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Abstract

In this paper we introduce a page-based Lazy Release
Consistency protocol called ADSM that constantly and effi-
ciently adapts to the applications' sharing patterns. Adap-
tation in ADSM is based on our dynamic categorization
of the type of sharing experienced by each page. Pages
can be categorized as falsely-shared, migratory, or pro-
ducer/consumer(s). Migratory and producer/consumer(s)
pages are managed in single-writer mode, while falsely-
shared data are managed in multiple-writer mode. Co-
herence is kept with invalidations for most types of the
shared data, but updates are used for lock-protected data
in migratory state and barrier-protected data in pro-
ducer/consumer(s) state. We performed experiments with 6
parallel applications on an 8-node SP2 system, comparing
our protocol against standard TreadMarks and a version of
TreadMarks that also adapts to sharing patterns. Our re-
sults show that ADSM consistently outperforms its competi-
tors; our protocol can improve the TreadMarks speedups by
as much as 155%, while surpassing the performance of the
adaptive TreadMarks implementation by as much as 67%.
Our main conclusions are that our categorization and adap-
tation strategies are useful techniques for improving the
performance of page-based software DSMs, while ADSM
is a highly-efficient option for low-cost parallel computing.

1 Introduction

Software distributed shared-memory systems (DSMs)
provide programmers with the illusion of shared memory
on top of message-passing hardware. These systems pro-
vide a low-cost alternative for shared-memory computing,
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since they can be built with standard workstations and op-
erating systems. However, many applications running on
software DSMs suffer high communication and coherence-
induced overheads that limit performance.

Software DSMs based on relaxed consistency models
can reduce these overheads by delaying and/or restricting
communication and coherence transactions as much as pos-
sible. Relaxed consistency-based multiple-writer DSMs at-
tempt to reduce communication and coherence overheads
further by allowing two or more processors to modify their
local copies of shared data concurrently and merging mod-
ifications at synchronization operations. This characteristic
alleviates the effect of false sharing in systems with large
coherence units.

Multiple-writer protocols do have their shortcomings,
however. The overhead of detecting, recording, and merg-
ing changes to shared data is always incurred, indepen-
dently of whether false sharing is indeed a problem. This
overhead can be eliminated for pages that are not subject to
false sharing by allowing only a single writer at a time for
these pages.

A related but orthogonal issue in the design of software
DSMs is the type of protocol used to keep shared data co-
herent. The two most common approaches here are inval-
idate and update-based coherence protocols. Update-based
protocols usually transfer more data than necessary, but can
improve performance with respect to invalidate-based pro-
tocols when the sharing patterns are such that most up-
dates are indeed useful. More specifically, migratory data
accessed inside critical sections and producer/consumer(s)
data can benefit greatly from some form of update-based
protocol.

Given that applications can potentially benefit from both
types of coherence maintenance strategies and both multi-
ple and single-writer modes, techniques that adapt the sys-
tem behavior according to sharing patterns seem impera-
tive. Thus, in this paper we introduce a page-based Lazy



Release Consistency (LRC) protocol called ADSM (Adap-
tive DSM) that constantly and efficiently adapts to the ap-
plications' sharing patterns. Adaptation in ADSM is based
on our dynamic categorization of the type of sharing expe-
rienced by each page. This categorization is in turn based
on an association between lock variables and the data they
protect.

ADSM categorizes pages as falsely-shared, migra-
tory, or producer/consumer(s). Migratory and pro-
ducer/consumer(s) pages are managed in single-writer
mode, while falsely-shared data are managed in multiple-
writer mode. Multiple-writer pages are treated under the
twinning and diffing mechanism [6], while single-writer
pages do not require twins and diffs and are transferred as a
whole. Coherence is kept with invalidations for most types
of the shared data, but updates are used for lock-protected
data in migratory state and barrier-protected data in pro-
ducer/consumer(s) state. The first type of updates is sent
solely to the processor acquiring the lock, while the second
type of updates is sent to all the consumers of the data at
a barrier. Note that both the categorization and adaptation
techniques we propose are general and can be used in other
software DSMs.

In order to evaluate our protocol, we performed exper-
iments with 6 parallel applications on an 8-node SP2 sys-
tem. We isolated the performance benefits of each of the
main characteristics of our protocol and compared it against
standard TreadMarks [16] and a version of TreadMarks that
also adapts to sharing patterns [2]. The most fundamen-
tal difference between our adaptation strategy and the one
in adaptive TreadMarks is that our algorithm requires no
extra messages, while adaptive TreadMarks may require
an excessive number of ownership transfer messages. In
addition, ADSM uses update-based coherence for certain
types of pages, while adaptive TreadMarks always invali-
dates pages.

