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Abstract

High-level parallel programming models supporting dynamic fine-grained threads in a global object
space are becoming increasingly popular for expressing irregular applications based on sophisticated
adaptive algorithms and pointer-based data structures. However, implementing these multithreaded com-
putations on scalable parallel machines poses significant challenges, particularly with respect to object
caching. Object caching techniques must be able to tolerate unresponsive processors and protocol han-
dler occupancy delays.

This paper examines whether these challenges can be offset by leveraging responsive general-purpose
communication architectural features (such as remote memory access and atomic operations), possibly
compensating for the lack of more sophisticated hardware primitives by relying upon increased involve-
ment of the run-time system and the compiler. A detailed performance analysis of four irregular appli-
cations, using the lllinois Concert System on the Cray T3D and the SGI Origin 2000, finds that existing
software distributed shared memory (DSM) systems are capable of delivering good performance only
in the presence of a high level of responsive communication architecture support (specifically, support
for remote atomic operations). Recognizing that this situation stems from the synchronous request-reply
nature of DSM protocols, we present a composable object caching framework, caledaching
which exploits knowledge of application data access semantics to construct custom protocols that re-
quire reduced processor synchronization. View caching protocols are more tolerant to responsiveness
and occupancy delays and are able to exploit even lower-level responsive communication primitives
(such as non-atomic remote memory accesses) for a performance benefit.

1 Introduction

Irregular parallel computations are increasingly being encountered in applications such as molecular dy-
namics, particle simulations, and visualization, spanning a number of engineering and scientific domains.
State-of-the-art techniques for these computations rely on sophisticated adaptive [3] and tree-based algo-
rithms [2, 18], and pointer-based data structures such as linked lists, trees, and sparse matrices. High-level
programming models supporting dynamic thread creation and multithreading [20, 5, 45, 28, 16] enable con-
venient expression of such computations by relieving the programmer from having to manage details of
thread and data structuring. These models, exemplified by several concurrent object-oriented [19, 55, 11]
and message-driven [28] languages, permit application concurrency to be expressed in terms of arbitrary
user-defined computation units and simplify implementation of pointer-based data structures by providing a
global name space.

However implementing these computations on scalable parallel machines is challenging because of the
irregular thread structure and unpredictable access pattern inherent in application algorithms and data struc-
tures. One of the key challenges is efficient object caching, which must be tolerant to both spatial and



temporal irregularity situations arising from the processor interleaving inherent in multithreaded computa-
tions. Spatial irregularity arises from unbalanced thread and data access distribution across the processors,
and results irccupancydelays where coherence requests encounter contention for processing resources
on “hotspot” nodes. Temporal irregularity arises when communication operations between processors are
unsynchronized with local computation, and resulteegponsivenesdelays where coherence request pro-
cessing is deferred until the completion of ongoing computation.

Although custom hardware support can be provided for object-level caching, our interest is in supporting
object caching on general-purpose scalable parallel machines built using commodity processing node and
network technology. In these environments, software distributed shared memory (DSM) systems are obvious
candidates for implementing object caching. Unfortunately, most existing DSM systems are poorly equipped
to handle the challenges of dynamic multithreaded computations, particularly tolerance to responsiveness
delays. Most DSM systems rely upon synchronous (request-reply) operations, modeled after hardware
cache-coherence protocols, and are implemented using message coroutining. While such protocols yield
good performance with responsive message processing (as with dedicated hardware cache controllers), they
result in large idle times when that is not the case. Even state-of-the-art DSM implementations [32, 4, 47,
26], which rely on weak consistency models to reduce coherence traffic by deferring it to synchronization
points, retain the synchronous (request-reply) nature of hardware cache-coherence protocols, and require
responsive processing for performance.

In this paper, we examine if these shortcomings of existing DSM systems can be alleviated by leverag-
ing responsive general-purpose communication architectural features (such as remote memory access and
atomic operations), possibly compensating for the lack of more sophisticated hardware primitives by relying
upon increased involvement of the run-time system and the compiler. In contrast to custom hardware solu-
tions, our approach is motivated by the observation that such general-purpose architectural support reflects a
better cost-performance choice in the design space of parallel machines, and can additionally track advances
in uniprocessor and networking technology.

We first evaluate the extent to which object caching implementations on top of existing DSM systems
can directly (i.e., without interface changes) utilize responsive communication architecture features to offset
responsiveness and occupancy challenges. To enable qualitative as well as quantitative characterizations, we
define four generic communication interface®tSG, PUT/GET, LD/ST, andCC-LD/ST—and emulate
them on two target platforms, the Cray T3D and the SGI Cray Origin 2000. These interfaces represent
discrete design points on the spectrum from pure message-passing parallel machines (such as the CM-
5), to those that provide remote memory access primitives (such as the T3D), to hardware cache-coherent
shared memory machines (such as the Origin 2000). Based on a study of four irregular parallel applications
using the lllinois Concert System on the T3D and the Origin, we find that although additional hardware
support can overcome the effects of responsiveness and occupancy delays, a high level of hardware support
is required (specifically, the presence of remote atomic operations); existing DSM systems are unable to
exploit lower-level responsive primitives, such as hon-atomic remote memory accesses.

Recognizing that these performance limitations stem from the use of synchronous protocols, we then
describe a composable object caching framework, cailed cachingwhich exploits knowledge of appli-
cation data-access semantics to construct latency-tolerant coherence protocols that require reduced processor
synchronization. View caching protocols are more tolerant of responsiveness and occupancy delays, and are
better equipped to exploit varying levels of communication architecture support; the protocols both improve
performance for a given level of hardware support, and compensate for the lack of a richer set of hardware
primitives. For each of our applications, across the spectrum of communication interfaces, view caching pro-
tocols enable a high-level dynamic multithreading expression of each application to achieve performance
comparable to the best reported in literature using low-level programming approaches.

The rest of this paper is organized as follows. Section 2 presents the concrete programming and execu-



tion context for this research, and introduces the application suite. Section 3 defines four generic communi-
cation architecture interfaces. In Section 4, we evaluate the extent to which the performance challenges of
object caching in dynamic computations can be addressed by combining existing DSM systems with higher
levels of communication architecture support. The results in this section motivate our view caching frame-
work for constructing latency-tolerant custom protocols. Section 5 describes the design, implementation,
and evaluation of the framework. Section 6 discusses related work, and we conclude in Section 7.

2 Background

This section describes the programming and execution context for the research described in this paper.
Sections 2.1 and 2.2 present the programming and computation model of a specific class of dynamic mul-
tithreaded computations—fine-grained concurrent object-oriented languages, and then briefly describe the
lllinois Concert System, an execution platform for such languages. Section 2.3 presents the performance
challenges of object caching for such computations, and Section 2.4 introduces the four irregular applica-
tions used in this study.

