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Abstract—

Data locality is a key factor for the performance of parallel systems.
In a Distributed Shared Memory (DSM) system, however, it is difficult
for the users to maintain a high data locality as it is usually a priori un-
known how the data is distributed among the nodes. In this article we
introduce a monitoring framework that allows users to understand the
memory behavior of parallel applications. The information offered by the
monitor system enables data to be allocated or redistributed more ratio-
nally among memories. This reduces remote memory accesses and further
improves parallel performance.

Keywords—SCI, monitoring, data locality, performance optimization.

I. MOTIVATION

The performance of a parallel system depends mainly on
three facts: (i) whether the parallelism within a program is ex-
plored to a maximum. It is always an important task of parallel
development to explore parallelism of a program to the extreme
so that a multiprocessor or a cluster system has a high utiliza-
tion, no matter how the parallelism is presented—e.g., indicated
explicitly by the programmer [18], recognized by a parallel
compiler [4], or distinguished automatically by tools [5]. (ii)
whether the tasks are evenly allocated among processors. Load
balancing is also one of the key factors that affect system per-
formance. The motivation of load balancing is to reduce the av-
erage completion time of processes and improve the utilization
of processors. In scenarios where some processors are over-
loaded while others are underloaded or even idle the speedup
of a parallel execution will not be high due to this unbalanced
load distribution. Many processor assignment and task alloca-
tion systems with load-balancing properties have been there-
fore implemented [15], [6], [7], [2]. (iii) whether the shared
data used by all parallel threads is rationally distributed among
memories of processors. If a thread accesses a remote memory
very frequently the proportion of communication overhead to
the execution time will be relatively high so that the parallel
performance is worsened. This case is particularly distinct in
DSM characterized systems with NUMA character, as they are
already evident in the SMILE ! project at LRR-TUM.
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LShared Memory in a LAN-like Environment

The SMILE project [9] investigates high performance clus-
ter computing. As the limited communication performance
over standard LANS restricts performance of parallel appli-
cations, the high-speed low-latency Scalable Coherent Inter-
face (SCI) [1], [8] is taken as the interconnection technol-
ogy. SCI supports memory-oriented transactions over a ringlet-
based network and enables a hardware-supported distributed
shared memory (DSM) system on top of a cluster of PCs.

With hardware-based DSM and high performance commu-
nication characteristics, the SMILE cluster is well suited for
High Performance Computing (HPC). It is noticed, however,
that some parallel applications don’t run efficiently upon the
SMILE cluster due to the high overhead associated with too
many remote memory accesses [17]. Although remote mem-
ory access via hardware-supported DSM delivers high commu-
nication performance, they are still an order of magnitude more
expensive than local ones. To compensate, we are designing an
adaptive run-time system which focuses on improving the lo-
cality of memory references made by parallel threads and aims
at minimizing remote memory accesses. To know the location
of data, however, is not a simple task, especially for DSM sys-
tems. In such a system users usually do not know on which
nodes and pages the data is located within the global virtual
memory. This is due to the fact that data is by-default dis-
tributed randomly (explicit allocation is of course possible) in
the global memory abstraction. Hence, to understand memory
behavior of parallel programs a monitoring system is needed.
The SMILE hardware monitor is designed specifically for this
purpose. It provides the programmer or system software with
detailed information about all memory transactions over the
network and the behavior of user-defined events. This infor-
mation allows the user or system developer to partition or re-
distribute data more precisely knowing the effect of lower in-
efficiency caused by remote memory accesses.

The remainder of this paper is structured as follows: first
the SMILE hardware monitor and its simulation system will
be introduced, followed by the first results of tests using the
simulation system. The possible measures contributing to the
improvement of data locality are then described. In section 5
some related works are discussed. Finally, we conclude with a
short summary of our work.