Our results using the SP2 switch show that our protocol
consistently outperforms its competitors. ADSM can im-
prove the TreadMarks speedups by as much as 155%, while
surpassing the performance of the adaptive TreadMarks im-
plementation by as much as 67%. The reason for the su-
perior performance of ADSM is that our protocol provides
great reductions in communication traffic and memory and
coherence overheads with respect to standard TreadMarks,
while providing significantly better communication perfor-
mance than adaptive TreadMarks.

Our main conclusions are that our categorization and
adaptation strategies are useful techniques for improv-
ing the performance of page-based software DSMs, while
ADSM is a highly-efficient software DSM system.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the main aspects of LRC, TreadMarks, and
Adaptive TreadMarks, and serves as background material

for the rest of the paper. Section 3 describes the ADSM pro-
tocol. Given that the technique we introduce for categoriz-
ing the sharing patterns observed by pages can be applied by
other DSMs, we dedicate it a full section of the paper; Sec-
tion 4 describes the technique in detail. Section 5 presents
our methodology and application workload. Experimental
results are presented in section 6. Section 7 overviews the
related work. Finally, section 8 summarizes our findings
and concludes the paper.

2 Background

2.1 LRC and TreadMarks

The LRC algorithm [15] divides the program execution
into intervals and computes a vector timestamp for each in-
terval. This vector describes a happens-before-1 partial or-
der between intervals of different processors [1]. On an
acquire operation, the last releaser can determine the set
of write notices (descriptions of the modifications made to
shared data) that the acquiring processor needs to receive,
i.e. the set of notices that precede the current acquire op-
eration in the partial order. Upon receiving the notices, the
acquirer can then change the state of its memory accord-
ingly.

TreadMarks is an LRC protocol in which a write no-
tice received represents an invalidation to the corresponding
page. The propagation of the actual modifications made to
a shared page is deferred until the acquirer suffers an access
miss on the page. These modifications are determined us-
ing the twinning and diffing mechanism as follows. A page
is initially write-protected, so that at the first write to it a
violation occurs. On such a violation, an exact copy of the
page (a twin) is made and the original copy of the page is
made writable. When the actual modifications are required,
the twin and the current version of the page are compared
to create a runlength encoding of the modifications (a diff).

TreadMarks's use of twins and diffs allows processors
to modify their local copies of a shared page simultane-
ously, thereby alleviating the negative impact of false shar-
ing. More details about TreadMarks can be found in [16].

2.2 Adaptive TreadMarks

Amza et al. have proposed a version of TreadMarks that
dynamically adapts the handling of shared pages between
single-writer and multiple-writer modes. The multiple-
writer part of the protocol uses the TreadMarks twinning
and diffing mechanism, while the single-writer part uses an
extension of the CVM single-writer protocol [14].

The single-writer mode uses the concept of page own-
ership and version numbers. The protocol only allows one
writer (the owner) for a page at each point in time. Each



page has a version number which is incremented every time
ownership is acquired. At the time of an acquire request,
the owner replies with owner write notices for the pages it
modified. Each owner write notice contains the processor id
and the page's version number. On a write fault, the fault-
ing processor requests the ownership of the page (and possi-
bly the actual contents of the page) from the current owner.
Note that this ownership transaction is necessary even when
the page is already valid locally. On a read fault, ownership
is not requested, the faulting processor simply asks for a
copy of the page from the processor named in the owner
write notice with largest version number. This processor
might not be the current owner, but this is ok according to
the definition of LRC.

Adaptation between the single and multiple-writer
modes takes place dynamically as a processor handling
a page in single-writer fashion checks for the occurrence
of write-write false sharing of the page and switches to
multiple-writer mode if this type of sharing is detected.
Conversely, a processor switches from multiple-writer to
single-writer mode if it detects the absence of write-write
false sharing of the page.

The basic principle behind detecting write-write false
sharing in single-writer mode is: there is no write-write
false sharing of a page if and only if the processor taking a
write fault and trying to get ownership knows the owner and
the version number of the page. The principle behind de-
tecting the absence of write-write false sharing in multiple-
writer mode is: there is no write-write false sharing of a
page if there is a write notice for the page that dominates all
other write notices. More details on the adaptive implemen-
tation of TreadMarks can be found in [2].

3 ADSM

3.1 Overview

ADSM was built out of TreadMarks and improves on its
performance by adapting to the applications' sharing pat-
terns. The protocol implements two types of adaptation:
a) it adapts between invalidate and update-based coherence
maintenance strategies and b) it adapts between single and
multiple-writer modes of operation.

These two types of adaptation are based on our dy-
namic categorization (called Sharing Pattern Categorization
or simply SPC) of the type of sharing experienced by each
page, which is described in detail in the next section. SPC
is based on an association between each lock variable and
the pages that experience faults inside of the critical sec-
tions the variable delimits. On a write fault inside a critical
section, ADSM creates a write notice recording the page
number and the id of the lock being held by the processor.
In case of nested locks, the write notice is associated with

the lock most recently acquired by the processor. A write
fault occurring outside of critical sections is represented by
a write notice without a lock id. All write notices are associ-
ated with intervals, which are started at all synchronization
operations. As in TreadMarks [16], processors in ADSM
maintain vector timestamps that, on an acquire operation,
allow the releasing processor to determine the set of write
notices that the acquirer needs to receive.