2.1 Programming and Computation Model

Irregular application programs (such as molecular dynamics, particle simulations, adaptive mesh refinement,
etc.) are characterized by dynamically created irregular units of work and unpredictable data access patterns
resulting from use of dynamic pointer-based structures [3, 2, 18]. These characteristics are poorly sup-
ported by the three predominant parallel programming models—data parallel, message passing, and shared
memory. Using these models, the programmer has to explicitly deal with the dynamic concurrency struc-
ture, irregular data locality, and program synchronization. In contrast, programming models based on a
dynamic thread pool operating against shared data simplify the expression of irregular parallel computa-
tions. Theshared name spa@lows programmers to build sophisticated distributed data structures without
explicit name management, adginamic thread creatiofrees programmers from explicit thread manage-
ment and synchronization, allowing the irregular concurrency to be expressed in a non-binding manner that
can later be adapted by the implementation to available parallelism. Such high-level programming models
are supported by several multithreading [20, 5, 45, 28, 16], concurrent object-oriented [19, 12, 55, 11], and
message-driven [28] languages.

In this work, we consider a specific fine-grained concurrent object-oriented language, lllinois Concert
C++ (ICC++) [11], which expresses computation as interactions among a set of autonomous communicat-
ing entities (objects). ICC++ extends C++ with concurrent statements, concurrent objects, and multiaccess
object collections.Concurrent statementsxpress non-binding concurrency by specifying a partial order
among program statements (typically, method invocations) and are declared by annotating standard blocks
and loops with theonc keyword: statements withine@onc block create logical threads that can be exe-
cuted concurrently as long as local data dependences are preseovedirrent objectprovide a consistent
interface in a concurrent environment and are implicitly supported by requiring that method invocations on
an object execute as if they had exclusive accikgtiaccess object collectiorsupport large-scale concur-
rency by defining an indexable set of element objects, each of which are aware of the collection. ICC++
extends the C++ array syntax to support collections, providing predefined methods which allow collections
to implement an aggregate behavior and interface.

Efficient execution of the above programming model on scalable parallel machines requires mapping the
logical threads across the nodes of the machine and orchestrating their data accesses. The underlying imple-
mentation maps logical threads into physical threads and interleaves processor resources among the latter
(hence the name, dynamic multithreaded execution). Threads execute, by default, on the processor where
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the target object (of the corresponding method) resides, although more sophisticated scheduling policies can
be implemented if required. Threads access data objects in a location-independent fashion: the underlying
system synthesizes a global namespace by detecting accesses to remote data objects and translating them
into communication operations. This paper focuses on an efficient implementation of the global namespace
using object caching.

2.2 lllinois Concert System

The above programming and computation models are supported by the lllinois Concert system which pro-
vides an optimizing compiler [42] and a high-performance run-time system to execute ICC++ programs.
The compiler generates C code which links with a library of run-time primitives to produce the executable.

The Concert compiler resolves interprocedural control and data flow information [42], enabling it to
specialize the generated code based on synchronization and communication features required by the com-
putation. The compiler improves the efficiency of each thread body (employing aggressive optimizations
such as method and object inlining [42, 15], procedure cloning [42], and access-region expansion [43]),
reduces context-switch overheads (by controlling the amount of state saving across context switches), and
generates code to take advantage of run-time object locality.

The Concert run-time system provides efficient primitives for messaging and thread management, as
well as higher-level mechanisms to enhance object locality and thread load-balance. The messaging primi-
tives are used to synthesize the global object name space, whose performance is improved using object lo-
cality mechanisms that dynamically cache remote objects. These object caching mechanisms form the focus
of this paper, extending our previous work on robust messaging primitives, gaileshiessaging30, 31].

The thread management and load-balancing mechanisms help to efficient interleave processing resources
among multiple threads, and have been described in detail elsewhere [31, 29]. The Concert run-time system
distinguishes itself from other multithreading run-time systems [20, 16] in providing mechanisms that incur
significantly lower overhead (an order of magnitude better than vendor-supplied communication and thread
libraries), and whose performance remains robust over the unpredictable dynamic behavior characteristic
of irregular applications. Together with the compiler optimizations, these mechanisms enable efficient exe-
cution of fine-grained concurrent object-oriented programs on scalable parallel platforms without requiring
programmer management of thread granularity, distributed name management, and initial data placement.

2.3 Performance Challenges: Responsiveness and Occupancy

The focus of this paper is on efficient object caching in the presence of two characteristics of dynamic
multithreaded computationsirregular thread structure andunpredictable data accesdrregular thread
structure is a consequence of dynamic thread cration to focus effort where most beneficial, and includes
irregularity in work distribution, granularity, and execution priority. Unpredictable data access arises from
the fact that shared object access is intertwined with the computation and may evolve as a result of it, pro-
ducing access patterns that are both unpredictable and unbalanced. The consequence of these characteristics
is that object caching mechanisms need to deliver performance that is robust over both spatial and temporal
irregularity situations arising from the processor interleaving inherent in dynamic multithreaded computa-
tions (see Figure 1 (left)). Spatial irregularity arises from unbalanced thread and data access distribution
across the processors, and produgesupancydelays where coherence requests encounter contention for
processing resources on “hotspot” nodes. Temporal irregularity arises when communication operations are
unsynchronized with local computation, and results in arbitrasponsivenesdelays where coherence re-

quest processing is deferred until the completion of ongoing computation.

Unfortunately, most existing software distributed shared memory (DSM) systems, which can be used for
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Figure 1: Spatial and temporal irregularities in implementations of dynamic multithreaded computations
(left), and their impact on idle time incurred by traditional software DSM protocols (right).

object caching, are poorly equipped to handle these challenges, particularly tolerance to responsiveness de-
lays. Most DSM systems rely upon synchronous (request-reply) operations, modeled after hardware cache-
coherence protocols, and are implemented using message coroutining. While such protocols yield good per-
formance with responsive message processing (as with dedicated hardware cache controllers), they result in
large idle times when that is not the case. Even state-of-the-art DSM implementations [32, 4, 47, 26], which
rely on weak consistency models to reduce coherence traffic, retain the synchronous (request-reply) nature
of hardware cache-coherence protocols, requiring responsive processing for performance. Figure 1 (right)
demonstrates this behavior in the context of cache miss processing of a read request using an invalidation-
based protocol. The round-trip protocol involving tfeguester, the directory, and aprevious owner
degrades in performance because of responsiveness and occupancy delays, which increase the time a pro-
cessor idles awaiting completion of a coherence operation.

One possible approach for addressing the above performance challenges is to incorporate custom hard-
ware support for object-level caching. We have adopted a different approach to address these challenges.
Our approach strives to exploit the widespread availability of general-purpose responsive communication
architectures such &8UT/GET, LD/ST, and CC-LD/ST, possibly with increased involvement from the
run-time system and the compiler. Our approach is motivated by the observation that such general-purpose
architectural support reflects a better cost-performance choice in the design space of parallel machines, and
can additionally track advances in uniprocessor and networking technology.

2.4 Application Suite

Table 1 lists the applications used in this study. Each application exhibits irregularity in data structure, par-
allel control structure, concurrency, or all three. All of these applications have previously been implemented
using either hardware support for shared memory or with explicit control of object replication and coher-
ence. At run-time, each application exhibits wide variations in thread granularity and irregular data access
patterns. The structure of each application is described below.

10One approach to avoid these delays is to have the coherence messages interrupt the destination processor. However, given
the high cost of interrupts in current-day microprocessors, this alternative precludes fine-grained sharing. An alternate approach—
improving responsiveness by increasing the frequency of polls—suffers from the limitation that their automatic placement by the
compiler requires knowledge of the program execution profile so as to offset polling overheads.



