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ABSTRACT OF THE DISSERTATION

Hierarchically Managed Reliable
Distributed Shared Memory Multicomputers

by

G. Janakiraman
Doctor of Philosophy in Computer Science
University of California, Los Angeles, 1997

Professor Yuva Tamir, Chair

Distributed Shared Memory (DSM) Multicomputers offer the advantages of the
shared memory programming model on high-performance, scalable hardware. DSM
implementations must not limit scalability or introduce performance bottlenecks. The
reliability requirements of large DSM multicomputers can only be met using fault

tolerance techniques.

Most DSM implementations manage memory and coherency at a single
granularity of fixed size pages, resulting in unnecessary network traffic due to false-
sharing, or of cache blocks requiring unacceptably large mapping tables to map large
address spaces. We propose hierarchica management as a solution where mapping
and transfer occur at the block level only when the page is actually shared. When
pages are not shared, they incur the same mapping overhead as uniform page-level
schemes. Performance evaluation based on detailed execution-driven simulation has
shown that hierarchical management significantly outperforms page-level
management, and performs nearly as well as block-level management, while using

much smaller mapping tables, on real applications.

XX



Error recovery schemes previously proposed for DSM systems checkpoint or log
data at every process communication, leading to unnecessarily high checkpointing
frequency or logging overhead, and associated network traffic. Such approaches are
not suitable for scalable systems intended for communication-intensive applications.
Efficiently implementing the lower overhead error recovery approach based on
coordinated checkpointing and rollback on DSM multicomputers presents several
challenges. We solve these problems and implement this approach for the DSM
multicomputer. Our performance evaluation indicates that coordinated checkpointing
and rollback incurs less checkpoint traffic than recovery schemes previously proposed

for DSM systems.
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Chapter One
| ntroduction

Distributed Shared Memory (DSM) Multicomputers have the potential to
provide high-performance by exploiting parallelism, while alowing the
programmer to express the parallelism using the familiar shared memory
programming model. The multicomputer type of system [Atha88] is composed of
a large number of independent processing nodes (comprising processor as well as
local memory) which are interconnected via point-to-point links. Unlike shared-
memory multiprocessors[Thak88, Wils87, Good88] where processors are
connected by buses, the multicomputer has no single component, such as a
common bus or shared memory, which can become a performance bottleneck and
whose correct operation is critical for the operation of the system. Multicomputers

are, hence, capable of scaling to sizes larger than shared memory multiprocessors.

While the memory in a multicomputer is distributed, the DSM multicomputer
provides a shared memory programming model where processes running on
different nodes can execute in the the same address space. Interprocess
communication in this environment is accomplished by reads and writes to shared
memory, rather than through message-passing primitives such as send and receive.
The shared memory model provides a straightforward means of developing
applications that require different processes to share access to alarge common data
structure (e.g. a memory-resident collection of images), and applications that
require complex data structures to be passed by passing pointers. Support for the

shared memory programming model in new systems is also needed to facilitate



porting of the many existing applications written for this model. Another
advantage of the shared memory model is that process migration (e.g., for load
balancing) becomes relatively cheap — in order to migrate a process only the
contents of a few registers need to be migrated while the memory can remain in

place.

Communication
Link

/

Disk Drive

DN

Figure 1.1: Multicomputer.

DSM multicomputers alow individual nodes to cache the data from the
distributed shared address space locally to support better performance by reducing
the number of remote accesses. If the word requested by a process is not available

locally, the block containing the word is read either from a remote memory or from



a disk and cached in loca memory. The block resides in local memory until
another processor requests exclusive access to it, or, as in conventional virtual
memory, until it is replaced by another block. Copies of any block may exist in
multiple nodes. The DSM implementation employs a coherence protocol to
maintain the node memories coherent, and guarantees that process execution is

consistent.

DSM multicomputers have been the focus of significant research and
development [Li86b, Cher9l, Hage92, Burk92, Leno90, Kusk94, Agar95] due to
its advantages. These efforts have investigated various issues in caching policies,
coherence protocols, consistency models, hardware organization etc. Many of the
proposed or implemented systems have not fully addressed critical memory
mapping and memory management issues that arise while supporting DSM on a
large scale multicomputer. We address these issues in this dissertation and propose
a solution based on hierarchical management [Tami92] that manages the distributed
shared memory more efficiently than conventional single level schemes, making it

suitable for large systems.

The large number of components in a DSM multicomputer increases the
likelihood that some component of the system may fail at some time. Since the
shared address space is distributed and replicated, such failures have the potential
to halt progress of the entire system. Fault-tolerance support is needed to tolerate
such component failures and improve the reliability of the system. Fault-tolerance
schemes that have been proposed for DSM systems by other researchers[Wu90a,
Tam90, Stum90] have adopted approaches which incur high overhead during

normal operation and are more expensive for communication-intensive



applications. We propose an application-transparent recovery scheme based on
coordinated checkpoint and rollback for the DSM multicomputer [Jana94] that can

potentially offer better performance than previous recovery schemes.

1.1. Hierarchically Managed DSM

Most existing techniques for providing distributed shared memory on
multicomputers perform the mapping, data transfers, and ownership management
at a single granularity of blocks (or pages). If large block sizes (pages) are
used[Li89a], these techniques suffer from unnecessary long latencies for remote
requests, they require higher network bandwidth than is inherently needed by the
application, and they lead to unnecessary transfers due to false sharing. A smaller
block size (blocks) [Leno90, Kusk94, Agar95] will lead to increased block
ownership time[Bayl89], a decrease in miss ratio[Dubo88], and is expected to
reduce remote access latencies and the required network bandwidth. A
straightforward implementation at a block level for alarge DSM system, however,

will result in unacceptably high storage overhead for the various mapping tables.

We present hierarchical management [Tami92] as a solution to this problem.
The proposed scheme dynamically distinguishes between shared and private pages
in order to manage each class efficiently. Pages that are not shared are mapped and
managed only at the granularity of pages, reducing mapping overhead. Shared
pages, however, are managed at both the page and block level, to support efficient
sharing. This distributes the coherency load according to the characteristics of the
application. Our evaluation indicates that significant performance improvement

over conventional page-level schemes are possible with our two-level scheme,



without incurring the storage overhead that makes uniform block-level schemes

impractical in large systems.

1.2. Reliable DSM

Most error recovery schemes are based on periodically saving a correct state
(checkpointing) in reliable storage, and restoring a previously saved state (rollback)
upon an error in the current state. Since process states in a DSM system are
interdependent due to interprocess communication, when a process rolls back to a
checkpointed state at recovery, the states of other processes that communicated
with it prior to failure may become invalid. Hence, other processes may also need
to be rolled back (propagation of rollback). Error recovery mechanisms proposed
for DSM systems (as for message passing systems) must ensure that process states

are consistent [Rand78, Chan85] after recovery from an error.

Recovery schemes that have previously been proposed for DSM systems
[Wu90a, Tam90, Stum9Q] all attempt to avoid the cost of rollback propagation by
forcing a checkpoint or logging when processes ‘‘communicate.”” The elimination
of rollback propagation make recoveries, which are infrequent, cheap. But, due to
the frequent checkpointing or logging, the system load during normal operation is
high. The performance degradation is particularly high for communication-
intensive applications[Fraz89].