SPC classifies pages as falsely-shared, migratory, or pro-
ducer/consumer(s). Migratory and producer/consumer(s)
pages are managed in single-writer mode, while falsely-
shared data are managed in multiple-writer mode. Update-
based coherence is used for lock-protected data in migratory
state and barrier-protected data in producer/consumer(s)
state. The transfer of updates of lock-protected data occurs
on lock acquire operations in the following way: out of the
migratory pages associated with the corresponding lock, the
releaser initially determines the pages that have been modi-
fied since the acquirer last held the lock; these are the pages
that will be sent to the acquirer as updates. The releaser then
sends a lock grant message to the acquirer, including the
write notices belonging to intervals not seen by the acquirer
and the numbers of the pages to be updated. The actual up-
dates follow the lock grant message in separate messages.
Selective updates of lock-protected data have the potential
to reduce the duration of critical sections without increasing
the amount of data traffic.

Updates of producer/consumer(s) data are sent to all the
consumers of the data at a barrier. The transfer of these
updates is overlapped with the synchronization overhead of
barriers in the following way: as soon as a processor de-
termines that it is the producer of a producer/consumer(s)
page, it starts storing the ids of the processors that request
the page. When the processor gets to a barrier point, it
sends a barrier arrival message to the manager, proceeds
to determine the processors that should receive updates of
its producer/consumer(s) pages, and, after this process is
done, sends the actual updates. Even though processors do
not have to wait for the updates to be received, at the bar-
rier release point several producer/consumer(s) pages will
already be updated at their consumers. Selective updates
of barrier-protected data have the potential to reduce data
access overheads without increasing the amount of traffic.

Just as in the adaptive version of TreadMarks, in ADSM
the multiple-writer pages are treated under the twinning
and diffing mechanism, while the coherence of single-writer
pages is maintained by transferring whole pages. However,
in contrast with adaptive TreadMarks, ADSM adapts be-
tween single-writer and multiple-writer modes of operation
without the need for ownership messages. Furthermore,
the categorization of sharing behavior in ADSM is detailed
enough that can be used in adapting between invalidate and
update-based coherence.
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Figure 1. Page State Diagram for SPC. AF = Access Fault, WF = Write Fault.

3.2 Access Faults

Except where noted above, ADSM performs the same
actions as TreadMarks on lock and barrier operations. Ac-
cess faults however are treated somewhat differently in the
two protocols.

The handling of read faults is dependent on the sharing
pattern recently experienced by the page. On a read fault to
a single-writer page, the offending processor must retrieve
a new copy of the page from the processor that created the
write notice most recently received for that page. As in
TreadMarks, a read fault on a multiple-writer page causes
the faulting processor to collect one or more diffs to bring
the page up-to-date.

The handling of write faults is also dependent on the
sharing pattern. A write fault on an access to a multiple-
writer page is treated just like in TreadMarks, except for the
fact that, if the fault happens inside a critical section, the
write notice generated stores the id of a lock. Write faults
to single-writer pages are treated differently. If the writer
is the owner of the page, i.e. the processor currently al-
lowed to be the single writer of the page, then no twinning
is necessary; the processor simply creates a special type of
write notice (referred to as “version notice” when necessary
to differentiate between the two types of notices) that never
has a diff associated with it. If the writer processor is not
the owner of the page, it must change the state of the page
according to SPC. Again, if the fault occurs inside a criti-
cal section, the respective lock variable must be identified
in the write notice.

4 Sharing Pattern Categorization

The SPC strategy is a general technique for detecting the
state of a page in terms of its sharing pattern. As aforemen-

tioned, the technique makes use of the association between
lock variables and the data they protect and does not require
any extra messages.

4.1 Basic States and Page Ownership

As shown in figure 1, a page in SPC can be in one of
four main states: Initial (INIT), Migratory (MIG), Multi-
ple Writer (MW), and One Producer/Multiple Consumers
(1PMC), which also includes pages with one producer and
one consumer. The MIG state is further subdivided into
MIGi and MIGo for pages that experience faults inside
and outside critical sections, respectively. Each processor
maintains its own view of the state of the pages it caches.
Changes in the state of a local page are determined by the
events the processor observes about the page.

A MIGi page is faulted on inside critical sections pro-
tected by a single lock variable, a MIGo page is faulted on
outside critical sections and by a single processor at a time
(i.e. there is no false sharing of it), and a 1PMC page is
always modified by the same processor. MW pages are the
pages that do not fit any of these characteristics. MIG and
1PMC pages are considered single-writer pages. A single-
writer page can only be modified by its current owner, after
it retrieves the latest version of the page. Multiple-writer
pages have no owner.