Il. THE SIMULATION SYSTEM OF THE SMILE
HARDWARE MONITOR

A. Introduction to the SVIiLE Hardware Monitor

The SMILE architecture consists of a number of commodity
PCs connected via SCI to give a parallel system with NUMA
characteristics (Non-Uniform Memory Access). Each node is
equipped with a PCI-SCI adapter and will be equipped with a
hardware monitor. The PCI-SCI adapter 2, described in detail
in [3], serves as an interface between the PC’s I/O bus and the
SCI interconnection network.
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specific profiling extensions. The dynamic working mode is
a histogram-driven monitoring, in which the counting is not
controlled by events in the static mode, but rather all pack-
ets through the B-Link are monitored in order to provide fine-
grained monitoring statistics across the complete application’s
working set. This modeis therefore suitable for delivering de-
tailed information to tools for performance evaluation.
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Fig. 1. Architecture of the SMiLE hardware monitor

The SMILE hardware monitor, as shown in Fig.1 consists
of three modules: a PCI interface, a B-Link interface and
a counter module. The PCI interface, an interface between
SMILE hardware monitor and PC’s 1/O bus, offers an access
to PCI-Bus via the PCI 9060 interface chip. The B-Link, a
64-bit-wide synchronous bus, is a logical part of the PCI-SCI
adapter which serves as the carrier of al incoming and out-
going packets to and from the SCI interface. The B-Link in-
terface, a central point of the hardware monitor on which all
remote memory accesses can be monitored, is responsible for
the acquisition of all packet information from the B-Link. The
informationincludes: transaction commands (read, write, lock,
unlock) , source and destination IDs, memory addresses (page
number and offset) , and some packet description (incoming,
outgoing, response, request).

As the primary part of the hardware monitor, the counter
module is responsible for the recording of the monitoring
events. Itsthree components-the event filter, the static counter
array and the associative counter array—allow the programmer
to utilize it in two working modes for performance analysis. a
static and a dynamic mode. The static mode, for which the
event filter and the static counter array are responsible, allows
users to explicitly program the hardware for event triggering
and actions processing on freely definable SCI regions. This
can be used to monitor given data structures or parts of ar-
rays and will likely be applied in combination with language

2In SMILE project we use our own PCI-SCI adapters. They are also com-

mercialy available from Dolphin.
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Fig. 2. The hardware structures of the counter module

Fig.2 illustrates the hardware structure of the counter mod-
ule. The event filter comprises a page table and an event sta-
tion, in which events are defined. In thistable an event is iden-
tified through a node number, a page number, arange within a
page, and a transaction type. Based on these events, the static
counter array facilitates the monitoring with the help of an
event selector. This selector contains references to the event
filter allowing the definition of events which are used to de-
cide when and on which events to count. The counting itself
isimplemented through a separate counter. Events can also be
defined by tools or programmers. Such events are called global
events and can be used to enable or disable event-monitoring
asawhole.

Theassociative counter array isresponsiblefor the dynamic
working mode. All packets, which have the same destination-
and source-1Ds, the same page number and the same range
within the page, are counted in a single counter. In order to be
able to record all remote memory accesses to and from a node
with only limited hardware resources a large user-defined ring
buffer is maintained in main memory in case of an overflow
in the associative counter array. Some information is auto-
matically moved through the PCI interface into this ring buffer
to free space in the associative counter array. Here we use
the LRU replacement algorithms to divert an entry to the ring
buffer. In the case of aring buffer overflow, asignal issentto a
software process. It isworth noticing that both modes function
in parallel. Thisallows and increases the usability and flexibil-
ity of the overall approach.

As the hardware implementation of the above described
hardware monitor is currently on going, a simulation system



had to be implemented. This system includes not only a simu-
lator of the hardware monitor but also asimulator of the global
shared memory and cache memory which is used to produce
the packets that would be transfered if the application ran truly
onour SCI-Cluster. The packetsarestored in atracefile, which
is used to stimulate the hardware monitor simulation.

B. Smulation of SCI-VM and Cache Memory

SCI Virtual Memory (SCI-VM) [16], [8] is aconcept for the
implementation of a global virtual memory using hybrid hard-
ware/software DSM. This concept can be applied in a fully
transparent manner allowing the execution of shared memory
applications on a global virtual memory without any changes.
The memory is distributed at page granularity and remote
pages are mapped from other nodes using SCI’s HW-DSM
mechanisms. The basic address entity for these mapping isthe
SCI physical address space comprising al physica memory
within the cluster. From there, pages can be mapped into the
PCI address spaces, and further into processes’ virtual address
spaces. There they are merged with the local pages forming a
global virtual address space, the SCI Virtual Memory.