Coordinated checkpointing and rollback based error recovery is an aternative
approach used in message-passing systems that incurs lower overhead during
normal operation of the system[Bari83, Tami84, Koo87, Tami89]. In this

approach, process interactions are tracked, and processes that have communicated



are checkpointed and rolled back together. Adopting this approach for DSM
systems efficiently presents many difficulties[Jana94]. Since processes
communicate through read and write accesses to a common address space, rather
than through explicit message sends and receives between specific participants,
process interactions are less readily identified. The handling of reads and writes
that are in progress during checkpoint or recovery is more complicated than the
handling of messages in transit due to the coherence protocol. Since the address
gpace and the coherence directory are shared, a naive implementation can
propagate checkpoints and recoveries globally leading to a checkpoint or rollback
of the entire system. We present an adaptation of coordinated checkpoint and
rollback based error recovery for the DSM system[Jana94] which handles these
problems efficiently, and prove the correctness of the scheme. Our evaluations
indicate that this approach has the potential to reduce checkpointing overhead over

previous schemes.

1.3. Organization of thisWork

We begin by discussing (in Chapter 2) severa issues that are relevant in the
implementation of distributed shared memory on a multicomputer. The chapter
introduces the problems of consistency, coherency and reliability in the DSM
multicomputer, and discusses the performance and storage overhead associated
with the implementation in a large scale system. We aso briefly describe the

salient features of other implementations of distributed shared memory.

Our hierarchical management scheme for DSM is presented in detail in

Chapter 3. Chapter 4 describes our implementation of DSM, for execution-driven



and trace-driven simulations, in detail. It describes our innovations in the design of
the coherence protocol, and the support for DSM in the memory management unit.
The results of our performance evalution of the hierarchical scheme using
execution-driven and trace-driven simulations are presented and discussed in

Chapter 5.

In Chapter 6 we present an adaptation of coordinated checkpoint-rollback
based error recovery to a DSM system. We describe the scheme for aDSM system
managed at a single level of granularity as well as extensions for a hierarchically
managed DSM system. We present results from trace-driven simulations
comparing the performance of the coordinated checkpoint-rollback scheme with

another scheme proposed earlier.



Chapter Two
Distributed Shared Memory |ssues

Distributed shared memory provides a virtual machine where processes
executing on all nodes share a common address space. The shared address space is
physically distributed among the nodes in the system. In most implementations of
DSM, the distributed address space is alowed to be replicated and cached locally
by the nodes for faster access. The distribution and replication of the address space
raise several issues that need to be addressed to guarantee ‘*correct’’ execution of
applications. First, since different accesses are served by different nodes, the
access paths and access latencies differ from access to access. Therefore, accesses
from different processes can get ordered in severa different ways. Second, more
than one access to the same address can be serviced concurrently. The DSM
implementation should ensure that access orderings that |ead to incorrect execution
of the application are not possible. Specifically, concurrent accesses to the same
address should be managed so as to provide the abstraction of a single common

memory module.

The support of DSM involves costs in the storage overhead of tables, as well
as in the performance overhead of moving data. Both these costs grow with the
size of the system. Naive mechanisms for supporting DSM can load large systems
excessively, making the use of DSM impractical for large systems. DSM support
mechanisms must be designed such that they scale well to larger systems. The
reliability of the DSM multicomputer is another important issue to be addressed.

Since the distributed address space in a DSM system is shared by all processors on



the system, when a single node’ s memory fails, a part of the shared address space is
lost. Hence the failure of a single node in the system can halt the progress of the
entire system (similar scenario is also possible in message-passing multicomputer
systems). Error recovery mechanisms that improve the reliability of the DSM

system must also be devel oped.

We describe these issues here in more detail, and discuss some approaches to
handling these issues. Finally, we summarize the key aspects of other DSM

architectures and highlight their approach to these issues.

2.1. Consistency

Processes interact with memory through read and write accesses. Write
accesses modify the contents of locations in memory. Read accesses retrieve the
contents of memory locations. By reading the state of memory, a process may
‘‘observe’’ the order in which the write accesses were completed by memory. For
example, consider write accesses to two different memory locations issued by two
processes. By reading these locations, a third process may observe (determine
from its perspective) that one of these write accesses was completed before the
other. This third process may thus establish (from its perspective) an ordering
between the two write accesses. A consistency model defines the possible
relationships between the order in which accesses are initiated by a process and the
order in which these accesses may be observed by other processes in the system.
Applications may rely on a well-defined consistency model for correctness. For
example, in the implementation of mutual excluson without hardware

interlocks[Lamp79]. If memory access orderings that are not expected by the



application are possible, the application can execute incorrectly (such as multiple
processes entering a critical section). The implementation of an architecture must
ensure that only orderings legal in the consistency model are possible during

execution.

On conventional, simple uniprocessors, only one thread of computation (e.g.,
process) is active at any instant. This single thread of control provides a simple
consistency model which is straightforward to understand and easy to implement.
In this consistency model, all accesses issued to memory are totally ordered in real
time, and each memory access observes the effects of all preceding accesses.

Hence, all the accesses of a processin this system can be sequentially ordered.

In a DSM system, accesses can be issued to memory in parallel by multiple
processes. Since these accesses can be serviced concurrently by the distributed and
replicated memory, the ordering of memory accesses in such a system is not
straightforward. Since multiple paths exist between processors in the
multicomputer and data is dynamically replicated in DSM, a set of accesses that
are serviced concurrently can be ordered in any of several possible ways.
Furthermore, the mechanism used to access the distributed memory may allow
different processes to observe different orderings. Hence, it is essential to establish

aconsistency model for this system.

Different consistency models impose different requirements on the
implementation and on the application programmer or compiler. A consistency
model that places strong constraints on the access ordering requires a conservative
implementation, which can limit the performance of the system[Ghar9l].

However, such a model can ease the programmer’s (or compiler’s) task of writing
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correct programs since the implementation has limited freedom in ordering
accesses. A consistency model that is weaker provides the hardware flexibility to
choose orderings that support more paralelism. This enables aggressive
(potentially costlier) implementations that can support higher performance.
However, the programmer will have more responsibility in writing the application
such that only access orderings which lead to correct application execution are

possible.

Several consistency models have been proposed in the literature. The model
that is considered ‘‘intuitive’ by most programmers is sequential
consistency [Lamp79]. Sequential consistency derives from the execution model of
a sequential system. It requires that the execution on a paralel system is
equivalent to some interleaving of the execution of the parallel processes on a
sequential machine. Scheurich and Dubois [Sche87] have identified conditions
that are sufficient to guarantee that a system is sequentially consistent. Specifically,

three conditions must hold:

1) Each processor must issue all its memory accesses in the order that they
appear in the program.
2) A write access must block the processor issuing the access until it is

guaranteed that no processor in the system can read an older value.

3) A read access must block the processor until a value is received for the read
and it can be guaranteed that no processor in the system can receive an older

value.

The sequential consistency model is conceptualy simpler than weaker

consistency models such as weak ordering[Dubo86, Adve90]. In the weak
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ordering model, all synchronization accesses must be identifiable by the hardware,
and the hardware need only guarantee that all synchronization accesses can be
ordered sequentially. By alowing a processor to continue without blocking on
non-synchronization accesses, a weakly ordered system can support better
performance than the sequentially consistent system. However, the execution of an
application on the weakly ordered system will appear sequentially consistent only
if al shared variables in the program are accessed within synchronization

constructs that are visible to the hardware.