While 1PMC pages have fixed owners, the ownership of
MIG pages should be transferred as appropriate. SPC im-
plements these transfers without the need for any extra pro-
tocol messages. The ownership of a MIGi page is set to the
lock that protects the critical section where the access fault
occurred. Thus, any processor acquiring this lock will au-
tomatically get the ownership of the pages associated with
it. When releasing the lock, the processor also releases the
ownership of its pages.



The ownership of a MIGo page is transferred along with
a copy of the page, if the processor servicing the page is its
owner. If this is not the case, the requester only receives a
copy of the page; the owner of the page remains the same
as before. Although simple, our strategies for transferring
ownership have proven very effective in practice.

4.2 State Transitions

Initially, all pages are in the INIT state, valid at and
owned by processor 0. On an access miss to a page in the
INIT state, the system changes the page's state to MIGi (ar-
row 1 in figure 1) or MIGo (arrow 2) depending on where
the processor was computing when the fault occurred. The
ownership of the page is then given to the faulting proces-
sor.

A write performed to a single-writer page by its owner
does not alter the state of the page. In case the writing pro-
cessor is not the current owner of the page, a write fault to a
single-writer page causes a state change to MW (arrows 3,
4, and 5) and prompts the creation of a twin for the page.

In order to adapt to sharing pattern changes, SPC may
sometimes “strengthen” or “reset” the state of a page. Re-
setting allows SPC to re-classify pages from scratch (INIT
state). A MIG page is reset to INIT state in two cases: a)
on the first access miss after a barrier by a processor other
than the owner, if the page is invalid; or b) on the first page
request received by the owner after a barrier operation, if
the last version created before the barrier has not been sent
to any other processor. The owner of the page remains the
same, even when the state is in fact changed to INIT.

The state of a MW page can be strengthened to 1PMC or
reset back to INIT. On the first miss or page request to a MW
page after a barrier, the offending processor determines, by
inspecting the write notices, the access pattern to the page
during the last two phases of execution (as delimited by the
three preceding barrier events). If, during this period, the
page has been modified by only one processor, its state is
changed to 1PMC. If it has been modified under a single
lock, its state is changed to INIT. In both cases, the owner is
set to the processor that created the last write notice. When
changing the state of a page from MW to INIT or 1PMC, a
processor frees all the page's diffs and twins, thus reducing
the memory requirements of the protocol.

The state of a page may be different in two distinct pro-
cessors until they communicate. If they communicate via
a transfer of write notices, the specific type of write notice
received is relevant. Incorporating a write notice of a page
locally in single-writer mode changes its local state to MW.
Incorporating a version notice of a single-writer page does
not change its local state. Incorporating a version notice
changes a page's local state from MW to INIT, only if no
write notice has been received for the page since the previ-

ous barrier, which means that the page has just been reset or
strengthened.

If processors communicate via a page request the pos-
sible state transitions are different. The page's state is
changed to MW at the processor servicing the request, if
a) the state informed in the request message is MW, b) the
page is invalid at the server (meaning that write-write false
sharing of the page is taking place), c) the requester is try-
ing to write a page that is locally considered 1PMC at the
moment, d) the requester is trying to write a page that is
locally considered MIGo but the local processor is not the
page's owner, e) the requester experienced the fault inside
a critical section, but the page is locally considered MIGo,
or f) the page is locally considered MIGi, but the requester
experienced the fault inside a critical section protected by a
different lock. Besides the actual contents of the page, the
reply to the requester includes the new state of the page and
its owner, as well as the associated lock for a MIGi page.
At the end of the page request-reply pair, both the requester
and server have the same state and owner for the page.

The worst-case scenario in terms of differences between
the processors' views of page states is when processor X has
the page in MW mode (and therefore computes diffs for it)
and processor Y has the page in MIG or 1PMC mode (and
therefore transfers the whole page). However, this does not
imply any loss of coherence, as the diffs can be merged with
the latest single-writer version of the page to bring it up-
to-date, when necessary. For example, if processor X has
already created a diff for the page and receives a version
notice coming from processor Y, processor X must, at the
subsequent read miss to the page, request the new version
of the page and then re-apply the locally-generated diffs to
this new version.

4.3 Discussion

An important feature of ADSM is that it does not write-
protect dirty copies of shared pages cached locally when
acquiring and releasing locks. This lack of protection im-
proves performance, but may hide the fact that some pages
are written inside and outside of critical sections, or in-
side of critical sections protected by different locks. When
these characteristics of pages are indeed hidden, SPC clas-
sifies them as single-writer, while they would be classified
as multiple-writer had these characteristics been exposed.
This misclassification is not a significant problem however,
since, if these pages are actually written by multiple proces-
sors, SPC will quickly observe this fact. Besides, we have
observed that the number of pages that would be temporar-
ily misclassified as a result of this optimization is limited
for most applications.