APPLICATION DESCRIPTION INPUT
IC-Cedar protein dynamu;s [56] . myoglobin
simulates protein macromolecular dynamics.
Radiosit computer graphics [54] room
y computes illumination using the hierarchical radiosity method.
i computational algebra [10]
Grébner . : ae-4
computes Gobner basis.
evolutionary history [27] .
Phylogeny determines the evolutionary history of a set of species. prim.40

Table 1: The irregular applications suite.

IC-Cedar IC-Cedar is a parallel protein molecular dynamics program that models the motion of protein
atoms in a solvent using Newton’s equations of motion. Computation proceeds in iterations with four phases:
neighbor list calculation, force calculation, motion integration, and coordinate correction. The neighbor list
calculation produces for each atom, a collection of interacting atoms that are within a spatial cutoff distance.
The force calculation phase dominates the execution time and computes forces incident on an atom because
of its neighboring atoms. Motion integration uses these forces to update atom positions, and coordinate
correction ensures validity of bond length constraints. Parallelism results from data-parallel operations over
atoms. Object caching is used to cache remote atoms within an iteration; while accesses exhibit spatial
locality, the access patterns are irregular because of the nonuniform spatial distribution of atoms.

Radiosity The radiosity method computes global illumination in a scene made up of diffusely reflecting
surfaces. Computation proceeds in iterations, computing the radiosity of a patch as a linear combination of
radiosities of patches on its interaction list (initially everyone), subdividing it or the other patches hierarchi-
cally as required to ensure accuracy. Radiosity computation requires precomputation of each interaction’s
visibility and formfactor, both of which need access to potentially remote patch state and rely on object
caching for efficiency. The iterations terminate when the change in total radiosity falls below a threshold.
The application exploits parallelism across all input patches, across child patches of a subdivided patch, and
across neighbor patches stored in the interaction list. Since patches are dynamically created, object access
patterns evolve during the computation.

Grobner This application computes the @arier basis of a set of polynomials. The algorithm starts off

with an initial basis set equal to the input set, and augments it by evaluating each pair of polynomials in
a heuristic rank order. Polynomial pair evaluation can potentially add a new polynomial into the basis,
which in turn generates additional polynomial pairs for evaluation. The algorithm completes when there
are no unevaluated polynomial pairs. The parallelism in the application arises from parallel evaluation of
polynomial pairs. Each pair creates a logical thread which accesses both the basis and polynomial objects,
relying on object caching for efficiency.

Phylogeny The Phylogeny application computes the evolutionary history of a set of species by considering
the exhibited characters. Our algorithm is based on the character compatibility method, and searches for the
largest compatible subset of characters by conducting a bottom-up traversal of the character lattice (depth-
first and right-to-left beginning with small subsets and progressing to larger subsets), asking whether or not
each subset is compatible. The algorithm maintains a failure set of subsets to facilitate pruning; each subset
is first checked against the failure set prior to invoking an external procedure. Object caching enables these
checks to be performed efficiently. Based on the result of the external procedure, either a subset is added



to the failure set, or new subsets are generated for exploration. Our parallel algorithm evaluates multiple
character subsets as independent threads.

3 Communication Architectures

To precisely characterize how underlying architectural support affects the design and performance of object
caching mechanisms, we define a common set of four interfaces that systematically cover the space of com-
munication architectures encountered in most recent and announced scalable parallel architectures. These
interfaces are described in terms of a generic node architecture consisting of a processor and memory unit
connected to the interconnection network via a network interface (NIY uFtie four interfaces differ in the
semantics of communication operations available, and data paths between the processor, the memory unit,
and the network interface. Figure 2 pictorially shows these interfaces in the context of moving data from the
source processor's memory (left) to the destination processor's memory (right):
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Figure 2: Four communication architecture interfaces.

e MSG supports a traditional send-receive messaging interface (as in the CM-5 [52]), requiring compute
processor involvement both at the source and the destination in order to accomplish data transfer.
The performance implication of compute processor involvement is that the processor needs to be
responsive to incoming communication requests.

e PUT/GET supports a remote memory access interface that allows a compute processor to directly
write to (put) and read from (get) remote memory. Such support is present on the Princeton SHRIMP [6],
the DEC Memory Channel [17], the HP Hamlyn [8], and versions of the IBM SP-x [36]. On such
organizations, data transfer alone can be achieved without remote processor involvement, which is
however, still required for atomic operations (shown by dashed lines).

2In this research, we restrict our attention to uniprocessor compute nodes.



e LD/ST also supports a remote memory access interface but differsftdMGET in supporting non-
cache-coherent stores, loads and atomic operations against remote memory. Such support is available
on the Cray T3D [14] and T3E [49]. On such organizations, both data transfer and atomic operations
can be accomplished without involving the remote processor whose responsiveness is less of an issue.

e CC-LD/ST supports cache-coherent loads, stores, and atomic operations against remote memaory, re-
ducing effective access costs. In addition, data transfer does not require active participation from either
processor: the network interface processor can directly access memory. Depending on the specific ar-
chitectural parameters, this organization can model an I/O-mapped network interface processor as in
the Myrinet network [7], or a hardware cache-coherent DSM multiprocessor with a custom protocol
processor [38, 24, 35, 37].

The above interfaces represent discrete design points on the continuum between distributed-memory ma-
chines and a completely hardware-assisted cache-coherent shared-memory machine, and provide a platform-
independent architectural context for designing caching mechanisms. However, the performance character-
istics of these designs can only be quantified on a real parallel machine that supports a given interface. To
avoid cross-platform performance comparisons, we consider two target platforms, the Cray T3D and the
SGI Cray Origin 2000, each of which permits emulation of at least two interfacesMB& PUT/GET,
andLD/ST interfaces can be emulated on both the Cray T3D and the SGI Cray Origin 2000, wi@€the
LD/ST can only be emulated on the latter. Emulations are simply a matter of assuming restricted capabilities
from the underlying hardware; for example, PET/GET interface can be emulated on the Cray T3D disal-
lowing software layers from using operations such as atomic swap and fetch-and-increment that are, in fact,
supported by the hardware. Emulating the same interface on multiple platforms enables us to factor out any
guantitative artifacts (associated with a particular platform) and focus instead on the qualitative differences
among interfaces.

4 Architectural Support for Object Caching

To understand how responsive communication architecture support impact object caching performance, we
first describe the interface and implementation of an efficient object shared memory system, the C Region
Library (CRL), and then, characterize the application performance for different levels of architectural sup-
port.

4.1 The C Region Library (CRL)

The C Region Library (CRL) [26] is an efficient implementationaifject consistengya state-of-the-art
weak consistency model for object sharing. Object consistency guarantees that the most recent updates to
a shared object are visible only at the time of object access. This allows the underlying implementation to
delay propagating updates performed by a thread until another thread accesses the same object. Examples
of systems in literature implementing object consistency include Midway [4], SAM [47], and CRL [26]. All
these systems demarcate the region in which a shared data object is accessed using program annotations.
In the context of the concurrent object-oriented programming model described in Section 2.1, methods
naturally define the extent of access to a shared object. For such a model, an object-consistent DSM system
guarantees that all updates are visible at the start of method execution.