2.2. Coherency

To support higher performance, multiprocessor systems (including DSM
multicomputers) allow the same shared data to be cached by multiple processors.
Since several copies of a memory location exist, the memory system can service
several accesses to the same location at the same time. The memory system is
defined to be coherent if all write operations to any given memory location are
observed by all processors in the system in the same order [Arch87]. Coherency
allows a system to provide the abstraction of a single master copy while servicing

multiple accesses concurrently.

The replication of data enables several processors to concurrently operate on
the same memory location with low latency. However, it alows the possibility that
the system may associate more than one value with a memory location at the end of
an execution. In addition, the value at the end of execution may not be the value
written by the “‘last’”” write to the location. A coherence protocol maintains

coherence by managing all the copies such that the effect of the operations on the
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severa copies are equivalent to a single sequence of operations on one master

copy.

Po = P, P3 Processors
@ Caches
Shared
Bus

Memory

Figure 2.1: System with shared bus for snoop-based coherence protocols.

Maintaining cache coherence is a critical requirement in shared memory
multiprocessor architectures[Cens78, Arch85, Agar88, Li89b]. Cache coherence
protocols can be divided into two classes: snoop-based coherence protocols
[Katz85, Good83] and directory-based coherence protocols[Tang76, Agar88].
Snoop-based coherence protocols are suitable only for systems where processors
share a common communication medium such as a bus (Figure2.1). Each
processor cache in the system can snoop on all traffic on the bus and is required to

take appropriate actions for addresses that are present in the cache.

In order to implement snoop-based coherence protocols, each processor cache
maintains the status of its blocks as shared or unshared. When a processor writes
to a shared block, the write is propagated on the bus. Upon seeing the write bus

transaction, all other processors that have a copy of the block either invalidate their
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copy of the block (in an invalidation protocol), or update their copy of the block (in
an update protocol). Upon aread miss, the cache issues the access on the bus. The
requested block is provided by the main memory, if the main memory has the latest
value, and by another cache, if the main memory’s value is stale. Snoop-based
cache protocols are not suitable for large systems since the shared bus can only

support alimited number of processors (about 30) without degrading performance.

Processors P,

#@@'@

Interconnection Network |

,,,,,,,,,,,,,, ‘,,,,,,,,,,,,,,4

Directory
a regd 12,37 Memory
b write 7
c read 2
d —

Block id Access permission Copy directory

Figure 2.2: Centralized directory for directory-based coherence protocol.

Directory-based protocols [Tang76, Cens78, Agar88, Li89b] do not rely on a
broadcast network such as a shared bus, and, hence are more suitable for large
systems. Due to the absence of a snooping medium, directory-based protocols use
a directory which maintains, for each block, the state of the block as shared or
exclusive, and the set of nodes that have copies of the block (we call this part of the

directory the copy directory). In the absence of a bus, point-to-point messages are

14



used for communication amongst the nodes and the directory. Upon a write to a
shared block, the directory is looked up to determine the nodes that have copies of
the block. These copies are invalidated (invalidation-based) or updated (update-
based) to perform the write. The directory can be centralized at the memory
(Figure 2.2) or at a specific node. The broadcast network (bus) is a performance
bottleneck which is removed when we use a directory. However, the centralized

directory is a performance and reliability bottleneck.
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Figure 2.3: Distributed directory for directory-based coherence protocol.

Distributed directory-based coherence protocols alleviate the problem of a
central directory becoming a bottleneck by distributing the directory among the
nodes in the system. Li et al. [Li89b] have explored severa different ways to
distribute the directory. With the distributed fixed manager protocol, each node is

statically assigned a set of blocks to manage. A node maintains the directory for
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the blocks that it manages (Figure2.3). In the distributed dynamic manager
protocol, the manager of a block is dynamically determined. Typically, the node
that last wrote the block maintains and manages the directory for that block. Since
a block’s manager is not fixed in the distributed dynamic manager protocol, an

additional mechanism to locate the current manager of blocks is needed.

While directory-based coherence protocols scale better to large systems than
snoop-based coherence protocols, they are more complex to design and verify. Ina
snoop-based system, the shared bus can serve as a mutual-exclusion lock. Since
only one processor can access the lock (bus) at a time, all accesses are effectively
ordered sequentially. In a system where processors are interconnected by a
network, multiple paths are available. Consequently, a directory-based coherence
protocol implementation for such a system must address issues of message races,

deadlocks etc.

2.3. System Reliability through Fault Tolerance

Components of any system are inherently susceptible to faults. The failure of
these components can lead to the failure of the system. Fault tolerance is an
approach that improves system reliability by alowing the system to operate
correctly despite the faillure of some of its components. Fault tolerance
mechanisms are essential for meeting the reliability requirements of critical
special-purpose applications. Fault tolerance may also be necessary for general-
purpose applications which require large multicomputer systems to continuously
operate correctly for hundreds of hours. Large systems may be composed of

severa thousand chips, which have individual transient failure rates of 1000 - 6000
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per billion part hours. If the entire system can fail due to the failure of a single
chip, the system will have a mean time between failures of only tens of hours.
Hence, without fault tolerance, large systems may be unable to meet their
reliability requirements.

Error recovery techniques implement fault tolerance by restoring the system
to a valid state following an error. In error recovery based on checkpointing and
rollback [Rand78, Bari83, Tami84, Koo87, Borg83, Powe83, John87, Stro85,
John88], an error-free state of the system (checkpoint) is periodicaly saved to
stable storage. Upon an error in the system, the system recovers to a correct state
by restoring (rollback) a previously checkpointed state. In a system where
processes do not communicate with each other, process states are not dependent on
each other. Hence, processes can be checkpointed and recovered independently in

such systems.

When processes communicate with each other (as in DSM multicomputer
systems), their states are interdependent. In such systems, checkpointing and
rollback must guarantee that process states are always consistent [Merl 78, Chan85]
with each other. For example, in a message-passing system, process states are
inconsistent if one process state indicates that a specific message was received
while the states of other processes indicate that the message was never sent. If
processes are checkpointed independently ignoring their interactions, recovery is
entirely responsible for ensuring that the set of states to which the processes are
rolled back is consistent. In such cases, recovery can lead to the domino
effect [Rand78], where processes are rolled back to successively older checkpoints

in the search for a consistent state, possibly even to their initial state. The domino
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effect can be avoided by checkpointing processes a each interprocess
communication. But, this approach is expensive. Message logging and
coordinated checkpointing are two approaches that avoid the domino effect

without incurring this high cost.

Message logging schemes [Borg83, Powe83, John87, John88, Stro85, Sist89]
checkpoint process states periodically, and log all interprocess messages in
sequence. A failed process is recovered to a consistent state by restoring its
checkpointed state and replaying its logged messages. Coordinated
checkpointing [Bari83, Tami84, Koo87] is based on checkpointing ‘‘together’”’
consistent states of all the processes that have interacted since their last checkpoint.
Recovery restores a consistent state by rolling back all processes that interacted

with the failed process.

Both message logging and coordinated checkpointing were first proposed in
the context of message-passing multicomputers. Message logging has the
advantage that processes can checkpoint and recover independently. However,
coordinated checkpointing incurs less overhead since messages are not
logged [Fraz89]. In addition, unlike message logging, coordinated checkpointing

does not require deterministic process execution.