Note that SPC produces only a good approximation of
the real state of pages, since SPC might temporarily catego-



Appl Problem Size Synchro Seq Time
3D-FFT 64 � 64 � 16, barriers 55.90 secs

100 iters
IS Bmax � �

��� locks and 23.30 secs
N � �

��� 10 iters barriers
TSP 18 cities locks 20.40 secs
Water 512 molecules, locks and 85.40 secs

10 iters barriers
MigDepth 512 � 256 locks 38.00 secs
MigFreq 512 � 256 locks 42.70 secs

Table 1. Application Characteristics.

rize a single-writer page as multiple-writer incorrectly. For
instance, 1PMC pages are usually misclassified initially as
MW pages, until page strengthening corrects the mistake.
This effect is a result of our simple ownership transfer strat-
egy and clearly has more benefits (in terms of avoiding extra
ownership messages) than drawbacks, as our experiments
demonstrate.

5 Methodology and Workload

Our experimental environment consists of an IBM SP2
with eight 66MHz Power2 processors. The nodes are con-
nected by a 40 MBytes/s Omega switch. We experimented
with ADSM, TreadMarks, and an adaptive version of Tread-
Marks. All systems communicate using the UDP protocol.

We report results for six parallel scientific applications.
Four of them are from the TreadMarks distribution: 3D-
FFT, Integer Sort (IS), TSP, and Water. These applications
have been used in several previous evaluations of software
DSMs, e.g. [2, 14]. The other two applications are seismic
migration programs [12], MigFreq and MigDepth, from the
Brazilian oil company, Petrobras. In table 1 we show the
applications' problem sizes, synchronization styles, and se-
quential execution times. Applications were compiled with
the -O2 option of the gcc and xlFortran compilers.

3D-FFT, originally from the NAS suite [10], solves
a partial differential equation using forward and inverse
FFT's. IS, also originally from the NAS suite, ranks an ar-
ray of N integers using keys in the range [0, Bmax]. TSP
solves the traveling salesperson problem with a Branch-
and-Bound algorithm. Water, originally from the SPLASH
suite [20], simulates the dynamics of water molecules.

MigFreq performs 2D post-stack seismic migration us-
ing the � � x algorithm. The program generates a 2D seis-
mic section from a 2D array of seismic input data. Par-
allelization is done by assigning a block of frequencies
to each processor. MigDepth solves the same problem as
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Figure 2. Application Speedups.

MigFreq, but uses depth partitioning, not frequency parti-
tioning, to create parallel work. In this approach, each pro-
cessor extrapolates the seismic section at a particular set of
depths and the computation flows like a pipeline. This ver-
sion achieves a higher degree of parallelism at the expense
of much higher communication than in MigFreq.

6 Experimental Results

In this section we evaluate the performance benefits of
each of the main characteristics of ADSM, while compar-
ing the protocol against standard and adaptive TreadMarks
implementations. We start with speedup results and then
move on to a more detailed analysis of the performance of
the protocol according to several metrics.

6.1 Speedup Performance

Figure 2 shows the speedup of our applications on an
8-node SP2 parallel machine communicating via its high-
performance network. For each application we show, from
left to right, the standard TreadMarks (“Tmk”), ADSM
with single/multiple writer adaptation but without inval-
idate/update adaptation (“SMA”), ADSM (“SMA+IUA”),
and adaptive TreadMarks (“ATmk”) performances.

Figure 2 demonstrates that two of our applications
(MigFreq and TSP) exhibit good speedups under Tmk,
while the other applications do not perform as well. SMA
improves on the performance of Tmk significantly for three
applications: IS by 52%, MigDepth by 82%, and MigFreq
by 24%. The improvement for FFT is not as significant
(14%), but is still non-trivial. The speedup of the other two
applications is not affected by our adaptation between sin-
gle and multiple-writer modes, even though this technique
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Figure 3. Number of Bytes Transferred.
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Figure 4. Number of Messages Transferred.

does reduce the amount of memory and coherence (diffing
and twinning) overheads in comparison to Tmk.

Throwing IUA into the mix, we get the full-blown
ADSM (SMA+IUA) protocol. All but one (Water) of our
applications take advantage of update coherence for cer-
tain data structures; IS, MigDepth, MigFreq, and TSP ap-
ply update coherence to lock-protected data in migratory
state, while FFT applies updates to barrier-protected data in
1PMC state.

The performance of ADSM shows that the addition of
IUA also improves speedups significantly in most cases.
The largest speedup improvements of ADSM with respect
to SMA are for IS (31%), FFT (67%), and MigDepth (41%).
More importantly however, we find that ADSM outper-
forms Tmk for all applications except Water; the speedup
difference between ADSM and Tmk two protocols ranges
from 5% for TSP to 155% in the case of MigDepth.