Ontop of the SCI-VM severa shared memory programming
modelsincluding Pthreads, Win32threads, and SPMD [8] have
been or are currently being implemented. In these models the
shared data of an application is partitioned into 4096 bytes
pages and usually distributed transparently among all nodes
in around-robin fashion. Some programming models allow an
optional direct placement of some data structures onto specific
nodes while the remainder of the data is allocated transpar-
ently. Asthe purpose of thiswork isto understand the memory
behavior of true shared memory programs this option is not
used in our simulation system.

By default, remotely mapped memory segmentsor pagesare
not cached, as current mainstream SCI implementations do not
feature a cache consistency protocol 3. Enabling caching with-
out precautions is therefore dangerous, as the caches of the
cluster nodes will get into an inconsistent state. On the other
hand, disabling caching causes severe performance problems,
as remote reads are still one to two orders of magnitude slower
compared to local reads from main memory, despite the low-
latency hardware support of the SCI network adapter [17]. To
compensatefor this performance problem, the user is given the
option to enable caching for remote SCI memory. The consis-
tency problem is tolerated by applying a relaxed consistency
model based on synchronization points and then enforced at
these points by flushing the caches on the node requiring a con-
sistent state of the memory system.

All of this can be simulated in an execution-driven fashion.
However, as the caching behavior has severe impacts on the
generated network traffic, a cache simulator has to be included

3The SCI standard includes an optional cache coherence protocol. This,
however, cannot be applied to PCI-SCI adapters due to the inconsistent nature
of the PCI bus.

in the overall simulation system. This cache simulator col-
lects the request description from the memory simulator. It
then checksits line tags and states and determines whether the
requested lineis present. In the case of aread hit, the LRU in-
formation is modified and a satisfied signal is returned. In the
case of a read miss, the state is changed to “fetching the line
from memory” and the whole line is fetched. In addition, the
LRU information is checked, a line is replaced 4, and a read
miss signal is sent back. In the case of a write, the data will
be written directly to memory (and also to the cache by awrite
hit) regardless of the line state. All caches on other nodes are
instructed to invalidate their own copy of theline, if they have
one.

In order to produce a trace file that includes all memory
transactions and that can be used as the basis for the moni-
tor simulator, Limes [11], a multiprocessor simulation tool for
PC platform, is applied in our simulation system. Limes cre-
ates an illusion of N connected processors executing a parallel
application, on a single-processor machine. We have modi-
fied the kernel and the memory simulation parts of Limes to
enable the simulation of the SCI-VM system. Moreover, a
packet construction mechanism adhering to the SCI standard
has been added. Whenever a memory access request to shared
data is created by the kernel of Limes, the cache simulator is
caled first. If the cache simulator returns a miss signal, the
location of the requested memory cell is determined. Should
the address be remote, a packet is added to the trace file. A
packet comprises a source ID, a destination ID, a transaction
type and a memory description (SCI-VM address, page num-
ber and page offset).

C. Smulation of the Hardware Monitor

The ssimulation of the hardware monitor includes a smula-
tor, adriver and a user interface. The simulator handles every
packet in the trace file provided by the memory simulator. The
abstracted information from a packet is first compared with the
data in the associative counter array. If there is a matching
entry, the corresponding counter is incremented, otherwise a
new tag is created. In case no more space is available within
the counter array, the least recently used counter-tag pair is
flushed to the ring buffer, and the write-pointer of the buffer is
incremented. The information in the packet is then compared
with the page table and the event station for the static mode to
determine whether the packet corresponds to an user-defined
event. The static counter array is then modified accordingly.
Thedetailed operationisasfollows: the page number and node
number in the page table are checked first and an index is ac-
quired if a matching entry in the page table exists. Based on
this index, the event station is then searched to see if the car-
ried information by the packet satisfies one of its entries. In
this case, the count, the enable, and the disable fields in the

4The simulation system actually does not store the cache contents; only the
cache tags are maintained.
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static counter array are examined one after another. Depend-
ing on the result of the examination, a counter is incremented,
anew counter isinitiated or an old oneis concluded. Thevalue
of a counter is diverted to the ring buffer if it overflows.