Error recovery mechanisms have also been proposed for shared memory
multiprocessor systems with broadcast interconnection networks[Bern88, Wu90Db,
Ahme90]. The Sequoia multiprocessor [Bern88] maintains a consistent state in
failure-free main memory and periodically checkpoints the system through
operating-system controlled cache flushes. The system tolerates single failures by

invalidating the cache blocks, and re-executing from the main memory state. The
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checkpoint-rollback mechanisms presented in[Wu90b] and [Ahme90] assume that
the processor caches are reliable. In[Wu90b], independent checkpoint and rollback
are facilitated by checkpointing a processor before it provides modified data to
another processor. At checkpoint, processor registers and modified cache blocks
are flushed to memory. Processors can recover independently by invalidating the
cache contents and restoring the processor registers. Ahmed et a. [Ahme90]
present schemes implementing coordinated checkpoint and rollback which take
advantage of the ability to snoop in a bus-based shared-memory multiprocessor.
The scheme uses three special bus lines which identify when datais shared, when a
checkpoint is to be taken, and when processors should roll back. The line
indicating shared data is used to identify interprocessor communication. The other
two specia bus lines are used to force coordinated checkpoint and recovery,

respectively, of the processors that have communicated.

In order to implement error recovery in a distributed system, interprocess
communication must be identified. In a message-passing system, processes
communicate through readily identifiable messages. The task of identifying
interprocess communication is more difficult in a DSM system, where processes
communicate through accesses to the shared address space. Since, unlike bus-
based multiprocessors, DSM multicomputers do not communicate through
broadcasts, they cannot use snooping to identify interprocess communication.
Unlike message-passing systems and bus-based shared memory multiprocessor
systems, DSM multicomputers employ a coherence directory to manage the
address space. This coherence directory is also susceptible to node failures. Since

the coherence directory state is not a part of the state of any application process,
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the directory state will not be recovered by the mechanisms recovering application
process states. Hence, error recovery in DSM multicomputers must incorporate

additional mechanisms to handle the failure of the distributed directory.

2.4. Storage Overhead for Coherency Management in DSM Systems

The support of a shared address space on a distributed memory multicomputer
requires the maintenance of several tables and directories, as well as the use of a
coherence protocol. Tables are required to identify which virtual addresses are
mapped to physical memory. For the coherence protocol, coherency directories
must maintain the state of blocks (shared, exclusive etc.) in the system as well as

the location of copies of these blocks.

Conventional single-level tables incur a very high storage overhead in
mapping the large virtual address spaces of large systems. These tables maintain
an entry for every virtual page in the system. Hence, their size grows with the size
of the virtual address space rather than the size of the physical memory. The size

of these tables can be much larger than the physical memory in any node.

A related issue which is also important is the granularity at which shared data
is managed. Larger granules require smaller mapping tables. Hence, with larger
granules, larger address spaces can be mapped for a given mapping table size.
However, since large granules contain more variables, more processors can
concurrently require access to a single granule (possibly for different variables).
This can lead to increased contention for granules between multiple nodes (false

sharing). Also, larger granules incur higher network transfer latency.

Another important design issue is the organization of the copy directory,
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which maintains the location of copies. If the copy directory maintains the
identities of all nodes that possess copies, its size grows linearly with the number
of nodes in the system. In large systems, the storage available per node may not be
large enough to accommodate the copy directories of all blocks managed by the
node. Hence, this straightforward copy directory organization may not be scalable
to larger systems. While the copy directory can be eliminated by using broadcasts
to invalidate (or update) the block at a write, this will degrade performance since

broadcasts on point-to-point networks are usually expensive.

In summary, with a straightforward implementation, the size of the tables and
directories required to manage the shared address space increases in proportion to
the size of the address space and the number of nodes. However, the sizes of tables
and directories that can be maintained is limited by the storage available per node.
Since the storage available per node may not grow proportionately with the size of
the system (the number of nodes and the size of the address space), the size of the
system where DSM can be supported effectively may be limited. Thus there is a
need for DSM support mechanisms that can scale up to large systems without
requiring significant increases in size of mapping and coherence tables on each

node.

2.5. Implementations of DSM Systems

The idea of implementing shared memory in a system with physicaly
distributed memory is not new. Several implementations of distributed shared
memory have been reported in the literature. Some implementations support DSM

primarily through software, while others provide significant hardware support in
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the implementation. We summarize the key aspects of some of these

implementations here.

The Cm* multiprocessor [Full 78] was probably the first system where several
processors shared memory that was physically distributed. In the Cm*, when a
processor referenced alocation that is not available locally, amessage is sent to the
remote processor cluster where the memory being addressed is physicaly
connected. However, data from the remote memories were not cached locally.
While the absence of caching avoided the coherency problem, the remote accesses
resulted in poor performance. More recently, severa research efforts have

investigated DSM as a vehicle for scalable high-performance.

Kai Li[Li86b] proposed the implementation of shared virtual memory on a
loosely-coupled network of workstations. In this shared virtual memory, the virtual
memory is shared by all workstations and the physical memory in each workstation
serves as a cache of this virtual memory. A prototype shared virtual memory
system, Ivy[Li88], was implemented, in software, on a network of Apollo
workstations under the Aegis operating system. Coherence is maintained in vy
using directory-based coherence protocols with invalidation. The prototype was
used to investigate three directory-based protocols — with centralized managers,
with distributed fixed managers, and with distributed dynamic managers. Memory
is mapped and maintained coherent in Ivy at the granularity of 1K byte pages.
Sequential consistency is enforced by implementing atomic writes. Memory and
process management are both handled in software. Process synchronization is
achieved using the underlying eventcount mechanism in the Aegis operating

system.
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Clouds[Rama89] uses a distributed shared memory abstraction to develop an
object-based distributed operating system. The distributed shared memory
congtitutes the virtual address space of all objects in the system. Each thread of
computation in the object-based system progresses as a series of object invocations,
each invocation executing in the virtual address space of the object invoked. The
global shared memory abstraction provides a convenient mechanism to map the
object’ s address into the address space of the executing thread. Clouds implements
the distributed shared memory abstraction in software. The coherence protocol in
Clouds differs from coherency protocols used in other DSM systems in two key
aspects. First, the coherence protocol does not satisfy write requests by
invalidating (or updating) read copies. Instead, the writing thread is suspended
until threads with read copies voluntarily discard their copies. The Clouds kernel
forces the discard of memory segments that are read-write shared when a critical
section is exited. It also uses a deadlock detection algorithm to detect deadlocks
due to undiscarded memory segments. Second, the synchronization mechanism is
unified with the coherence scheme by transferring a memory segment only when
the associated semaphore operation succeeds. The Clouds system also permits

memory segments to be acquired without enforcing strong memory coherence.

Both the Paradigm[Cher9l] and the DASH][Leno90, Ghar90, Leno93]
projects implement DSM on a hierarchical system organized as a set of processor
clusters interconnected by a switching network. Each cluster comprises several
processors that communicate over a shared bus. The virtual memory in Paradigm
is file-based and allows replication of files. The file copies are maintained

coherent by software using operating system supported remote procedure calls. At
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a lower level, Paradigm also supports several levels of caching which are

maintained coherent by a directory-based protocol implemented in hardware.

The DASH multiprocessor implements DSM in hardware. The 64-processor
prototype connects 16 4-processor bus-based clusters through a 2-D mesh.
Coherence is maintained at the cache-line size of 16 bytes, using a snoop-based
coherence protocol within each cluster, and using a distributed directory-based
protocol across clusters[Leno90]. The directory for any block is maintained in a
fixed home node of the block. The home node maintains a full-map copy directory
(a bit-map with one bit for every node in the system) as well as storage for the
block. The Dash system implements a weak model of consistency called release
consistency [Ghar90]. This model alows memory accesses of a processor to
complete out of order with respect to another processor. The ordering of accesses
is only preserved before ‘‘release’”” synchronization operations, and other explicit
ordering operations (‘‘fence’’). These operations are visible to the hardware, and

the hardware blocks the processor for pending accesses only at such operations.