The comparison between ADSM and adaptive Tread-
Marks is also favorable to our protocol; ADSM outperforms
adaptive TreadMarks for five of our applications by at least
7%. The advantage of our protocol is most significant for IS
(56%), FFT (67%), MigDepth (66%), and MigFreq (21%).
The speedup improvement for TSP is only 7%, while for
Water Tmk, ADSM, and ATmk achieve roughly the same
speedup.

The next few sections explain the speedups above.

6.2 Communication Traffic

Figures 3 and 4 present the number of Kbytes and mes-
sages, respectively, involved in each of our applications un-
der the protocol versions we study. The order of the bars in
the figures is the same as in figure 2. Each bar is normalized
to the Tmk results.

Figure 3 shows that SMA achieves enormous reductions
with respect to Tmk in terms of the number of bytes trans-
ferred for IS (74%), MigDepth (85%), and MigFreq (73%).
The reason for this result is that in these three applications
most pages are completely re-written by a single proces-
sor every time they are touched. Computing diffs for these
pages wastes time, space, and communication bandwidth,
since diffs effectively overlap. Given that these pages are
handled in single-writer mode under ADSM, these prob-
lems are eliminated.

For TSP, SMA leads to a significant increase in the num-
ber of bytes transferred during execution, since the amount
of data modified in each page (diff) is small compared to the
size of pages. Thus, for TSP, managing pages in multiple-
writer mode saves on bytes transferred, even though most
of the pages are written by one processor at a time. Water
exhibits a similar behavior, but the increase in the number
of bytes transferred is not as significant.

Full-blown ADSM transfers about the same amount of
data as SMA in all cases except TSP, showing that our se-
lective update technique is very effective and does not waste
bandwidth in most cases. For TSP, ADSM actually reduces
the amount of data transferred across the machine as a side
effect of IUA's write-protection of MIGi pages sent as up-
dates. These write-protections uncover the fact that several
pages are written inside and outside of critical sections in
TSP, which prompts SPC to classify these pages as MW.

ATmk transfers roughly the same amount of data as
SMA and ADSM for four applications: IS, FFT, MigDepth,
and MigFreq. For TSP and Water, ATmk transfers 56% and
37% more data than ADSM, respectively. The main differ-
ence between the protocols for these two applications is that
ATmk correctly categorizes certain pages as single-writer,
while ADSM misclassifies them as multiple-writer. This
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Figure 5. Number of Twins Generated.
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Figure 6. Number of Diffs Generated.

misclassification turns out to be efficient in terms of com-
munication, since the size of diffs is somewhat smaller than
the size of pages, as mentioned above.

Figure 4 shows that Tmk and SMA transfer about the
same number of messages for all applications, except
MigFreq and TSP. For these applications, SMA provides
42% and 7% reductions, respectively, in the number of mes-
sages transferred. The reason for this result is that these
applications exhibit a large number of cold access faults
where both the page and diffs are required to bring the page
up-to-date. Tmk requires at least two pairs of messages
for this type of access fault, while under SMA only one
request/reply pair is required, since these are single-writer
pages in the application. The other applications also exhibit
this type of behavior, but the number of these faults is not
as significant.

Adding IUA to make ADSM produces large reductions
in number of messages with respect to Tmk for five of our
applications; reductions range from 26% for TSP to 79%
for FFT and MigFreq. Again, this result confirms how ex-
tremely effective our update technique is at cutting down on
communication traffic.

ATmk transfers between 53% and 95% more messages
than SMA for three of our applications: IS, MigDepth, and
MigFreq. For TSP and Water this difference is around 10%,
while for FFT SMA and ATmk transfer roughly the same
number of messages. The extra message transfers in ATmk
are almost entirely due to ownership-related (request and re-
ply) messages. For MigDepth, for instance, SMA transfers
76697 messages, while ATmk transfers 142205 messages
out of which 65224 are ownership-related messages. As an-
other example, take IS. For this application SMA transfers
10192 messages, while ATmk transfers 15545 messages out
of which 5346 are ownership-related messages.

In comparison to ADSM, ATmk always transfers more
messages; the difference ranges from 10% (Water) to a fac-
tor of 8 (MigDepth). This result is due to the fact that
in ATmk each access fault requires a request/reply pair of
messages or possibly a pair of ownership-related messages,
while in ADSM several access faults are prevented via up-
dates (as shown in section 6.5) and no ownership messages
are necessary. Note that each of our update messages can
carry up to 15 pages and does not require a reply.

6.3 Coherence Overhead

Figures 5 and 6 present the number of twins and diffs,
respectively, involved in each of our applications under the
protocol versions we study. The order of the bars in the fig-
ures is again the same as in figure 2. Each bar is normalized
to the Tmk results.