Table 2 summarizes the CRL interface, which is used internally within the Concert run-time system to
create and access shared objects. The unit of coherence in CRL is a user-defined arbitrary length object. A
sequential object is upgraded to a shared object (which can now be cached) ugigg theeate call,



OPERATION FUNCTION
Allocation rid _t rgn _create(int size, void *obj)
Associate metadata withbj

void rgn _delete(rid 1t id)

Delete metadata

Renaming | void* rgn _map(rid _t id, int otype)
Map a region of typ@type associated with region identified into the
local address space

void rgn _unmap(void *addr)
Unmap a mapped region

Access void rgn _start _read(void *addr)
Initiate a read operation on a region
void rgn _end _read(void *addr)
Terminate a read operation on a region
void rgn _start _write(void *addr)
Initiate a write operation on a region
void rgn _end _write(void *addr)
Terminate a write operation on a region

Table 2: Summary of the object-consistent CRL interface.

whose effect is to associate a caching metadata structure with the sequential objegh Idwstroy call
disassociates this metadata structure. The rest of the CRL interface decouples the two components of caching
—renaming and coherence. Tigg®n _mapandrgn _unmap calls are responsible for explicitly mapping and
unmapping the shared object into the local address space, thereby providing renaming. Each access to the
mapped object must be enclosed witihgn _start _{read,write  } andrgn _end _{read,write  }

calls. These calls trigger coherence actions, ensuring that write operations against the region are delayed
until all reads have completed, and that no reads proceed until the ongoing (single) write has finished.

4.2 CRL Implementations

Renaming and coherence actions in CRL are implemented using a coroutining approach. Renaming involves
a hash-based lookup scheme to resolve mappings between global region identifiers and the corresponding
local objects. Coherence actions rely on an invalidation-based directory protocol. The directory information
for a shared region is maintained on a distinguished processonothe Access requests that cannot be
satisfied locally result in requests to the home node, which invalidates conflicting copies and updates the
directory information prior to forwarding an updated copy of the region to the requesting node.

The CRL implementation can take advantage of different levels of communication architectural support
as described below (see Figure 3):
MSG. The CRL implementation for thISG interface uses messages for implementing coherence actions.
The underlying messaging infrastructure is based upon the Fast Messages [41] library, which implements
an active-messages [53] like interface, and incorporates robust pull messaging [31] mechanisms which are
virtually insensitive to output contention. Message handlers contain the protocol code. Given the emphasis
on efficient support for fine-grained software DSM and the large relative costs of interrupts on both our
target platforms, explicit polling is used to receive coherence messages. The protocol polls the network on
every coherence operation.
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PUT/GET. The CRL implementation for thBUT/GET interface retains essentially the same structure as

the MSG implementation with two exceptions. First, data transfers use the remote memory access capa-
bilities. Second, synchronization between the home node and the requester is achieved via remote stores,
thereby reducing synchronization costs. Researchers of page-based DSM systems [34, 23] have also pro-
posed using remote stores to implement a write-through behavior in the cache. While doing this has a large
payoff for page-based DSM systems since it enables support for multiple writers without a complicated
diff-based protocol, it makes less of a difference for fine-grained DSM systems where data transfer makes
up only a small fraction of the overall miss processing cost.

LD/ST. The CRL implementation for theD/ST interface executes all protocol code on the requesting
node taking out locks as appropriate to update directory state at the home node and to invalidate remote
copies. Unlike theviSG andPUT/GET cases, the directory is treated as a distributed structure which can

be manipulated by any processor. Protocol events just become function calls. On the T3D, the remote data
structures are accessed using uncached loads and locking is implemented using the atomic swap option. On
the Origin, the remote data structures are accessed using cached loads and locking is implemented using
the hardware fetch-and-op support. As with BlIdT/GET implementations, data transfer is implemented

using remote memory access capabilities. Protocol invariants are used to minimize the amount of state
which needs locking, but the flip side is that even accesses to local regions need to be protected by locks.
These implementations have the advantage that they minimize occupancy of nodes other than the requester
(requiring their involvement only to the extent required for servicing remote load and lock requests), but the
improvement comes at the cost of increased overhead in protocol code due to nonlocal state accesses.

CC-LD/ST. The CRL implementation on theC-LD/ST interface builds upon hardware cache-coherence
support which maintains cache-line consistency at the level of individual load and store operations. Note that
implementing the CRL interface requires more than just word-level cache coherence support: the implemen-
tation must ensure that all accesses withigra_start _{read,write  } andrgn _end _{read,write  }

pair complete atomically. The implementation essentially consists of a simple access control protocol for
each object that allows exclusive access to writers of the region and shared access to readers. Data transfer
relies completely on the underlying cache-coherence support. While an ideal implementatiorC@f-the
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LD/ST organization would execute the entire protocol on a dedicated hardware unit (outside the compute
processor), we approximate it by moving all but the access control portion of the protocol into hardware.

Cray T3D SGI Origin 2000
| VERSION | LATENCY | OVERHEAD | OccCUPANCY | LATENCY | OVERHEAD | OCCUPANCY

Read clean copy (8 bytes)

MSG 495] [24.6,15.6,-]] [24.6,15.6,-] 171] [10.8,6.2,-]] [10.8,6.2,]
PUT/GET 26.3 [8.7,10.1, ] [6.7,10.1, -] 15.1 [7.0,7.1,-] [7.0,7.1,-]
LD/ST 28.5 [28.5,— [0.1,0.1, -] 41 4.1,- [0.1,0.1, -]
CC-LDIST 1.6 [1.6,— [0.1,0.1, ]
Write with 1 invalidate (8 bytes)

MSG 92.1] [22.2,46.0, 12.7] [22.2, 46.0,12.7] 36.2] [15.2,12.6, 8.7] [15.2, 12.6, 8.7]
PUT/GET 60.2| [5.9,23.8,14.2] [5.9 23.8,14.2] 31.6| [6.0, 13.6, 10.7]| [6.0, 13.6, 10.7]
LD/ST 743 [74.3,—, ] [0.1,0.1,0.1] 10.1 [10.1,—,-]| [0.1,0.1,0.1]
CC-LD/ST 2.2 2.2,—.-]| [0.1,0.1,0.1]

Table 3: Primitive object sharing operations on the Cray T3D and SGI Origin 2000 (all cost}. iDver-
head and occupancy costs are split into [requester, directory, remote node] components.

Table 3 shows measured costs on the Cray T3D and the SGI Origin 2000 in each of these implementa-
tions for two primitive operations: reading a clean 8-byte region, and writing an 8-byte region that involves
the invalidation of one shared copy. The operation costs are organized into three major categories: latency,
overhead, and occupanciatencyis the elapsed time between initiation and completion of the operation.
Overheadis the amount of time spent on the operation by each participating processor and is separated
into components at the requester, the directory (home), and the remote @mdepancys the time when
a node is unavailable to process coherence requests meanthéowobjects (due to end-point contention
effects), and is also split into requester, directory, and remote node components. The occupancy is the
same as the overhead when processor participation is needed to complete a coherence action. The following
observations can be drawn from the data in the table:

e Our implementations on the four communication interfaces are competitive with the best reported in

literature [26, 47, 46].

e The MSG implementation incurs the highest costs, attributable to the least hardware support, and
additionally requires participation of the requester, home node, and remote processors indicating that
their responsiveness is critical for performance.

e The PUT/GET implementation benefits from remote memory access support, improving costs over
the MSG implementation, but still requires responsiveness for performance.

e TheLD/ST implementation exhibits the benefits of remote atomic operations. The primary advantage
is that only the requester is involved in any coherence action, implying that performance does not
depend processor responsiveness or occupancy. On the T3D, the primitive costs are actually higher
than thePUT/GET implementation because of the overheads associated with uncached remote loads;
the Origin implementations do not show this behavior.

e The CC-LD/ST implementation shows the advantages of shifting most of the protocol actions into
hardware. As with th& D/ST implementation, this implementation is also less sensitive to processor
unresponsiveness and occupancy.