The Data Diffusion Machine (DDM [Hage92]) implements DSM on a system
with a hierarchy of buses through extensive hardware support. In this system, the
processor-memory nodes are connected to the lowest level buses. Each processor’s
memory is organized as a cache which can dynamically store different sections of
the address space. The higher level buses contain only directory information. The
directory at each hierarchy tracks information about al hierarchies directly below
it. Thus, the directory is distributed through the hierarchy. Coherence is
maintained at the cache-line size of 16 bytes, using snoop-based protocols in each

bus. A hierarchical search algorithm is used to locate any data item, since no
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specific manager is assigned for any item. A similar architecture, based on a

hierarchy of buses, is also proposed in[Wils87]

KSR1[Burk92] is a commercial machine built by Kendall Square Research
implementing DSM in hardware. KSR1 issimilar to the DDM [Hage92] in that the
processor’s memories are organized as a cache. KSRL1 is organized as a hierarchy
of rings with the processors connected to the lowest level ring. The KSR1 manages
its memory hierarchically by mapping and allocating memory in 16 KB pages, and
allowing data to be shared and maintained coherent in 128 byte sub-pages. Unlike
the DDM, each page in the KSR1 is associated with an home node, which
maintains storage for the page. A hierarchical search agorithm is used to locate

any sub-page, asin DDM.

The Alewife[Agar95] architecture supports DSM on a machine with up to
512 nodes are interconnected in a 2-D mesh. A 32-node prototype of this
architecture has been constructed. Alewife implements DSM primarily in
hardware with some software assist. The architecture uses a distributed directory-
based coherence protocol to maintain each 16-byte memory line coherent. Alewife
is similar to DASH [Leno93] in that each memory block is assigned a home node
which maintains the directory and storage for the block. A distinguishing feature
of Alewife is that the copy directory is extended in software[Chai91]. The
software-extended scheme LimitLESS effectively implements a full-map copy
directory by maintaining the copy directory in software when the number of copies
exceeds the small number of entries (two to five) in the hardware copy directory.
Alewife implements the sequential consistency model. The hardware provides

support for fine-grain synchronization using full/empty tag bits with each memory
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word, as well as for passing messages between processes. Multithreading and

software prefetching are used to hide the latency of remote accesses.

The FLASH [Kusk94] architecture being designed at Stanford builds on their
earlier DASH [Leno93] architecture. The integration of support for message
passing is a key additional goal for the FLASH architecture. FLASH uses a 2-D
mesh interconnection of nodes (not clusters). The DSM architecture in FLASH
retains most of the features from DASH. A key difference is the use of dynamic
pointer alocation in the copy directory storage. Unlike DASH, FLASH does not
maintain the location of copiesin each directory entry. Rather, a common store is
used to maintain all the copy directories. FLASH also differs slightly from DASH

in the low-level implementation of the coherence protocal.
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Chapter Three
Hierarchical Management of DSM systems

Distributed shared memory has been implemented [Li89b, Leno93, Agar95,
Kusk94], using directory-based cache coherence algorithms[Agar88, Leno90].
With single-level distributed shared memory schemes, there is a fixed size block,
which is the unit of mapping, the unit of transfer, and, thus, the granularity of
sharing. If the block is ‘‘large’’ (severa thousand bytes), the scheme may be
refered to as a page-level scheme. If the block is “*small’’ (cache block size —
tens of bytes), the scheme may be refered to as a block-level scheme. With a
page-level scheme[Li89b], the large unit of sharing results in long delays for
interprocessor communication even when the object being (logically) transferred is
small. In addition, the large unit of mapping results in reduced system
performance due to unnecessary data movement caused by ‘‘false
sharing’’ [Bolo89]. Hence, page-level DSM schemes do not provide adequate

support for fine-grain parallelism.

The difficulties with page-level coherency management motivate the use of
block-level schemes. In these schemes, the unit of transfer is a block. Different
blocks of a page can be simultaneously mapped to the memories of different nodes.
With schemes that support sharing at the fine granularity of cache blocks [Chai90,
Leno90] the number of blocks that must be managed is very large. The mapping
tables required to manage the large number of blocks leads to unacceptably high
storage overhead.

We propose hierarchical management as a solution to the problems associated
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with page-level and block-level DSM schemes. Our scheme is based on the
assumption, which is validated by execution-driven and trace-driven simulations,
that at any one time only a small percentage of the address space of every process
is actually shared. With hierarchica management, the mapping tables are
partitioned into tables for strictly local, non-shared pages and tables for shared
pages. Special fine-grain support is provided only in the tables for shared pages.
These specia tables make it possible to specify different locations for different
blocks in the page. Since the shared pages are few, this reduces storage overhead
significantly over providing fine-grain support for al pages. Pages are
dynamically identified as private or shared. During normal execution, pages are
dynamically moved between the different mapping tables, as the need arises. The
proposed scheme introduces the use of ownership[Katz85] at both the page level
and the block level in order to provide block-level sharing and also support

dynamic page migration to reduce message traffic and the size of mapping tables.

The basic system organization and single-level management of DSM are
discussed in Section 3.1. A brief review of Li’s[Li89b, Li89a] page-level scheme
is presented in Section 3.1.1. A simple block-level scheme is presented in Section
3.1.2. The sizes of tables required for block-level management of DSM are
computed in Section 3.1.4. The proposed two-level management scheme is
described in Section 3.2. The storage overhead of the scheme is evaluated in
Section 3.2.3. Other schemes for multi-level management of DSM are discussed in
Section 3.3.
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3.1. Single-Level Management of DSM

A high-performance node of a message-passing multicomputer consists of: an
application processor, loca memory, cache memory to speed up access to the local
memory, a memory management unit (MMU) that manages trandation and
protection for the local memory, and a communication coprocessor that handles
most of the tasks involved with sending, receiving, and forwarding

messages[Atha88, Chow88].

Distributed shared memory can be supported with single granularity of
management on a multicomputer with a number of these nodes. When an address
requested by the processor is not available locally, the node should send a message
to a remote node requesting a copy of the data. When a node receives such a
remote request, the granule of data that was addressed should be accessed from
local memory and sent to the requesting node. Mapping information must be
maintained for each granule of data. Also, the nodes must implement a coherence

protocol to maintain each granule of data coherent.

DSM can be supported by relying on the application processor to perform all
the necessary operations[Li89%b, Bolo89]. However, for maximum system
performance, the application processor should not be involved in the ‘‘emulation’
of shared memory — special-purpose hardware should service remote requests for
pages and convert local accesses to non-local pages into request messages to
remote nodes. Just as the communication coprocessor handles the various tasks
involved in message passing, a dedicated coprocessor, called a memory-to-
messages / messages-to-memory transducer (MMT) will provide support for shared

memory emulation. The resulting organization of the multicomputer node is
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shown in Figure3.1. The virtual cache satisfies most of the local processor’s
memory requests. The MMU performs the address trandation in the event of a
cache miss or aremote request. A trandation lookaside buffer (TLB) in the MMU

is used to speed up the trandation.