The figures show that SMA provides enormous reduc-
tions in coherence overhead with respect to Tmk for our ap-
plications, as they all exhibit a significant fraction of single-
writer pages. Reductions are most significant for IS and
MigFreq, for which SMA is able to eliminate all twins and
diffs. For the other applications, reductions in the number of
twins range from 25% (Water) to 94% (FFT and MigDepth),
while reductions in the number of diffs range from 38%
(Water) to 97% (FFT). ADSM generates the same number
of twins and diffs as SMA in all cases, except TSP where the
additional write-protections involved in IUA cause a larger
number of pages to be managed under the twinningand diff-
ing mechanism.

ATmk generates roughly the same amount of coher-
ence overhead as ADSM for three of our applications (IS,
MigDepth, and MigFreq), while generating fewer twins for
FFT, and fewer twins and diffs for TSP and Water. For FFT,
ATmk incurs many fewer twin operations than ADSM, even
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Figure 7. Memory Overhead.
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Figure 8. Num Accesses to Invalid Pages.

though the number of diffs generated by the two protocols
is about the same. The reason for this result is that SPC
initially miscategorizes certain pages as MW when they
are in fact 1PMC. This leads to more twins but not more
diffs, since SPC corrects its mistake after two barrier events.
For TSP and Water, ADSM also misclassifies single-writer
pages as MW, since some of these pages are modified in-
side and outside of critical sections (TSP) or modified in-
side critical sections protected by different locks during a
phase (Water).

6.4 Memory Overhead

Figure 7 shows the memory overhead for each of the pro-
tocol versions we study. The order of the bars in the figure
is again the same as in figure 2. Each bar is normalized to
the Tmk results.

We define the memory overhead to be the number of
bytes used to store diffs, twins, intervals, and write notices.
Note that in our experiments we turned all garbage collec-
tion off. Garbage collection would reduce the memory over-
head of Tmk, but would also require extra messages to re-
alize. We resolved this tradeoff in favor of fewer messages.
For the other protocol versions we study, garbage collection
is not as necessary, since they reduce the memory consump-
tion to acceptable levels. The largest consumption involved
in ADSM is for Water, where the memory overhead per pro-
cessor is less than 1.3 MBytes.

The figure shows that SMA improves the Tmk memory
consumption, with significant memory overhead reductions
coming from not requiring twins and diffs for single-writer
pages. The technique provides improvements in overhead
with respect to Tmk for all applications, ranging from 56%
(TSP) to 99% (IS, MigDepth, and MigFreq). The memory
overhead involved in full-blownADSM is about the same as

in SMA, except for TSP where IUA entails a larger number
of MW pages.

ATmk entails less overhead than ADSM for two appli-
cations: TSP and Water. The explanation for this result is
the more accurate page sharing characterization of ATmk
for these applications.

6.5 Data Access Overhead

Figure 8 presents the number of access faults to invalid
pages (i.e. the faults that require external communication in
Tmk) incurred by each application under two of the proto-
cols we study, Tmk and ADSM. We do not include results
for the other protocol implementations since they have no
effect on the number of access faults incurred by Tmk.

The results shown in this figure demonstrate that the IUA
technique reduces the number of faults tremendously with
respect to the other protocol implementations, except for
Water where most pages are classified as either MW or
MIGo. Reductions range from 30% for TSP to 93% for
FFT and MigDepth. The reduction in the number of misses
is most significant for FFT and MigDepth, but for differ-
ent reasons. In FFT, the reduction comes from the fact that
most pages undergo 1PMC sharing during the matrix trans-
pose phase of the algorithm, while in MigDepth all pages
are accessed inside of critical sections, being classified as
MIGi.

6.6 Discussion

Single-writer pages can frequently be found in paral-
lel applications. The results just presented show that four
of our applications (IS, FFT, MigDepth, and MigFreq) are
dominated by single-writer pages, while the other two (TSP



and Water) exhibit a mixture of single and multiple-writer
pages. ADSM's efficient treatment of the different types
of single-writer pages allows it to achieve better perfor-
mance than Tmk and ATmk. For applications dominated
by multiple-writer pages, Tmk, ATmk, and ADSM perform
about the same, since the latter two protocols add very little
overhead to the treatment of this type of pages.

SPC produces an approximation of the sharing behavior
of applications. A comparison with the precise categoriza-
tion of ATmk shows that, for TSP and Water, SPC misclas-
sifies certain single-writer pages as MW. These misclassifi-
cations occur for pages that are effectively written by a sin-
gle processor at a time, but are modified inside and outside
of critical sections (TSP) and modified inside critical sec-
tions protected by different locks during a phase (Water).

Note however that the tradeoff between SMA and ATmk
is directly affected by the elimination of ownership mes-
sages in SMA, which in certain cases leads to signifi-
cant performance improvements. A comparison against the
single-writer-based version of CVM [14] would also have
been favorable to ADSM, since, CVM also involves extra-
neous ownership-related messages.