The driver of the monitor simulator aims at offering the pro-
grammer with a user library which can be used to initialize
counters, to define events, to read data from counters or ring
buffer, etc. The user should periodically remove the data from
the ring buffer in order to avoid the loss of datain the case of a
buffer overflow. The user interface provides several functions
with which the statistics for memory referencesto a page or a
specia range of a page can be generated. The statistics (num-
ber of local and remote accesses) about the following items are
offered by the interface:

1. apageinanode

2. acertain range of amemory

3. dl pagesin anode

4. thefirst N most frequently accessed pages

5. thefirst N most frequently accessed memory cells
Now let us examine some preliminary results.

I1l. MEMORY LOCALITY EXPERIMENTS USING THE
SIMULATION SYSTEM

To understand the memory behavior of parallel programs
in detail, we have tested a few applications from SPLASH2-
Benchmark suite [19] using the SMILE simulation system.
Theresults can be seenin Fig.3,4,5,6.
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Fig. 5.  Comparison of remote memory accesses with different cache
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Fig.3 gives the access cases of a few pages of the RADIX
program. The results indicate that the access pattern changes
from page to page. Some pages are accessed much more fre-
quently by the local processor while others are accessed more
often remotely. There are also pages which are frequently ac-
cessed by several processors. Hence, it isinsufficient to reduce
the analysis of an application to a single memory access pat-
tern. In order to fully analyze and understand the behavior of
an application, global and fine grain tool environments, likethe
SMiLE monitoring approach, are needed. Only thiswill enable
high layers to implement a successful optimization strategy.

Fig.4 shows the memory behavior of every page in node O
of the FFT Kernel. It is clear that for most pages remote ac-
cesses take a great proportion of the total memory accesses.
For page 5, for example, the memory access from node 1 is
94.8% while the local proportionis only 1.9%. From the test
results of the FFT Kernel we have noticed that among the total
count of 159229 memory transactions the remote proportion
was 114755 transactions, i.e. 72.1%. Asthe most timeis spent
on the communi cation the speedup of FFT on our SMiLE clus-
ter is very low when applied without any optimization. Such
information formsthe basisfor better distribution mechanisms.

Fig.5 and Fig.6 illustrate a genera picture of memory be-
haviors of the LU and the RADIX application with and with-
out caches. Both of them show that remote accesses are de-
creased with increased cache capacity. A significant reduction,
however, is only visible when comparing cached and uncached
memory. Remote accesses are therefore for some cases still
a great percentage, even if alarge cache isinstalled. For the
LU program, for example, the remote access to shared data ac-
counts for 44.5% of the total memory references made by the
program even when the cache sizeis 512K B.
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IV. DESIGNING A TOOL ENVIRONMENT ON TOP OF THE
SMILE MONITORING APPROACH

The experimentsabove clearly imply that the parallel perfor-
mance would be better when datais more rationally distributed
among processors. There are two principal ways to achieve
this goals. Theimprovement of datalocality can be made both
by the programmer and by the system. In the first case the
data locality is improved before an execution, i.e. the datais
aready placed in an appropriate processor at alocation time.
The SCI-VM offers a programmer with the possibility of indi-
cating the location of the data explicitly in the application. The
second case can be implemented with the help of atransparent
adaptive run-time system. This adaptive system collects and
analyzes the information about the low-level memory behavior
and redistributes data during the execution of a program. Data
will be migrated transparently according to the decisions of the
adaptive system. Although the decision can only be made af -
ter a certain analysis time the performance will be correspond-
ingly improved for programs which have along running time.

Inthe case when the programmer isresponsiblefor thelocal-
ity optimization avisualizer is needed to show the monitoring
information to the programmer vividly. This kind of off-line
tool offersthe programmer with well understandable statistics
of different memory access cases as well as an analysis of the
application’s memory behavior. It is expected that with help of
visualizers, the programmer can make a correct judgment on
the placement of the data.