Data Bus

Phy Addr Bus

Virt Addr Bus

Cache Memory MMU MMT ComCo

@ Network

Figure 3.1: A multicomputer node.

Upon request from the MMU, the MMT composes messages and forwards
them to the ComCao for transmission to the network. On receipt of a message from
the network, the ComCo writes the message either into physical memory or into the
MMT. Messages that are responses to requests sent out earlier into the network,
are written into a physical memory location specified by the MMU at the time of
the request, using DMA. Unsolicited messages such as write-backs, invalidates,
remote requests are written to the MMT. The MMT coordinates with the MMU in
servicing messages passed on by the ComCo, and writes/reads the physical
memory using DMA. The virtually addressed cache snoops on the transactions
between the MMU and MMT to maintain its data coherent with those in physical

memory.
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Each node may be time-shared between multiple processes. A set of
processes that share their address space forms a task. The system may be
executing multiple tasks simultaneously. Unique task identifiers partition the total
virtual system space into digoint task virtual spaces. Processes belonging to

different tasks execute in digoint address spaces and cannot share data.

Single-level management of DSM can be implemented with large granules the
size of a ‘‘page’’ or with smaller granules the size of a ‘‘cache block.”” As
discussed earlier, the performance of single-level managed DSM and the storage
overhead associated with it are dependent on the size of the granule. We discuss
single-level management at the granularity of ‘‘pages’ and at the granularity of

““cache blocks'’ in the next two sub-sections.

3.1.1. Management at the Granularity of ‘*Pages”

Distributed Shared Memory where sharing and coherency are managed at the
single granularity of pages (thousands of bytes) can be implemented using the
normal page fault mechanism of the MMU [Li89b, Bolo89]. Li[Li86a, Li89b] has
implemented coherent shared virtual memory on networked workstations and on a
multicomputer [Li89a]. The scheme is directory-based [Agar88] where, with the
most promising of the proposed alternatives, the directory is distributed among the
nodes. Nodes must obtain exclusive ownership of a page before modifying it,
invalidating al other copies of the page. Multiple read-only copies can be
distributed throughout the system. With the ‘‘distributed fixed manager
algorithm’’ each virtual page is initialy managed by a default manager whose

identity is determined by a simple function of the virtual page number.
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3.1.2. Management at the Granularity of ‘*Cache Blocks'”

As discussed earlier, the use of pages as the unit of mapping and the unit of
transfer can result in low performance due to the long latencies and the bandwidth
requirements for transferring pages and due to false sharing. A simple solution to
this problem is to use the same basic algorithms with much smaller pages,
henceforth referred to as blocks, as the unit of mapping, transfer, and
ownership[Chai90, Leno93, Kusk94]. Such a scheme requires address trandation
to map any virtual block number to a local block frame, a remote node, or
secondary storage. Unfortunately, in a large multicomputer, the total number of
blocks in al the virtual address spaces of al the tasks in the system will be too
large for address trandlation based on conventional page tables (block tables).

The above problem can be solved by using an inverted table[Chan88] for
trandating virtual addresses to local physical addresses. The inverted block table
on each node, called the present block table (PBT), contains one entry for each
block frame in the local physical memory (Figure 3.2). Hence, the size of the PBT
on each node is proportional to the size of the physical memory, rather than virtual
memory, on the node. Hashing is used to provide fast associative lookups in the
PBT[Chan88]. If alocal or remote memory access does not ‘“hit’’ in the PBT, the
default owner (manager) of the block is computed and a remote request for the
block is sent to that processor. The default owner of a block may refer to a
Migrated Block Table (MBT) to determine whether the block has migrated to

another processor or if it ison disk.
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Figure 3.2: Address trandation tables for the block-level (one-level)
scheme.

3.1.3. Limited Copy Directories

If ablock isin read-only state, its PBT entry specifies the block owner. If the
block is owned non-exclusively, the same field in the PBT is used to point to the
copy directory, that contains the identities of the processors that possess read-only
copies of that block [Li89b]. This information is used for invalidating all read
copies prior to any write to the block. A very large copy directory may be needed
to accommodate blocks that are read shared by many processors. There are severa
approaches to limiting the size of the copy directory. With broadcast protocals, if
the number of read copies exceeds some fixed bound, a system wide broadcast is
required to invalidate a block [Agar88]. The disadvantage of this approach is that
many multicomputer interconnection networks do not provide efficient support for
broadcasts. An aternative to broadcast protocols is to invalidate one of the read-
only copies of the block whenever a new read request is received by the block
owner and the size of the copy directory has already reached its limit. With such
an eviction policy [Chai90], upon receipt of a read request that would ‘* overflow’’

the copy directory, the block owner picks a victim from the copy directory,
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invalidates it, and uses the freed sot in the copy directory for the new request.

The performance impact of limiting the size of the copy directory has been
evaluated based on the access-burst model [Dubo88]. Critical section accesses and
the locality of references in shared blocks are modeled by assuming that accesses
by one processor to a shared writable block are done in independent uninterrupted
bursts called access bursts. An access burst can modify the block with a fixed
write probability w. If a copy directory overflow requires a block to be
invalidated, the performance degradation due to the limited number of entries in
the copy directory can be measured as the increase in the frequency of invalidates

over an infinite copy directory. For an unlimited copy directory, the average
i =0 .

number of access bursts before an invalidate is 5 i (1 -w)'w, which reduces to
i=1

1 - w)lw.

With the limited copy directory, invalidations can be caused by write access
bursts and by copy directory overflows. To derive an expression for the average
number of access bursts before an invalidate for the limited copy directory, we

partition the problem into three cases:

1) when the number of access bursts before invalidate is less than the maximum

number of entriesin the copy directory,

2) when the number of access bursts before invalidate is greater than or equal to
the maximum number of entries in the copy directory and the invalidate is

caused by awrite access burst, and

3) when the number of access bursts before invalidate is greater than or equal to

the maximum number of entries in the copy directory and the invalidate is
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caused by a copy directory overflow.

In case 1, the invalidate is only due to a write access burst. Hence, the

contribution of case 1 to the average number of access bursts before invalidate is
izfli (1-w)'w where v is the maximum number of entries in the copy directory.
i=1

Theinvalidate in case 2 is aso caused only by awrite access burst. However, since
the number of access bursts in case 2 is greater than the maximum number of
entries in the copy directory, this case is possible only when utmost v processors
participate in the access bursts, irrespective of the number of access bursts. The
contribution of case 2 to the average number of access bursts before invalidate can
be expressed as

Si-w) [ Sl N)W}

i=v j=1
N is the number of processors sharing the block and P (p, b, N) is the probability
that exactly p out of the N processors have copies of the block after b read bursts.
The inner summation in this expression is the probability that utmost v processors
participate in a sequence of i access bursts. Case 3 accounts for the only other
scenario possible — when the invalidate is caused by a copy directory overflow.
For this case, exactly v processors must have already participated in the access
bursts when a read access burst isinitiated by a new processor. The contribution of

case 3 to the average number of access bursts before invalidate can be expressed as

Si-w) PN~ w) o

1=V

P (v,i,N) isthe probability that the copy directory is fully occupied after i access
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N -v

bursts. (1-w) is the probability of a read access burst by a processor not

in the copy directory.

