Efficient Support for Two-Dimensional Data Distributions in Distributed Shared
Memory Systems
David K. Lowenthal

Vincent W. Freeh
David W. Miller

Abstract
Despite their clear advantage in scalability, twodimensional data distributions are not efficiently supported
by current software distributed shared memory (SDSM) systems. This is because sharing between nodes occurs on both
columns and rows. Sharing in two dimensions is not a good
match for SDSM systems, because either a row- or columnmajor data layout of pages leads to (1) severe thrashing,
if a strong memory consistency is used, or (2) exchange of
unnecessary data between nodes, if a relaxed memory consistency is used.
This paper examines two alternatives for efficiently supporting two-dimensional data distributions in SDSM systems. We develop two new page consistency protocols for
this purpose. One protocol, called Explicit-2D, requires
that the user or compiler explicitly identify truly shared elements within a page; the other, called Implicit-2D, infers
such elements implicitly. Knowledge of truly shared elements allows the SDSM, at synchronization points, to send
only truly shared data, which reduces diff sizes. As the
problem size or the number of nodes grows, programs written using a two-dimensional distributions with our new protocols are superior to those using a one-dimensional one.
The difference in our tests is as much as 12% for Red-Black
SOR, and increases with the problem size and number of
nodes.

1 Introduction
One key to writing efficient parallel programs is choosing an effective distribution of data to processors (nodes).
An ideal distribution balances the computational load and
minimizes communication. For applications that perform
uniform computation on each data element, balancing the
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load can be effectively done by assigning each node an
equal number of data elements. The key factor then becomes minimizing communication overhead. For many applications, a two-dimensional data distribution, where each
node is assigned a two-dimensional subgrid, has less communication overhead than its one-dimensional counterpart.
Unfortunately, two-dimensional distributions are not efficiently supported in software distributed shared memory
(SDSM) systems [14]. In an SDSM [11, 3, 10, 7], twodimensional distributions can cause a large amount of excess communication between nodes, even when using relaxed memory consistencies such as eager write shared [3],
lazy write shared [10, 7, 8], or a hybrid [1]. The primary
problem is that two-dimensional distributions force nodes
to share data in two dimensions, but the data is organized in
either a row- or column-major layout. Consequently, nodes
share both rows and columns, meaning that every element
in a page must be write-shared, even though typically, in
the non-major axis only a small number of values are truly
shared. This is true no matter which write-shared variant is
used.
This paper introduces two alternatives, Explicit-2D and
Implicit-2D , that extend write-shared protocols to allow
two-dimensional data distributions. The first provides a programming interface through which the user (or compiler)
can indicate where columns are shared between nodes. The
second infers shared columns automatically, obviating specification of the shared data. Both mechanisms provide the
information necessary to determine which portions of the
page are truly shared. This allows the SDSM to avoid
communicating useless data. When the sharing pattern is
stable, programs written using a two-dimensional distributions execute 12.3% faster than a one-dimensional version
when using 25 nodes on Red-Black SOR. Furthermore, we
show that two-dimensional distributions scale better than
their one-dimensional counterparts. Finally, we show that
Explicit-2D is the appropriate protocol when the sharing
pattern is not stable, while Implicit-2D is better when either
the sharing pattern is stable or the shared columns cannot
be determined statically.
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Figure 1. A one-dimensional and two-dimensional data distribution in an SDSM. In the former, each node is assigned a equal
number of consecutive rows; in the latter, each node is assigned an equal-sized square. Also, the layout of a row (which is comprised
of two pages in this example) in the two-dimensional distribution is shown.

The rest of this paper is organized as follows. The
next section gives an overview of the problem. Section 3
describes the implementation, and Section 4 gives performance results. Finally, Section 5 summarizes the paper.