Thus, object shared memory implementations for different communication architecture interfaces ex-

hibit several qualitative and quantitative differences. In the remainder of this section, we examine what
impact these differences have on overall application performance.
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4.3 Application Performance

Figures 4-7 show the performance achieved by each application on the Cray T3D and the SGI Origin 2000
for different communication interfaces. Each figure consists of speedup plots and histograms showing the
breakdown of execution time into four componertsmputeoverheadcoherenceandidle time. Compute

time is the time spent on actual computation. Overhead time reflects the cost of Concert run-time operations.
Coherence time represents the overheadgrof start _{read,write  } andrgn _end _{read,write  }
operations. ldle time reflects the time a processor spends awaiting the completion of a coherence operation.
For theLD/ST andCC-LD/ST interfaces, these correspond to the time spent spinning on various locks. To
facilitate direct comparison of bar heights, each graph shows all times normalized with respect to the fastest
computation time for the given number of processors. For each application, the run-time system polls for
messages on each coherence operation and on a logical thread dispatch. In addition, the compiler inserts
poll statements on loop back edges.

The applications can be grouped into two categories based on whether or not they achieve different
speedups on different architectural interfaces. The first category consists of IC-Cedar and Radiosity, and the
second category consists ofdbrier and Phylogeny.

IC-Cedar (Figure 4) and Radiosity (Figure 5) benefit from increased levels of architectural support as
shown by the improvement in performance using ¥ST and CC-LD/ST interfaces as compared to
the MSG and PUT/GET interfaces. However, these applications show negligible improvement with the
PUT/GET interface as compared to ttSG interface. The primary factor limiting speedup is the idle
time component of execution time, arising from the responsiveness and occupancy delay&I TIGET
interface is not able to take advantage of its responsive data transfer capabilities because supporting the
object-consistent DSM protocol on top of this interface requires remote processor involvement (see Table 3).
In contrast, idle time constitutes a negligible fraction of the overall execution time for bottDH&T and
CC-LD/ST interfaces. The reduction stems from the fact that, on these interfaces, DSM protocols can be
implemented without remote processor involvement because of support for remote atomic operations. The
consequence is that application speedups on these interfaces are much better. The one exception is the per-
formance of IC-Cedar on the Origin; here, speedups are limited by the overheads of software access control.
Note that on the T3D, the idle time reduction on tHa/ST interface is even able to overcome the perfor-
mance disadvantages of larger coherence overheads. Radiosity performanc€OHRIDEST interface for
16 nodes on the Origin suffers because of additional locking and coherence overiiaperformance
results on these two applications indicate that communication architectural support must exceed a certain
threshold of capability (more specifically, include remote atomic operations) before existing DSM protocols
are able to exploit it for a performance benefit. This conclusion is also supported by an examination of how
hybrid page-based DSM systems such as AURC [23] and Cashmere [34, 51] make use of hardware support
for remote memory access.

On the other hand, the Goher and Phylogeny applications (Figures 6 and 7) achieve virtually the
same performance on all interfaces with the exceptioB@fLD/ST. These applications demonstrate that
the mere availability of low overhead, responsive architectural support as RIUMEGET andLD/ST ar-
chitectures is inadequate to achieve high performance for dynamic multithreaded computations. A closer
examination of Gobner and Phylogeny shows that the poor performance results from processor idle times as
well; however, the cause for these idle times are different than for IC-Cedar and Radiosity. In these applica-
tions, idle time results from the serialization between readers and writers enforced by the invalidation-based
object-consistency protoctllt must be noted that the application semantics themselves do not require this

3TheCC-LD/ST version of each application assumes it is operating in a single shared address space, improving cross-processor
data access costs at the cost of requiring method-level locking for correct execution. In conttdSGHRUT/GET, andLD/ST
versions work with an address space per processor, eliminating the need for these locks.

“Reducing the coherence granularity or adopting a multiple-writer protocol would not alleviate this problem because the reads
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Figure 4: Performance of the IC-Cedar application using object-consistent DSM protocols.
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serialization: because of the underlying algorithms, basis accesseslmesrand failure set accesses in
Phylogeny can proceed concurrently with updates. One approach for reducing these idle times is to re-
structure the application so that shared structures are locked at smaller granularity. In addition to the fact
that such restructuring requires programmer involvement, shrinking the lock granularity increases run-time
system overheads that outweigh any potential benefits.

4.4 Summary

Our application studies show that just the availability of low-overhead responsive communication architec-
ture support is inadequate to improve object caching performance using existing DSM protocols in dynamic
multithreaded computations for two reasons. First, because existing DSM protocols exhibit different sen-
sitivity to responsiveness and occupancy as a function of the underlying interface, a relatively high level
of communication architecture support (specifically, the availability of remote atomic operations as in the
LD/ST interface) is required to yield performance benefits. Existing protocols are unable to utilize inter-

faces such aPUT/GET for a performance advantage. Second, existing protocols, even those supporting
weak-consistency models, provide more restrictive semantics than may be required by the application.

5 View Caching: Latency-Tolerant Coherence

The high level of hardware support required by existing DSM protocols and their mismatch with application
semantics motivategiew caching a framework for the construction of latency-tolerant custom coherence
protocols that require less synchronization among participating processors, and hence are more tolerant
to unresponsive processors and unbalanced sharing. Because of the reduced synchronization, these proto-
cols deliver good caching performance for dynamic computations even with reduced levels of architectural
support. We present in turn, the rationale behind view caching, the view caching framework, and its imple-
mentation and performance.

5.1 Rationale

Existing DSM techniques utilize synchronous (request-reply) protocols because they initiate coherence ac-
tions at the level of accesses to memory steitbout utilizing any higher-level semantic information about

the access Consequently, most implementatioig conservatively define object copies to be consistent

only if they reflect identical stat¢ji) maintain globally accessible information (thectory) about object

state and its copie;ii) query this information prior to satisfying an access request(andonservatively
invalidate or update conflicting copies before granting access. While such coupling of activities across dif-
ferent processors does not degrade performance for hardware cache coherence protocols with responsive
cache controllers, this is not the case for a software DSM system. Coupling activities on processors that are
unresponsive to coherence messages degrades performance due to an increase in processor idle times.