The average number of access bursts before an invalidate for a limited copy
directory B is the sum of the contributions of the three cases. Hence, for N
processors in the system, and a write burst probability of w, the average number of

access bursts before an invalidate for a copy directory with v entriesB (N, w, v) is

i=v-1 . i =00 I , N -v
S i@-wyw+ Ti@-w) | $PGiL,NW +Pv,i,N)L-w)
i=1 i=v ji=1 N
O L M = 0.
8 |
——— 8entry copy directory --------. infinite copy directory
7 |
6 | W= 01
Avg. number of
accessbursts 5 |
before
invalidate 4 | w ...................................................................
3
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Figure 3.3: Number of Access Bursts prior to invalidate for the infinite
and the finite copy directories.

Figure 3.3 shows the relationship between the number of processors and the

average number of access bursts before an invalidate for various values of w, for
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both and infinite copy directory and for a copy directory limited to eight entries.
For write probability ranges observed in practical applications (on the order of
0.3) [Bayl89, Dubo88], the figure indicates that a copy directory with a maximum

of eight entries performs nearly as well as the infinite copy directory.

3.1.4. Storage Overhead Example

As discussed above, large mapping tables and directories are a critical
problem with single level management at a fine granularity. As an example of the
sizes of the mapping tables and directories, consider a multicomputer with 1024

nodes, each with 128 MBytes of physical memory. The virtual address space is

1TB (2%°). A pagein this system is 1KB and a block 32 bytes. The PBT on each
node has 4 M entries, each about 82 bits wide. Hence, the PBT requires 40 MB of
the local memory. With 8 entries in the copy directory of each of the 4M blocksin
the PBT, the total size of the copy directory in one processor would be
approximately 40MB. The MBT does not have to be resident in local memory but

itstotal size can become unmanageable.

3.2. Hierarchical Management of Distributed Shared Memory

With uniform block-level sharing, al ownership and mapping information is
at the granularity of blocks. For every block in physical memory, space is
allocated to maintain its access rights and copy directory. The hierarchical scheme
proposed in this section improves upon the one-level scheme by optimizations
based on the following two observations. First, alarge portion of physical memory

is used exclusively by the local processor for long periods of time. Hence, the
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one-level scheme is wasteful in allocating storage space for access rights and copy
directory for each block in the local memory. Second, private segments are likely
to occur in contiguous chunks much larger than a block. A private page, that
would require only one mapping entry in a page level scheme, would need as many
entries as the number of blocks per page, in ablock level scheme. Thus, the block
level scheme also results in an unnecessarily large number of mapping and

directory entries for private segments of the memory.

3.2.1. TheTwo-Level Management Scheme

The hierarchical DSM management scheme distinguishes between private and
shared segments (pages) in physical memory and allocates space for coherency
state information and mapping only for the shared pages. The private segments are
managed at a page level granularity. Pages dynamically change state, on demand,
between private and shared status, transparent to the application. To eliminate the
overhead that is caused by false sharing, ownership of shared segments is
maintained at both the page and block levels.

A private page located on its default owner (manager) does not require
storage of any extra mapping information. On a remote request for a block of a
privately owned page, the page changes to the shared state. For each shared page
in the system, information is maintained regarding two levels of ownership: page
level and block level. The processor owning the shared page maintains the block
ownership information for all blocks of that page. The semantics of ownership of a
block of a shared page are the same as ownership in the one-level scheme.

Specifically, the processor owning a block can provide read-only copies, invalidate
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read-only copies, or transfer ownership of the block to another processor. If the
block owner provides read-only copies of a block, it must maintain the copy

directory for that block.
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Figure 3.4: Addresstrandation tables for the two-level scheme.

Initially, all pages are private. A remote request for a block of the page
changes its state to shared. When a page enters the shared state, all of its blocks
are owned by the page owner. Ownership of individual blocks may be transferred
to other nodes that need to modify the block. Hence, the owner of a shared page
does not necessarily possess copies of al blocks belonging to that page. As with
sector mapping in cache memories[Lipt68], space for the entire page must be
alocated in the loca memory of every processor that has any blocks from that
page.

The address trandation tables are organized in a two-level hierarchy

(Figure 3.4). The first level table indicates which virtual page is mapped in each
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page frame of the physical memory and whether the page is shared. On a memory
request, the first level table identifies if the page containing the block being
requested is present in local memory. If the page is private, the block is guaranteed
to be present. If the page is shared, the second level table indicates whether the
requested block is present with sufficient access permission. For every owned
shared page, the second level table maintains the identity of each block owner. If
the page is present and shared, but the block is absent, the request is forwarded to
the page owner, or to the block owner if this processor isthe page owner. Asinthe
one-level scheme, on a page miss the request is forwarded to the default owner. A
Migrated Page Table (MPT) maintains the identity of the current owner of default

pages that have been migrated.

Thefirst level table, the present pages table (PPT), is organized as an inverted
table, consisting of a hash anchor table (HAT) and a page frame table
(PFT) [Chan88]. Since the PPT maps pages rather than blocks, it is smaller than
the PBT in the one-level scheme. For each page in the physical address space, the
PFT maintains the virtual page number, a bit to indicate if the page is shared or
private and, if the page is shared, a pointer to a second level table entry. The

address trand ation for a private page need not access the second level table.

The second level table, shared page table (SPT) maintains information about
shared pages. The SPT entry maintains the access rights to each block in the page
as well as a flag indicating whether the page is owned locally. If the page-owned
bit is not set, the page owner field holds the identity of the processor owning the
page. Two state bits for every block in a shared page indicate the access rights to

the block: invalid, read only, owned non-exclusive, and owned exclusive (write
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permission) [Katz85]. Each SPT entry includes a field which may contain a pointer
to the copy directory. If the page is owned, the copy directory must indicate the
owners of each block which is not owned locally. For every block owned non-
exclusively, the copy directory indicates all the nodes that have read-only copies of
the block. If neither the page nor the block are owned by the local node, messages
destined to the block owner are sent to the the page owner, specified in the SPT.
The page owner may then forward such messages to the block owner. Asin the
one-level scheme, the copy directory size can be limited by following a policy of
eviction or broadcast. The organization of the copy directory is discussed in
Subsection 3.2.2. If the broadcast policy is used, each SPT entry includes one
broadcast bit per block (Figure 3.4).

N Request
S-S i e, - i ” page owner

PPT Access 8

?
N N

" block owner
Access Data
data |, Request Acces N Owned Y Access
Towner g "\ Exclusve? /|~ data

Request defauit owner

Reguest < i
block owner |

Request Invalidate copies
page owner Access data

Figure 3.5: Addresstrandation for local requests.

A key to the efficiency of the two-level scheme is that the required number of
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entries in the SPT is significantly smaller than the number of entriesin the PPT. In
many paralel applications the proportion of references to shared storage is less
than 15%[Bayl89]. Furthermore, only part of the shared space is actually shared
during each ‘‘phase’’ of the program. Hence, an SPT with significantly fewer
entries than the PPT should be sufficient to accommodate the ‘‘shared working
set’” of most applications. When the SPT “*overflows,”” an entry can be freed up by
flushing an un-owned page back to its owner or by ‘‘recalling’’ all the blocks of an
owned page and making the page private. If page migration is supported, an SPT
entry may be freed by migrating an owned page to another node which aready
owns some of its blocks. We expect an SPT which can accommodate about 10%
of the working set of the process, roughly 10% of the entries of the PPT, to be
sufficient (see Section 5.1.3 in Chapter 5).