2 Overview
Parallelization of grid applications with uniform workloads and regular, nearest-neighbor sharing patterns are often carried out by assigning each node a contiguous region
of the grid. Such an assignment results in a node requiring
data from each of its adjacent neighboring nodes. Assuming
the dimensionality of the array is at least two, typically one
or two dimensions of the grid are distributed. The scalability advantages of two-dimensional distributions have been
noted by other researchers [5]. However, current SDSM
systems do not efficiently support such distributions. This
is despite the significant amount of SDSM research that has
focused on ways to reduce consistency-related communication by using diffs on shared pages [3, 10, 7, 1]. (See [7] for
a full discussion of these techniques.)
No SDSM system we know of supplies the user
with a protocol that allows efficient execution of multidimensional distributions. Standard write-shared protocols will incur excess communication for even simple twodimensional distributions on very regular applications; this
is because they can only handle false sharing, not true sharing [1]. The left side of Figure 1 is a strips-based distribution, where each node is assigned a contiguous set of rows;
in the right part, each node is assigned a square. The righthand side also shows the first row of the array. In this example, assume the row is split over two pages. Suppose this
row is written and the program uses nearest-neighbor communication, and consider the induced communication from
the point of view of node 1. If an eager write shared pro-

tocol is used, at the end of iteration , node 1 must create a
diff for both pages, because it writes to parts of both. This
diff is sent to both node 0 and node 2. Node 1 must also
receive diffs from node 0 and node 2. These (entire) diffs
are sent, received, and applied, even though each node will
require only boundary points (shaded in the figure), which
often are a small percentage of the modified data within that
page.
The primary problem is that while write-shared protocols tolerate false sharing, they force every element that is
modified on a write-shared page to be communicated, even
if that element is not needed by any other node. One solution to this is given in [14] (and was previously discussed
but not implemented in [4]). Their solution is to use static
analysis to detect this situation; they then have their compiler rewrite the code to duplicate the shared column in private memory and explicitly communicate that data between
nodes. While this solves the problem, it requires significant
compiler analysis, code rewriting, and additional memory.
A final solution is to use a language such as Java where
there is an extra level of indirection on object accesses [6],
but this relies on using such a language.
Our approach is instead to develop new protocols that
allow the user (or compiler) to inform the SDSM system of
what data is actually needed by other nodes, so that only that
data can be communicated. Our technique is implemented
in two new SDSM protocols described in the next section.

3 Implementation Alternatives
We experimented with two basic alternatives to achieve
efficient support for two-dimensional distributions. Both
protocols, which we call Explicit-2D and Implicit-2D, are
implemented inside the Filaments SDSM [12], which supports multiple consistency protocols including eager release

consistency. Although the new protocols do not support
three-dimensional (or greater) distributions, most parallel
programs can typically achieve as much efficiency from two
distributed dimensions as from three or more [5].

3.1

Explicit-2D

In the Explicit-2D protocol, the sharing pattern is specified by the user (or compiler); an API call (shareCol)
contains information that allows the SDSM to know what
columns to send. This allows the SDSM to avoid transmitting entire pages when only a small number of elements on
that page are actually needed.
3.1.1 User Interface
The user interface contains only two function calls. The
first, shareCol, indicates that a column or columns is
shared between two nodes; this allows us to specify regular array access patterns. It takes all necessary information,
including the sharing nodes, size and number of elements
in the column, number of columns, and a stride. The second function, stableSharing, indicates that the sharing
pattern does not change across iterations of a computational
phase [3].
3.1.2 Implementation
For each call to shareCol, the Filaments SDSM creates
a descriptor containing the above information as well as the
starting and ending SDSM page on which the column lies.
This will allow the SDSM to efficiently gather and scatter
the elements when needed. Each node is sent the sharing
information of all other nodes.
There are two ways to implement the Explicit-2D protocol. The first is by detecting and exchanging the columns
that are shared between nodes. If elements of a column are
not modified between synchronization points, they do not
need to be disseminated to other nodes. Write faulting determines which column elements have been modified.
When a node write faults on a shared page, that page
is either marked, if it falls within any column descriptor, or
cloned, if it does not. At the next synchronization point, any
page that is cloned is handled in exactly the same way as in
eager release consistency. However, pages within the range
of a column descriptor are handled differently. Specifically,
each page in each descriptor is traversed, and a single message per descriptor is created. The message contains each
page that is marked as written. This mimics what is done
in an explicit message passing program. This message is
sent to the destination node, which applies the changes to
each page while traversing the descriptor. Finally, all nodes
set the permissions on each page in a column descriptor to
read-only in preparation for the next iteration.

