a fine grained
access tracking granularity in order to avoid false conflicts
whereas the decoder queue should have a coarse grained
access tracking granularity. Therefore a single access
tracking granularity cannot benefit all the data structures in

the hot atomic sections and therefore VGAT shows
considerable performance benefits.
In Vacation, there is no single atomic section that
contributes to most of the lock accesses. Instead all the three
atomic sections contribute to the lock accesses. VGAT
shows performance improvement of 5.23% to 19.08%. In
the benchmark Kmeans, VGAT improves performance by
9% to 21%. Kmeans has 3 atomic sections. The array
‘centre_len’ accessed in the atomic section in normal.c is
selected as a candidate by VGAT since VGAT analysis
detects that the default access tracking granularity of word
size is sub-optimal for this array access. This atomic section
has two data structures which are accessed requiring
different access tracking granularity. One of them has high
intra-transaction data locality which benefits from a coarse
grained access tracking granularity whereas the other has a
high inter-transaction data locality which benefits from a
fine grained access tracking granularity. Hence the VGAT
scheme benefits this benchmark considerably.
BM

Execution Time

% improvement

% Improvement in

In seconds

Execution

dcache miss

TL2

TL2 VGAT

Time

Latency

Kmeans

11.43

10.38

9.15%

5.28%

Genome

7.01

6.57

6.23%

2.86%

Intruder

70.42

67.01

4.84%

2.31%

Ssca2

75.24

73.38

2.47%

1.21%

Vacation 67.01

63.50

5.23%

3.41%

Yada

6.98

1.87%

0.93%

7.12

Table 4a Performance Improvements with 4 threads
BM

Execution Time

% improvement in

% Improvement in

Execution Time

dcache miss Latency

TL2

TL2VGAT

Kmeans

8.01

6.96

13.18%

7.01%

Genome

5.28

4.89

7.21%

4.67%

Intruder

62.64

57.73

7.83%

4.09%

Ssca2

61.62

59.25

3.83%

2.07%

Vacation 42.46

38.42

9.51%

4.85%

Yada

4.92

2.67%

1.52%

5.06

Table 4b Performance Improvements with 8 threads

BM

Execution Time % improvement in

% Improvement in

Execution Time

Dcache miss Latency

4.58

18.21%

11.16%

3.78

3.39

10.06%

Intruder

51.03

44.90

Ssca2

51.23

BM

Execution Time

% improvement in

% Improvement in

TL2

TL2VGAT

Execution Time

Dcache miss Latency

Kmeans

4.12

3.24

21.19%

15.65%

6.03%

Genome

2.05

1.75

14.62%

8.56%

12.51%

6.98%

Intruder

50.08

40.45

19.23%

10.76%

48.64

5.04%

3.18%

Ssca2

46.39

42.69

7.98%

4.39%

Vacation 22.24

18.84

15.29%

8.34%

Vacation

15.20

12.29

19.08%

10.86%

Yada

3.76

3.97%

1.93%

Yada

2.03

1.93

5.14%

2.87%

TL2

TL2VGAT

Kmeans

5.61

Genome

3.92

Table 4c Performance Improvements with 16 threads

Table 4d Performance Improvements with 32 threads

In Yada and Ssca2, VGAT scheme finds 6 and 8 candidates
respectively. However many of the VGAT candidate types
are accessed in atomic sections which are not quite hot.
Hence the performance improvements with VGAT are not
high in these benchmarks. Though VGAT scheme finds
candidates in Labyrinth and Bayes as shown in Table-3,
these
benchmarks
have
negligible
performance
improvements over unmodified STM. We found that the
candidates selected by VGAT scheme occur in atomic
sections which are cold in these benchmarks. For instance,
in the benchmark ‘labyrinth’, VGAT selects the shared data
structure ‘pathVectorList’ as a candidate. However the
atomic section where this is accessed is cold and hence
VGAT has no impact on the application performance for
this benchmark.
Access tracking granularity has a considerable impact on
false conflicts and hence on aborts. Identifying false
conflicts and measuring them explicitly would require
extensive instrumentation and would introduce perturbation
which can affect the quantity being measured. Instead we
report the % reduction in total aborts (which include aborts
caused due to both true and false conflicts) for our
benchmarks in Table-5 over our baseline STM for 4,8,16
and 32 threads. We find that VGAT results in a significant
reduction in aborts in intruder, kmeans, and vacation, which
reflect as performance improvements due to VGAT in these
benchmarks.

collection run times in our compile time overheads result in
compile time overheads of 2.98% to 6.14%.