Our solution exploits application knowledge, either provided by a programmer or inferred by the com-
piler, to supply information both about what it means for object copies to be consistent, and how object
coherence is implemented. The application knowledge helps relax the consistency requirements (as com-
pared to object consistency) by dictating the required visibility of updates. In addition, such knowledge
provides global information about the states of object copies, enabling construction of optimized protocols
that do not need to query the directory. In our programming context, custom protocols can be naturally
attached with methods and refer to object “views”, the subset of object state accessed by a method. Custom

and writes are to the same locations.
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protocols can broadly be classified into three categories, distinguished by how the consistency of the corre-
sponding view is coupled with the state of the home node copy. A view cagrtmronousasynchronous

or detached Synchronous views are tightly coupled with the home node copy: all object views have state
identical to that at the home node. Asynchronous views are loosely coupled: object views differ for a period
of time but eventually become consistent. Finally, detached views have no coupling with the copy at the
home node: they are essentially a snapshot of the current state there.

5.2 View Caching Framework

The view caching framework defines composable primitives for building synchronous, asynchronous, and
detached custom protocols that exploit application knowledge of data access semantics to reduce the required
coherence actions. Unlike conventional software DSM systems which apply a single monolithic protocol for
all accesses, view caching distinguishes among three compoaené&ss-grant  refers to the processing
required to satisfy the requested access, including revoking previously granted access;revoke

disables further use of a cached copy, aada-transfer transfers object state between processors.
Figure 8 shows these protocol components in the context of handling a write miss. The write miss results
in a request to the home node, which in turn sends an invalidation request to a remote cache node holding a
shared copy. The remote node acknowledges the invalidation request, either immediately or when it is safe
to revoke access. The home node then changes directory state to reflect the new owner and transfers object
state to the original requester.

requester home other

lq\t>

access-grant
decision?

- requester / home
invalidate?

- never / always / conflicts l invalidate

dir _update? \

- none / async / sync l

‘y

data-transfer

initiator?
- requester / home

access-revoke
initiator?

- home / self
ack_reqd?
-yes/no

Figure 8: View caching protocols are constructed by composing customized implementations of three com-

ponents:access-grant , access-revoke , anddata-transfer

. Components are customized by

specifying values for a set of parameters to select from among a predefined set of implementations.

Custom protocols are built from the view caching primitives by assembling customized implementations
of the three components. Knowledge of application data access semantics drives this customization, focus-
ing particularly on decreasing message traffic and required synchronization. As we shall see later, reducing
synchronization is key to leveraging the low-overhead responsive communication mechanisms that consti-
tute the communication architectures discussed earlier. To keep protocol variety manageable, the compiler
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selects from a predefined set of component implementations by specifying values for a small set of parame-
ters:

e access-grant is customized in terms of three parametekscision?, invalidate?, anddir_update?.
Thedecision? parameter controls whether the access-granting decision is performed on the requester
(in detached and asynchronous protocols), or at the home nodenvihdate? parameter controls
whether invalidation of existing copies is unnecessary (in asynchronous and detached protocols), al-
ways required (when it can be inferred that current access does conflict with all existing copies), or
required only on conflicts (in synchronous protocols). @heipdate? parameter controls whether
directory state update as part of granting the access request is unnecessary (in detached protocols),
can be done asynchronously (in asynchronous protocols), or requires an acknowledgement.

e access-revoke is customized using two parametersitiator? and ack reqd?. The initiator?
parameter determines whether access to a cached copy is revoked voluntarily (in asynchronous pro-
tocols) or on demand by the home node. In the latter casecteqd? parameter controls whether
an acknowledgement is required or is unnecessary (in asynchronous protocols).

e data-transfer depends upon one parametigitiator?, which determines whether the transfer
is initiated by the requester (in some detached and asynchronous protocols), or requires home-node
involvement. The former can benefit from advanced network support such as remote memory access.

Custom protocols are constructed by setting appropriate values for the above parameters. For example,
if a program phase only consists of readers with no concurrent writer, an asynchronous custom protocol
can be built which resolvesccess-grant  on the requester asynchronously recording the readets (

sion?= requesterinvalidate?= never,dir_update?= async), sets up the copies for synchronous invalidation in
access-revoke  (initiator?= home,ack reqd?= yes), and relies on requester-initiatdata-transfer

(initiator?= requester).

5.3 Prototype View Caching Implementation

For our prototype implementation, we instantiate the view caching framework to implement a suite of six
custom coherence types which span the spectrum from synchronous to detached views (see Table 4). Of
these, four are for reading viewREADSYNGC READASYNCREADSELF INV, andREADCONSTAN)T

and two for writing WRITESYNCandWRITEALONB. The choice of the coherence types was guided by

the requirements of applications described in Section 2.4. These coherence types are described below.

1. READSYNCis the baseline read view, which improves over reading the entire object by eliminating
false sharing. The coherence protocol obtains a synchronous view, makiagdbss-grant
decision on the home node while invalidating any conflicting copies via a synchronous protocol. Data
transfer is home-initiated once it ascertains that the current object copy has up-to-date state.

2. READASYNCutilizes application knowledge that the accessed object state subset is currently con-
sistent and either is not going to be concurrently updated, or that out-of-date values are permissible.
This allows the protocol to infer that the current access does not conflict with any existing copies,
and that invalidation requests for the current copy will not appear until the end of the phase. The
custom protocol obtains an asynchronous view which res@eesss-grant  on the requester,
asynchronously records the requester as a reader to permit subsequent invalidation (if required), and
relies on requester-initiatedata-transfer . Asynchronous views are invalidated on global syn-
chronization points.
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Table 4: Library of view coherence types, their description, and the corresponding coherence protocol components.




3. READSELF_INV utilizes application knowledge that the accessed object state subset is currently
consistent and will remain so until the next synchronization point. This allows the protocol to infer
that the current access does not conflict with any existing copies, and that invalidation requests will
appear at the end of the phase. The custom protocol obtains a detached view, relying on requester-
initiated access-grant  and data-transfer , and requiring home node involvement only for
data transfer as long as each processor invalidates all cached copies at the next synchronization point.

4. READCONSTANTtilizes application knowledge that the accessed object state subset is currently
consistent and will continue to remain as such. This allows the protocol to infer that the current access
does not conflict with any existing copies, and that no invalidation requests will be forthcoming. The
custom protocol obtains a detached view that requires home node participation only for data transfer.

5. WRITESYNGs the baseline write view which improves over writing the entire object by eliminating
false sharing. The coherence protocol obtains a synchronous view, makiagddgs-grant
decision on the home node while invalidating any conflicting copies via a synchronous protocol. Data
transfer is home-initiated once it ascertains that the current object copy up-to-date state.

6. WRITEALONEutilizes application knowledge that the accessed object state subset is currently con-
sistent and not being read concurrently by anyone. This allows the protocol to infer that the current
access does not conflict with any existing copies, enabling a custom protocol for obtaining a detached
view which requires home node involvement only for data transfer as long as the requester flushes its
modifications to the home node upon completion.

The above protocols utilize different communication architectures in identical fashion to the base CRL
protocol described in Section 4. In addition, thata-transfer component in four of the protocols
(READASYNCREADSELF.INV, READCONSTANTandWRITEALONBE protocols can take advantage
of thePUT/GET interface, completing data transfer without involving the home node. Also, the invalidation
requests sent by theREADASYNCprotocol do not require acknowledgments: an asynchronous protocol
suffices because reader information is required only after a program synchronization. The implication of
reduced home node involvement, asynchronous protocols, and one-sided communication operations is that
view caching protocols are less sensitive to processor responsiveness and large protocol handler occupancies.