There are several sources of inefficiency in the above
implementation of the Explicit-2D protocol. Specifically,
on each iteration, three actions occur: (1) initial write fault
to each boundary element, (2) receipt of column(s) (at the
next synchronization point), and (3) reset of column pages
to read-only. Each of these has significant costs, including fault handlers, reprotection of pages, and message overhead. The cost of these items is substantial (see Section 4).
If a stable sharing pattern has been indicated (through a
call to stableSharing), then Explicit-2D keeps a stable sharing list for each iteration. At the end of an iteration,
all active descriptors (ones whose columns were written),
are placed on a stable sharing list for that iteration.
Then, descriptor lists for earlier iterations are matched
against the one from the current iteration; if there is a match,
then we have reached a stable sharing point. After we
have found stable sharing, the actions taken by Explicit-2D
change from using the (costly) detection scheme to simply sending only the needed columns for that iteration to
nodes. This avoids overheads due to page faults and protection switches for the remainder of the computation.
If stable sharing is not specified, we can eliminate the
above overheads by simply exchanging all columns. While
this will, in general, send more data,1 there is no need to
keep track of which pages are modified. There is a tradeoff,
though; when the number of columns is large and few are
modified on each iteration, detection may be more effective.

3.2

Implicit-2D

While the Explicit-2D protocol results in an efficient program, it requires the programmer or compiler to specify explicitly shared data. In some cases this might be straightforward but in others it is difficult; in the general case, it cannot
be statically determined. For the latter cases, we have developed the Implicit-2D protocol, which infers shared data
using system-level techniques.
3.2.1 User Interface
The basic idea behind Implicit-2D is the following: when
a remote access is made, a page fault occurs. However, instead of satisfying the fault by either obtaining a copy of
the page or creating a clone, the access is logged, storing
the address on which the fault occurred as well as who has
the needed data. At the next synchronization point, before
the normal barrier or reduction is carried out, all logged addresses are combined into one message (to each node), and
the data is returned; then, the (deferred) computation can
complete. This way both (1) avoids thrashing and (2) avoids
1 This scheme sends exactly the same amount of data as the detection
implementation in the case when the application requires that all elements
of all columns are exchanged.
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Figure 2. Transformed Jacobi code. If a fault occurs, the update is logged, not actually computed. (The user code specifies exactly
what should be logged.) After all necessary data has been acquired (which occurs at the next synchronization point), function
update deferred is called. It uses the copy of the page that is readable and writable.

sending useless data: It infers at run time the actual data that
is needed and its location.
The user interface for Implicit-2D allows sharing to be
determined dynamically. This requires user code modification, which we made by hand, although the required user
code changes could be generated by a preprocessor using
only standard compiler techniques as well as existing optimizations (see below).
The first modification involves using what we call
shadow variables. Given a variable with a virtual address
that maps to a physical address , a shadow variable is
a distinct virtual address
that also maps to
. In our
system, for each array in SDSM space, the user code must
allocate three shadow arrays (described below). In practice,
to make the code simpler, the three arrays are grouped into
one, with an additional dimension added to distinguish between them. Our convention is that
is a copy
owned by the currently executing node, while
and
are owned by the left and right neighbors,
respectively.
The next modification is to replace, for each array
, references
with
. In particular, two-dimensional array accesses are changed to threedimensional ones. Function
always evaluates to either
0, 1, or 2. A value of 1 should be returned for any access in that lies within the rectangular subarray owned by
a node. We designate a node’s owned subarray by coordinates
[upper left] and
[lower right]. When
or
, the
is remote and is handled by
current write-shared techniques for one-dimensional distributions. On the other hand, when
, this node
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is
remote. Hence, in the above transformation from
to
, we must have
if
,
if
, and
if
. For the access
, we determine via the formula
,
where
is
and
is . Intuitively, the column index ( ) is divided by the number of column elements
owned ( ). The
in the numerator is to designate 1 as
ownership (and 0 and 2 as left and right neighbors), and
is subtracted to shift the expression when it does not start at
0.
In general, we support any access of the form
, where , , , and are constants. This access
is converted to
. The values
and
are determined inside the Implicit-2D protocol.
The added array indexing overhead can be reduced by using
known compiler techniques (e.g., [2]), which is orthogonal
to our work.
The final user code modification is to the application
code, as shown in Figure 2. The system will catch all refand
erences to neighboring nodes, i.e., references to
. The user code must be modified to record (with assistance from the SDSM) which iterations reference data
owned by neighbors. Because access permissions on neighbor shadows are protected, an access generates a page fault.
The checkFaultOccurred() function, which is application specific, is inserted into the application kernel to
record this information and queue the iteration so that it can
be executed later. A second version of kernel code (update deferred) is needed, which executes the deferred iterations. The deferred kernel uses the local shadow for all
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Figure 3. Picture of the page mapping scheme used by Implicit-2D. For each page , three shadow copies of the page are mapped.
The middle copy is readable and writable, whereas the other two represent data not owned and are hence not access permissible;
accesses to these copies will be logged and re-executed at the next synchronization point.