The adaptive run-time system consists of a decision-making
and a data- and threads-migration subsystem. The decision
subsystem analyzes all memory transactions with the goal to
recognize which part of the global memory is accessed very
frequently and which part very rarely, and by which threads.
According to this analysis a decision is made on which thread
or pageis supposed to be migrated if at all. The migration sub-

system will then automatically and transparently migrate data
and threads at run-time with the help of appropriate mecha-
nismsin the underlying layers. In this case the communication
among processors will be minimized.

In some cases thread migration is necessary. From the test
results described in chapter 3 we notice that the memory be-
havior of different pages can differ within asingle application.
Thereare pagesthat are accessed frequently by only onethread
(local or remote) and there are pages that are frequently ac-
cessed by more threads. A page that is accessed frequently by
only oneremotethread should be migrated to thelocal memory
of thethread. A pagethat is accessed frequently both by alocal
thread and a remote one, however, should not be migrated and
it should be taken into consideration whether the thread should
be moved to the node in which the page lies. In case a page
is accessed often by more threads (local and remote) an addi-
tional tradeoff can be made between the option of holding it in
asingle node or replicated on every node.

The visualizer and the adaptive run-time system described
aboveare currently being devel oped within the SMiLE project.
A mechanism for mapping each memory location observed by
the monitoring system to its corresponding program data struc-
ture identifier (procedure and variable names) is being imple-
mented as well. This mechanism aims at giving the program-
mer a visualization of the program’s memory behavior in fa
miliar terms. Together with the monitoring data, the mapping
mechanism helps the programmer optimize their programs so
as to reduce the effect of remote memory accesses on perfor-
mance. For the FFT Kernel, for example, the ratio of remote
accesses to the total memory references would be decreased
from 72.1% to 19.7%, if the data are distributed rationally
among processors, e.g., the fifth page on node 0 is located on
node 1 instead of node 0, the fourth page on node 1 is located
on node O instead of node 1, etc.. Thus, the inefficiency caused
by remote memory accesses will go down very greatly.

V. RELATED WORK

InaNUMA system, the performance depends greatly on the
locality of the data distribution. It is important to know which
pages are often accessed remotely so asto improvethelocality.
Surprisingly few hardware performance monitors have been
developed. The hardware performance monitor in Computer
System Laboratory in Stanford University [10], [14] was built
for the DASH multiprocessor. It is controlled by software and
provides low-level information on software reference charac-
teristics and hardware resource utilization. The monitor hard-
ware can trace and count network events. This trace informa-
tion can be used by high-level protocolsfor adetailed analysis
of the memory access patterns and overall application behav-
iors.

The SHRIMP hardware monitor [13] can be used to keep
watch on all packets arriving at a specific node. In contrast
to our hybrid hardware monitor, it has a DRAM in the moni-



tor card to record the compl ete access histograms and run-time
measurements of a running application. Similar to the SMiLE
approach these measurements can be used to modify mutable
parts of the system hardware, to help with software develop-
ment and application tuning, and to characterize and evaluate
the behavior and performance of a prototype system.

Another trace instrument for SCl-based systems [12] has
been designed at Trinity College Dublin. This instrument en-
ables the non-intrusive monitoring of SCI interface traffic. Full
traces can be transfered later into a relational database. Users
are allowed to extend and adapt the predefined database queries
to their specific needs. This lacks, however, the run-time abil-
ity and alows no on-line mechanisms, being intended primar-
ily for offline analysis, debugging and validation.

V1. CONCLUSION

Efficient shared memory programming is one of the main
motivations of the SMiL E project. Inorder to achievethisgoal,
both the low-level technology and the high-level mechanisms
have to be taken into consideration. In this paper we discuss
principally a monitoring strategy that aims at improving the
efficiency of parallel applications through the reduction of re-
mote memory accesses.

Asmemory references happen frequently, fine-grained mon-
itoring with hardware support is required to understand mem-
ory behavior. The SMILE hardware monitor as part of the
event-driven hybrid monitoring approach provides the user
with detailed information about low-level memory transac-
tions. Based on the statistics of the observed memory trans-
actions data or threads can be redistributed among processors
with an effect of the reduction of remote memory accesses. It
is expected that system performancewill be thereby improved.
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