Primitive operation costs Table 5 shows measured costs incurred by an asynchroRESOASYNG

and a detachedREADSELF_INV) view coherence type for the four communication architectures. We re-
strict our attention to the read operations since they benefit most from the custom protocols. In the tables, the
READASYNCGandREADSELF_INV implementations are labeled using teSYNC and-SELF suffixes.

The READASYNGprotocol incurs significantly reduced costs on BIET/GET interface because the
requester-initiated data transfer can be achieved without home node involvement. The quantitative differ-
ences between the T3D and the Origin result from differences in the hardware support for “gets”. On the
T3D, remote loads incur high costs (relative to remote stores), while on the Origin, remote loads actually
incur fewer network round-trips than remote stores because of the underlying cache-coherence protocol.

TheREADRSELF_INV protocol improves performance on b&®WT/GET andLD/ST interfaces, bene-
fiting from the complete elimination of home node involvement. As the occupancy costs show, this protocol
is immune to all remote processor activity.

However, Table 5 does not show an important qualitative difference between the b&EADASYNC
andREADSELF_INV protocols on all architectural interfaces: the latter two protocols require participation
of only the home node (if at all), even when another processor holds a modifiable copy of the object. Con-
sequently, their asynchronous nature and reduced synchronization requirements are expected to contribute
to a bigger performance gain, a fact verified by the application studies.

19



Cray T3D SGlI Origin 2000
| VERSION LATENCY | OVERHEAD | OCCUPANCY | LATENCY | OVERHEAD | OCCUPANCY
Read clean copy (8 bytes)
MSG 495 [24.6,15.6, ]| [24.6, 15.6, -] 17.1] [10.8,6.2, ]| [10.8,6.2, -]
MSG-ASYNC 59.8 | [28.8,15.6, ]| [28.8, 15.6, -] 16.4| [10.4,5.5, ]| [10.4,5.5, ]
MSG-SELF 51.7| [26.3,16.2, ]| [26.3,16.2, -] 16.7 | [11.0,5.2,-]| [11.0,5.2,-]
PUT/GET 26.3] [8.7,10.1,-]] [8.7,10.1,] 151] [7.0,7.1,-]] [7.0,7.1,]
PUT/GET-ASYNC 346 [29.9,7.2, 4| [29.9,7.2,1 32| [3.0,01,-]] [3.0,0.1,-]
PUT/GET-SELF 19.6| [19.6,— ]| [19.6,— -] 32| [3.0,— [3.0,— -]
LD/ST 285| [285,-, ]| [0.1,0.1,-] 41| [41,--]] [0.1,01,]
LD/ST-ASYNC 305| [305,- -] [0.1,0.1,] 29| [29.--] [01,01,]
LD/ST-SELF 204| [20.4,— ] [0.1,— -] 28| [2.8,— ] [0.1,— -]
[ CC-LD/ST | | 16] [16,—-]] [0.1,0.1,]

Table 5: Primitive object sharing operations for two view coherence types on the Cray T3D and SGI Ori-
gin 2000 (all costs inus). Overhead and occupancy costs are split into [requester, directory, remote node]
components.

5.4 Application Performance
5.4.1 Use of View Caching Protocols

Table 6 lists the custom protocols used in each application and identifies the enabling behavior. Custom
protocols are enabled by concurrency and side-effect analysis of the program, which allows the programmer
or compiler to infer, for each view, the required consistency semantics. These analyses identify which
program fragments are concurrently active and the object side-effects in these phases. For this study that
focuses on how custom protocols complement communication architecture support, we have assumed that
a programmer provides the custom protocols. However, the application behavior described in Table 6 can
also be automatically obtained by a compiler using aggressive interprocedural concurrency [39, 25] and
side-effect [40, 13] analyses. These analyses identify, first, the fragments of thread code that are likely to
execute concurrently, and then object views and associated protocols that satisfy the coherence requirements
of these fragments.

Overall, the custom protocols enable three kinds of optimizations over the base DSM protocol:

1. As exemplified by the IC-Cedar, Radiosity, ancdf@nér applications, threads can work with object
views that are inconsistent at the object level, but consistent with respect to the subset of object state
that is accessed by the thread.

2. As exemplified by th&VRITEALONEprotocol in the Phylogeny application, protocol actions can be
optimized by taking into account the concurrent activities that are possible.

3. As exemplified by the use ®EADSELF_INV andREADASYNGQprotocols in Radiosity, Gahner,
and Phylogeny, a race in the application specification can be exploited to permit controlled inconsis-
tency in object views. This has the effect of both reducing the number of invalidations as compared
to the base protocol, and more importantly, permitting overlap of read accesses with updates.
Note that in addition to reducing the coherence traffic requirement of each application, the custom
protocols make it possible to effectively exploit different levels of communication architecture support.
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APPLICATION WHERE APPLIED PROTOCOLTYPE AND ENABLING BEHAVIOR

IC-Cedar read access to atom objects|tREADRSELF_INV
retrieve position fields exploits application semantics that position fields get
updated every iteration
Radiosity read access to patch object b READCONSTANT
visibility thread to retrieve exploits application semantics that access is to patch
patch geometry state that will remain unchanged

read access to patch object pbREADRSELF_INV

other threads to retrieve patchexploits application semantics that because the
radiosity specification allows a race between accesses and
updates to patch state in the current iteration, the acgtess

need only be consistent up to the last iteration
Grébner read access to polynomial | REARDCONSTANT

objects exploits application semantics that polynomial object

are not modified after creation
read access to basis object | READASYNC

exploits application semantics about a race between
basis accesses and updates, permitting accesses to

proceed with an out-of-date copy
Phylogeny read access to failure set foy READSELF_INV

checking subset property exploits application semantics about a race between
accesses and updates to the failure set, permitting

accesses to receive an inconsistent copy
write access to failure set fof WRITEALONE

augmenting it with a new exploits application semantics that there is at most one
character subset concurrently active writer

[2)

Table 6: Application behavior which enables use of custom view caching protocols.

5.4.2 Performance Impact of View Caching Protocols

Figures 9-12 show the application speedups and execution time breakdowns achieved using custom view-
caching protocols. The performance of the base DSM protocols are also shown for comparison.

The overall trend across all communication architectures is that custom protocols significantly improve
application performance. In fact, using these protocols, the dynamic multithreading expression of each
application achieves performance comparable to the best reported in literature [22, 50, 10, 27] using lower-
level approaches that either rely on a high level of hardware support, or explicitly manage object replication
and coherence. For the Radiosity and@rér applications, performance on communication architectures
without cache coherence actually exceeds that oil€thd.D/ST architecture; the latter requires additional
locking and coherence overheads that are avoided in the former. For IC-Cedar and Phylogeny, performance
on non-cache-coherent architectures is limited by the software overheads of access control, a situation that
can be alleviated using finer grained access control methods [48, 46].