references because it is executed after all remote data has
been obtained.
3.2.2 Implementation
The basic idea behind the implementation of Implicit-2D is
to allow several different views of a single page. This is
similar to the work pioneered by the Millipede system [9].
On node , we create three views for each page using mmap;
one is owned by node and allows reads and writes to complete uninterrupted. The other two are logically “owned” by
nodes
and
, assuming that node is an interior
node. These views are protected with PROT NONE, which
means that any accesses to them will be trapped. Figure 3
shows the situation. Accesses to an element owned by a
left or right neighboring node are automatically redirected
to the other copies by changing the value of the first dimension, which was described above.
Upon access to a view that is protected with
PROT NONE, the Implicit-2D handler code logs the faulting
address as well as the specific values of the loop variables
(which are passed in through the user code). It enqueues
this information on a list (denoted deferred updates here)
that is also visible to the user. The offending page is then
re-protected with PROT NONE in case there are other addresses on it that are accessed. Most accesses will likely be
to a view that allows reads and writes; these accesses are
not affected.
At the next synchronization point, all needed data is determined by the addresses on the deferred updates list. The
request is combined into a single message for each of the
left and right neighbors (assuming a node has both). Upon
receipt of such a request, a node will respond with the
needed data, which will result in an upcall to the user code,
causing the deferred iterations to be executed.

uzI
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After determining what elements are truly shared, the
Implicit-2D protocol performs checks to see if the elements
represent a column. If so, metadata in the message can
be removed; furthermore, if stable sharing exists, we can
achieve performance equivalent to the Explicit-2D protocol, as we describe next. The only requirement is to switch
the function pointer to a version of the code that uses twodimensional arrays.

4 Performance
This section reports the performance of two programs:
Red-Black SOR and Jacobi iteration. For each application
we executed three programs using using two-dimensional
distributions with the Explicit-2D protocol. The different
programs are (1) exchanging only the necessary columns
(Explicit-Precise), (2) exchanging all columns (ExplicitAll), and (3) stable sharing (Explicit-Stable). We also compare to programs using Implicit-2D both without and with
stable sharing (Implicit and Implicit-Stable). For comparison purposes, we executed an eager write-shared protocol
that used a one-dimensional distribution (WS) as well as an
explicit message-passing program using MPICH [13] that
used a two-dimensional distribution.
Below, we present the results of runs on either 9, 16,
or 25 UltraSparc 5s, each with a 360 MHz processor and
8K page size, connected by a 100Mbs Fast Ethernet. All
programs used gcc with the -O flag. All programs were
run when no other user was on the machine, and all times
reported are the median of three test runs.