In essence, the tradeoff between ADSM and ATmk is
about the lower communication and access fault overheads
of ADSM against the lower coherence and memory over-
heads of ATmk. Given that in software DSMs optimizing
communication and reducing access faults is the most ef-
fective way of improving performance, ADSM compares
favorably against ATmk.

7 Related Work

The work by Amza et al. [2] on adaptive TreadMarks im-
plementations is the most similar to ours; they use the same
base system and also adapt between single and multiple-
writer modes. In this paper, we compare their most impor-
tant implementation� against ADSM.

Several systems, besides ADSM, combine or adapt be-
tween multiple coherence protocols, e.g. [6, 8, 9, 13, 17,
19, 21]. Munin [6] was the first system to propose the use
of multiple protocols for different shared data objects. The
choice of protocol is left to the user, however. ADSM avoids
burdening the programmer by adapting automatically.

Just as ADSM, the Lazy Hybrid (LH) protocol studied
by Dwarkadas et al. in [9] applies a hybrid invalidate/update
coherence approach. During a lock acquire operation in the
LH protocol, the releaser determines the diffs it has that cor-
respond to modifications not yet seen by the acquirer and
sends them along with the lock grant message. In addition,

�[2] also includes a version of TreadMarks that adapts itself according
to write granularity. This version is shown to lead to minor improvements
with respect to the version that only adapts according to write-write false
sharing.

just before barrier arrivals, each processor sends diffs to all
processors that cache pages modified locally. ADSM differs
from LH mainly in that updates are only used for specific
types of data: MIGi pages associated with the lock variable
on a lock acquire and the 1PMC pages on a barrier oper-
ation. The performance benefits of the updates in the LH
protocol were found to be limited, while our update strat-
egy is clearly beneficial in most cases.

In a recent paper [17], Kim and Vaidya proposed a soft-
ware DSM where nodes periodically choose between inval-
idate, competitive, or migratory protocols on a per page ba-
sis, depending on the estimated cost of using each of the
protocols. In their system a page managed in migratory
fashion is not allowed to have multiple concurrent readers,
while in ADSM these pages can and often do have multiple
concurrent readers. Further comparisons between ADSM
and their system are difficult to make however, since nei-
ther the overall performance of the DSM nor the overhead
of cost estimation is evaluated in [17].

ADSM uses an approximate association between locks
and the data they protect. Systems based on Scope [13] and
Entry Consistency [4], such as Brazos [21] and the Affinity
Entry Consistency (AEC) protocol [19] also associate locks
and data, but they must do it for correctness, while ADSM
only uses its lock/data association to adapt to sharing pat-
terns. The Brazos system and the AEC protocol also use a
combination of invalidates and updates to keep shared data
coherent.

Prefetching techniques attempt to achieve the same ben-
efits as update-based approaches. A few studies [3, 5, 8, 18]
have evaluated prefetching techniques for software DSMs.
In the Dynamic Aggregation (DA) technique [3], for in-
stance, nodes compute page groups (sets of pages that are
accessed in between synchronization points) at each syn-
chronization. The diffs for all pages of a group are re-
quested on the first fault on any of the group's pages. The
extent to which prefetching techniques can outperform up-
date strategies such as IUA is one of the subjects of our
future work.

Several researchers have proposed techniques for adapt-
ing to sharing patterns in the context of hardware DSMs,
e.g. [7, 11, 22, 23]. Cox and Fowler [7] and Strenström et
al. [22] have looked at optimizing the handling of migra-
tory data in the coherence protocol. Dahlgren and Stren-
ström [11] have studied a hybrid invalidate/update proto-
col where each processor makes a local decision to inval-
idate or update a cache block when it receives an update
message. Trancoso and Torrellas [23] have proposed a sys-
tem where a processor releasing a lock forwards the data
it modified inside the critical section to the next acquirer
of the lock. In contrast, ADSM implements more sophisti-
cated sharing categorization and adaptation techniques than
would be possible/efficient for hardware DSMs.



8 Summary and Conclusions

In this paper we proposed the Adaptive DSM (ADSM)
protocol, which relies heavily on the Sharing Pattern Cate-
gorization (SPC) technique for adapting between single and
multiple-writer handling of shared pages and between in-
validate and update-based coherence.

Our analysis of ADSM showed that the protocol is very
successful at reducing the communication, coherence, and
memory overheads of most applications with respect to
standard TreadMarks. Our comparison against an effi-
cient adaptive TreadMarks implementation was favorable to
ADSM, as a result of its better communication performance
and selective updates.

In summary, our main contributions have been the pro-
posal and evaluation of SPC, our adaptation strategies, and
ADSM. ADSM has been shown an efficient software DSM
protocol, while SPC and our adaptation techniques have
been shown effective techniques that can be used in several
software DSMs.
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