The performance improvements stem from dramatic reductions in the idle time and coherence overheads.
A detailed analysis of each application (measuring overheads of individual operations) shows that these
reductions stem from three principal reasons:

1. idle time reduction in all applications arises from the use of asynchrofREADASYNQG and de-

tached REARDCONSTANTREADSELF.INV, and WRITEALONRE protocols that reduce remote
processor involvement and synchronization,
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Figure 10: Performance of the Radiosity application using view caching protocols.
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Figure 11: Performance of the @irier application using view caching protocols.
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Figure 12: Performance of the Phylogeny application using view caching protocols.
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2. coherence overhead reductions in Radiosity and Phylogeny stem from the use of detached views
(READCONSTAN,JREADSELF.INV, andWRITEALONB and elimination of false sharing, and

3. alarge portion of the idle time reductions indBrier and Phylogeny are due to reduced concurrency
control delays. These reductions come about because view caching protocols permit overlap of de-
tached read views with modifications to a shared object.

In Grobner and Phylogeny (Figures 11 and 12, performance also improves because of a reduction in the
compute time component. While this may appear counter-intuitive, note that these two applications permit
non-deterministic execution (for polynomial-pair evaluation and subset checking respectively) even though

the final result is deterministic. In both cases, the amount of redundant work that is performed is influenced

by the delay in updating the basis or the failure set. View caching protocols reduce this delay by permitting

overlap of updates with ongoing reads.

Looking at how the performance impact of view caching protocols varies as a function of the com-
munication architecture interface, we find that improvements are smallest dhSBeinterface. This is
explained by the fact that on thdSG interface, home node involvement is still required. The largest im-
provements arise for theUT/GET interface, where requester-initiated data transfer can be implemented
using hardware primitives. As the performance of IC-Cedar and Radiosity show, unlike the base DSM pro-
tocol, view caching protocols can take advantage of even reduced hardware support such as provided by the
PUT/GET interface. On th&D/ST interface, applications that rely more on detached protocols (IC-Cedar)
and those that benefit from read-write overlapdi@rér and Phylogeny) show the largest improvement. On
Radiosity, the magnitude of performance improvement is limited by the fact that the base protocol can also
take advantage of the richer communication architecture features.

It is also interesting to observe the performance impact of view caching protocols across the range of
architectures. Application measurements on both the T3D and the Origin show that custom protocols on
a particular communication architecture achieve performance parity with base protocols on a more sophis-
ticated architecture, suggesting that customizing protocols using knowledge of application semantics can
compensate for a lack of hardware support.

5.5 Summary

View coherence protocols take advantage of application knowledge to decouple processor activities and
reduce synchronization, improving application performance across a range of communication architectures.
These performance advantages are also available on simpler communication architecturesM8€h as
andPUT/GET and arise from qualitative advantages of the protocols (less synchronization and processor
coupling), persisting despite higher per-operation costs as on the T3D. Thus, view caching protocols can
be considered as either maximizing the utility of a given level of communication architecture support, or
permitting a particular level to be used in lieu of a higher level of support.

6 Discussion and Related Work

This paper has examined how general-purpose communication architecture support, which is available in
several current and announced parallel machines, can be combined with a novel object caching run-time
mechanism, called view caching, to deliver high performance for dynamic multithreaded computations.

The study originated with the observation that object caching in dynamic multithreaded computations is
poorly supported using existing software DSM systems on parallel platforms that do not provide hardware
cache coherence. One approach for addressing these shortcomings is to include custom hardware support for
object caching, potentially building on hardware support for cache-coherence in flat address spaces [38, 1,
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44, 24]. Instead, we have adopted an approach that strives to leverage general-purpose architectural support,
possibly compensating for the lack of hardware primitives by relying upon increased involvement of the
run-time system and the compiler. Our approach is motivated by the observation that such general-purpose
architectural support reflects a better cost-performance choice in the design space of parallel machines, and
can additionally track advances in uniprocessor and networking technology.

Supporting shared memory in software, relying only on general-purpose hardware support is an area
that has been studied by several researchers. Related previous research can be classified into three broad
categoriesweak consistency modge#gpplication-specific protocol customizaticandhardware-augmented
DSM systems

Weak consistency models Several researchers have proposed weaker consistency models in the context of
both page-based and object-based DSM systems. In the first category are consistency models such as release
consistency, lazy release consistency [32], and message-driven release consistency [33], while examples of
the latter include several variants of entry consistency used in the Midway [4], SAM [47], and CRL [26].
These models reduce required coherence traffic by deferring all coherence actions to synchronization points,
but still rely on request-reply protocols mandating prompt servicing of coherence requests. As our evaluation

of object-consistent DSM in Section 4 demonstrates, while these protocols yield good performance for
regular applications, their use of synchronous request-reply protocols shows high sensitivity to processor
unresponsiveness and protocol handler occupancy in the context of dynamic multithreaded applications.
The latter degrades performance on communication architectures sM3®&andPUT/GET.

Application-specific protocol customization Systems such as Munin [9] and Tempest [21], which allow
application-specific customization of coherence protocols, are most similar to our view-caching approach.
Munin allows custom coherence actions for shared regions by selecting among a set of predefined coher-
ence protocols that reflect common application-sharing scenarios. The Tempest approach is more general,
permitting an arbitrary user-defined handler to be invoked to service an access request. View caching is very
similar to these systems, yet there are important differences. Unlike Munin which permits all accesses to
an object to the same coherence policy, our approach permits customization at the granularity of use (i.e.,
the view). As our application results show, treating each view as an independent coherence unit provides
additional opportunities for optimization. Our approach is similar to, but significantly more general than,
the support for chaotic accesses in SAM [47]. An additional distinction is that view caching primitives were
chosen based on their suitability for being composed into protocols with reduced synchronization require-
ments. Such protocols are important for efficient object caching in dynamic multithreaded computations,
and are able to effectively exploit different levels of communication architecture support.

Hardware-augmented DSM systems This design of DSM protocols to complement higher levels of
communication architecture support becoming available in current-day networks is most similar to the
AURC [23] and Cashmere [34, 51] projects. The similarity is that both sets of systems attempt to uti-
lize hardware support for remote memory access to complete a coherence action on the requester, avoiding
home-node processing bottlenecks. As our results in Section 4 show, such approaches require support for
remote atomic operations as a prerequisite and are not nearly as effective with lower levels of support as in
a PUT/GET interface. The primary difference of our approach is that it provides a framewaork for incor-
porating application-specific coherence semantics to altogether avoid coherence actions on remote nodes,
thereby permitting effective use of even lower levels of communication architecture support.
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7 Conclusion

This paper describes a composable object caching framework, called view caching, for dynamic multi-
threaded computations, which combines availability of responsive communication architecture support in
current-day parallel machines with knowledge of application data-access semantics to construct custom
protocols that deliver performance robust over unresponsive processors and protocol handler occupancy
delays.

The view caching framework is motivated by application studies, using the lllinois Concert System on
the Cray T3D and the SGI Origin, which show that existing software DSM systems require a high level
of communication architecture support (remote atomic operations) for good performance; such systems are
unable to take advantage of lower-level responsive primitives such as non-atomic remote memory access.
In contrast, view caching protocols are better able to exploit varying levels of communication architecture
support; the protocols both improve performance for a given level of hardware support, and compensate for
the lack of a richer set of hardware primitives. These protocols enable high-level dynamic multithreading
expressions of applications to achieve performance comparable to the best reported in literature using low-
level programming approaches.
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