4.1

Scalability

We evaluated the scalability of one- and twodimensional distributions using Red-Black. We ran a 9-
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node Red-Black iteration test using a
grid, a
grid, and a
16-node test using a
grid using 25 nodes. The grid is scaled so that each node
was assigned the same amount of data in each test. An increase in the problem size when using a two-dimensional
distribution does not affect the communication due to data
exchange (except for boundary nodes), whereas the communication increases with the one-dimensional distribution.
There will always be an increase in total overhead due to
barrier synchronization, which scales as
. Figure 4
shows that when moving from 9 to 16 nodes, the overheads
in both the one- and two-dimensional programs increase at
about the same rate. However, the rate increases much more
in the one-dimensional program when moving from 16 to 25
nodes. This suggests that the difference will become more
pronounced as the number of nodes increases. As a comparison, the results for the MPI two-dimensional distribution
are also shown.
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(because in each phase, half the points are unneeded).
The performance of Red-Black is shown in Figure 5. The
left graph shows the components of the overall time for a
single iteration, including the time for computation, protection changes, faulting, copying, and releasing and applying
diffs. The seven different programs described above were
tested. It is important to note that for the stable sharing
versions, we measured an iteration after stable sharing was
found. The right graph shows overall execution time; this
includes all iterations, including ones where stable sharing
has not yet been detected.
From Figure 5, it is clear that the stable sharing tests (as
well as the version that exchanges all columns) are superior
to the one-dimensional write-shared test. Explicit-Precise
suffers from significant overheads due to faulting, copying,
and (especially) protection changes. Implicit suffers from
significant per-iteration computational overhead to access
three-dimensional arrays with a complicated index expression. The program that uses a one-dimensional distribution
performs somewhat better than the two-dimensional detection version, but is inferior to the stable sharing version due
to the increased size of the message exchange at the synchronization point. The result is that the performance of the
two-dimensional distribution (with stable sharing) is 12.3%
better than the one-dimensional distribution. It is also important to note that to make the one-dimensional tests as
efficient as possible, we had to increase the socket receive
buffer size. This reduces the number of message retransmissions necessary. The two-dimensional tests send a fixed
amount of data, independent of the number of nodes. Because the amount of communicated data increases in the
one-dimensional tests, eventually there is a point where the
buffer size cannot be increased (although this point was not
reached in our tests).
The best SDSM version (Explicit-Stable) is still 10.4%
slower than the MPI program. A small amount of the overhead is due to general SDSM overheads that are not present
in message-passing programs, such as page faults. However, while much of the programs are similar in structure,
the messaging subsystems are different. Our SDSM uses
UDP with reliability built on top, whereas MPI uses TCP.
The SDSM programs have more variability than the MPI
ones, because of costly message retransmissions. It is important to note that this overhead is not inherent to our
SDSM; in fact, in test runs where there were very few retransmissions, the SDSM time was within 4% of MPI.

4.3

Jacobi Iteration

The results for Jacobi iteration are shown in Figure 6.
Jacobi iteration is a similar program to Red-Black; however,
it differs in three important ways: one (not two) barrier per
iteration, two arrays (not one), and all column points are
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needed per iteration.
The key difference between Jacobi and Red-Black is that
the presence of two arrays in the former causes the computation to be much greater. Hence, the difference in total execution time is small because a significant amount of
computation is performed—in fact, the computation dominates the overhead. This is why the two-dimensional stable
sharing programs show only about a 5% improvement over
the one-dimensional version. Also, Explicit-All performs
slightly worse in this case, because it needs to send and receive twice as many columns (it sends columns from both
arrays, even though one array is not modified). However,
it is still significantly faster than Explicit-Precise. The MPI
version is only slightly faster than the best SDSM version,
again because most of time in this program is spent in computation.
This section has demonstrated several important points.
First, two-dimensional distributions are superior to their
one-dimensional counterparts as the problem size or number of nodes increases. Second, Implicit-2D is the better protocol from the perspective of the user or compiler,
but its performance is acceptable only if the sharing pattern is stable; otherwise, the extra computational overhead
is unacceptable, and Explicit-2D should be used if possible. Third, an increase in computation time relative to the
amount of data communicated results in a relative improvement in one-dimensional distributions.
A few other points concerning Implicit-2D are worth
mentioning. First, the computational overhead increases if
the same nonlocal element is accessed several times; this
is because a fault will be generated on every access. Second, it is possible that the sharing pattern is not known until
run time. In such cases, Explicit-2D cannot be used, while
Implicit-2D can. We are currently investigating such applications.

5 Conclusion
This paper has discussed the design and implementation
of two new software distributed shared memory (SDSM)
protocols, Explicit-2D and Implicit-2D, that support twodimensional data distributions. They are extensions to standard write-shared protocols. In our tests, the Explicit2D protocol performs favorably (as much as 12.3% better) compared to one-dimensional data distributions using a standard write-shared protocol. Furthermore, twodimensional distributions are more scalable than their onedimensional counterparts, so we expect that the difference
will increase along with increases in both the data set size
and the number of nodes.
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