4.3. Overheads
We measured the compile time overheads due to VGAT.
We found that the compile time overheads due to VGAT
analysis range from 0.94% to 2.31%. Note that VGAT
scheme requires profile information. It is possible to use
either dynamic profile or static profile data using compiler’s
non-profile based heuristics for the branch frequencies and
loop iteration counts [4]. Since we used the dynamic profile
data, we also incurred the additional cost of the dynamic
profile collection runs using the simulator size (small size)
inputs of the STAMP benchmarks. Including the profile

5. Related Work
Various schemes have been studied widely in the context
of improving the performance of STM implementations by
selecting different fixed access tracking granularities [7, 18].
Well known word-based STM implementations use either
word-level locking (e.g., TL2 [4] and TinySTM [17]) or
cache-line level locking (e.g., McRT-STM C/C++ [14]).
There has been considerable work on object level
granularity STMs especially in managed environments [9,
12]. TL2 [4] supports two fixed access tracking granularity
schemes namely ‘Per Stripe’ (PS scheme) and a ‘Per Object’
(PO Scheme). The programmer can choose one or the other
for his application by enabling certain flags while compiling
his application. Shavit [4] showed that PS scheme
performed better than PO for a set of benchmarks and hence
TL2 uses PS scheme with word size as the access tracking
granularity by default.
Dragojević [18] evaluated the impact of the locking
granularity on STM performance. They found that a lock
granularity of four words performed better than both wordlevel and cache line-level locking by 4% and 5%
respectively across the set of benchmarks they studied,
demonstrating that the access tracking granularity which is
best for an application, is highly application/application
region dependent. Hence a single fixed granularity access
tracking scheme which may perform well for one set of
BM
Kmeans
Genome
Intruder
Ssca2
Vacation
Yada

4T
18.28%
7.46%
13.31%
4.23%
37.3%
1.43%

% reduction in aborts
8T
16T
21.61%
23.12%
9.01%
12.32%
14.89%
17.91%
6.35%
5.74%
44.21%
45.2%
1.87%
1.62%

Table-5 Reduction in aborts

32T
25.9%
14.98%
19.32%
6.98%
49.7%
2.19%

applications can be sub-optimal for a different set of
applications or different parts of the same application,
motivating the need for a variable granularity access
tracking approach like ours.
McRT STM [14] supports object level access tracking
for small objects. However this requires a special purpose
allocator supported by the STM. While Riegel et al [15]
proposed objectifying transactional accesses in word based
STM where possible, their scheme supports only two fixed
granularities namely either object level access tracking or
word level access tracking. As shown in our motivating
Example 3 in section 2.3, object level access tracking can
lead to loss of application concurrency since not all parts of
the application are best served by the same access tracking
granularity. On the other hand, our approach by allowing
variable granularity access tracking per data structure,
overcomes the disadvantages of pure object level access
tracking approach.
Implementation of atomic sections using compile time
lock assignment schemes has been studied in [22, 23, 24,
25, 26 and 31]. Emmi [25] formulates the lock allocation
problem as an Integer Linear Programming (ILP) problem
whose goal is to minimize the conflict cost between atomic
sections and the total number of locks assigned to critical
sections. Sreedhar [22] propose a compiler inferred lock
assignment scheme which they model as a minimum lock
allocation problem. Our approach is complementary and can
co-exist with any of the above approaches since our work
focuses on evaluating the best access tracking granularity
for a given shared data structure based on the data access
patterns of the different code regions.
Picking different global granularities and measuring
performance based on different runs is a trial and error
approach and hence is not practical. Hence trying to select a
global granularity for a large application by trial and error is
not practical. VGAT is completely automatic, is not a trial
and error method and hence is practical. Our legality checks
mark certain data structure types as ineligible, whereas in a
global granularity approach, all the data is tracked with the
selected granularity. We note that the non-selection of
certain types for variable access tracking granularity scheme
can result in leaving some performance on the table in the
case of VGAT-STM scheme compared to the performance
possible with the best global granularity scheme in certain
specific cases.
A hybrid approach to lock assignment in STM using an
interference graph to allocate locks to interfering critical
sections was studied in [24]. However it requires precise
alias analysis information since only shared data references
which have only must aliases are considered for compile
time lock allocation, unlike our type based VGAT scheme
which does not require sophisticated alias analysis. Also
their compile time lock allocation incurs dynamic memory
allocation overheads due to individual locks for each
candidate and requires synchronization for the lock
allocation table which makes it non-scalable unlike our

approach. Their approach does not include any cost-benefit
model for guiding the lock assignment. It simply uses an
interference graph to minimize the number locks without
impacting concurrency. VGAT builds a cost-benefit model
to find the appropriate granularity for different field groups,
based on execution frequencies of atomic sections.

6. Conclusion
In this paper, we have proposed a compiler aided Variable
Granularity Access Tracking (VGAT) scheme which can
help improve STM performance by reducing the number of
lock accesses required without adversely impacting
application concurrency. While our current work focuses on
a compile time VGAT scheme, we are also investigating an
adaptive runtime access tracking granularity switching
scheme as part of future work.
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