Figure3.5 shows the sequence of actions of the address trandation
mechanism for local requests. Remote requests are handled similarly but without
the initial lookup in the local cache. The messages exchanged between the nodes

to maintain coherency are presented in Section 4.3.3 in Chapter 4.

3.2.2. TheCopy Directory

As discussed in Section 3.1.2, in most cases the maximum number of entries
in the copy directory for each shared block can be bounded with little performance
degradation. With the two level scheme, there may be a need to maintain copy
directory entries for every block in every shared page. Using a conventional
organization of a copy directory [Agar88], alimited number of processor identifiers

is maintained for each block of the page (Section 3.1.2). We call this organization
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Figures 3.6: Processor List per Block (PLpB) copy directory organiza-
tion. Each page has 32 blocks, and 8 copy directory entries are main-
tained for each block.

the Processor List per Block (PLpB) organization. This organization is illustrated

in Figure 3.6.

For the hierarchical coherency management scheme, we propose a new
organization for the copy directory, called the Block Map per Processor (BMpP)
organization (Figure 3.7). This organization minimizes the required storage for the
copy directories based on the assumption that two nodes that share one block of a
page are likely to share other blocks from that page. For each shared page thereis
alimited number of BMpP entries. Each entry identifies one remote processor that
shares one or more blocks of that page. In each entry there is a bit vector (map)
with one bit per block indicating whether the particular remote node has a copy of
the corresponding block. The maximum number of entries in the copy directory
per shared page is the maximum number of nodes that may share a page at the

sametime.

With the PLpB organization, if a processor shares several blocks of a page,
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Figures 3.7: Block Map per Processor (BMpP) copy directory organiza-
tion. Each page has 32 blocks.

the processor identifier is stored multiple times for that one page (for example,
node 5 in Figure 3.6). Since every entry in the BMpP copy directory keeps track of
all the blocks of the page, the processor identifier is stored once so the total storage
needed for good performance is expected to be significantly smaller than with the
PLpB copy directory (see Section 5.1.4 in Chapter 5). As with the limited PLpB
organization, when a BMpP copy directory is full and a new entry is needed, an
existing entry can be evicted by recalling al the blocks in the associated remote
node. If necessary, it is possible to use a broadcast bit per block (Figure 3.4) with
the limited BMpP directories to deal with blocks which are shared by a large

number of processors[Agar88].



3.2.3. Storage Overhead of the Two-L evel Management Scheme

Size of Mapping Tables per Node

Coherency
Scheme PPT/PBT SPT Copy Dir. Total
Conventional 40MB - 40MB 80MB

One-Level Scheme

One-Level scheme 40MB - 6.75MB 46.75MB
(10% shared blocks)

Hierarchical Scheme | 1.28MB | 272KB 2.75MB 4.25MB
(10% shared blocks)

Table 3.1: Comparison of the storage overhead in the one-level and
two-level schemes. The comparison is shown for a system with 1024
nodes, 1 TB of virtual address space, and 128 MB of physical memory
per node. The one-level scheme uses 32-byte blocks. The hierarchical
scheme uses 1 KB pages and 32-byte blocks.

With the system parameters discussed in Section 3.1.2, the Present Pages
Table (PPT) has just 128K entries as opposed to 4 M entries in the Present Blocks
Table (PBT) discussed in Section 3.1.2. As a result, the total size of the PPT is
only 1.28MB. As discussed in Subsection 3.2.1, the number of entries in the
second-level Shared Pages Table (SPT), and thus the number of BMpP copy
directories can be significantly smaller than the number of PPT entries. With the

broadcast bit shown in Figure 3.4, each SPT entry requires 134 bits of storage.

Hence, approximately 272 KB will be required for 16 K entries.

With the proposed Block Map per Processor (BMpP) organization of the copy
directory, given afixed memory size and page size, the total storage needed for the
copy directory is sensitive to the size of the block. Larger blocks lead to smaller

entries (fewer blocks per page), and thus reduce the memory used for copy
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Figure 3.8: Total size of al the copy directories with the BMpP
organization on a node versus the granularity of sharing. 1K entriesin
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directory storage. However, small blocks are needed to minimize false sharing.

For the example system, Figure 3.8 shows the size of the copy directory per node

versus the block size for different number of entries in the copy directory per

shared page. With a block size of 32 bytes and 32 entries per copy directory, the

total copy directory size per node is about 2.75 MB.

In the one-level scheme, if al the blocks are allowed to be shared, the total

size of memory resident tables — PBT and the PLpB copy directory — is
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approximately 80MB (62.5% of local memory) If 10% of the blocks may be
shared, the total size of tablesis approximately 46.75MB (36.5% of local memory)
(see Table3.1). With the two-level scheme, the total size of memory resident
tables — PPT, SPT, and the BMpP directory — is about 4.25MB, consuming less

than 4% of the local memory.

3.3. Related Work

Two of the key ideas in our proposed scheme have aso been proposed by
O'Krafka and Newton[O'Kr90]: 1) managing coherency at two levels of
granularity, block and sub-block, and 2) exploiting the fact that not all the blocks
are actually shared at each point in time. Their sectored directory scheme[O’ Kr90]
manages data at two levels — a block and a sub-block, similar to sector-mapping
in uniprocessor caches. Ownership is associated with each sub-block. The identity
of the owner and a modified bit are maintained for each sub-block. To minimize
the directory storage overhead, the full-map copy directory is maintained only for
each block (instead of each sub-block, as in our scheme). As a result, the sectored
directory scheme does not fully exploit the idea of multi-level management since it
requires invalidating all the sub-blocks of a block when only one sub-block needs

to beinvalidated. Thislimitation resultsin poor performance[O’ Kr90].

The second scheme proposed in[O’Kr90] avoids maintaining a copy directory
for every memory block. Instead, copy directory information is maintained in
dedicated associative caches (‘‘tag caches’) only for blocks that are present in
processor caches. This reduces directory storage overhead over maintaining

directory information for all blocksin memory. Asan additional optimization, two
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different caches are used to maintain copy directory information: a large cache
with a limited copy directory in each entry, and a small cache with full-map
entries. A block isinitially allocated an entry with alimited copy directory. If the
number of copies exceeds the number of copies supported in the limited copy
directory, a full-map entry is alocated, and the limited copy directory entry is
freed.

The second scheme in[O’Kr90] requires dedicated associative copy directory
caches to exploit the fact that not al blocks are shared at each point in time.
Through the use of simple pointers in the PPT, we accomplish the same
functionality with ssimpler hardware that should result in faster operation. Since the
pages are large, the number of entriesin the PPT isrelatively small and the storage
overhead for the additional pointers is insignificant (see Subsection 3.2.3). There
is no discussion in[O'Kr90] of how the two ideas for reducing the storage
requirements for mapping tables can be combined in one efficient scheme, as
described earlier in this section. In particular, as discussed in Section 3.2.2, the
two-level management scheme allows a new efficient copy directory organization

to be used.

Gupta et al. [Gupt90] propose using caches of directory information, which
they call sparse directories, instead of maintaining a directory entry for every
memory block. The sparse directory maintains only entries associated with blocks
that are present in the caches. This sparse directory approach is similar to our
approach of using inverted mapping tables. However, Gupta et al.[Gupt90]
maintain copy directory information for each entry in the sparse directory. They

do not explore the benefits of dynamically identifying private and shared data. Our
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hierarchical scheme identifies dynamically shared data and maintains copy
directory information only for shared pages. This refinement leads to additional

savingsin directory storage overhead.

With both the copy directory organizations discussed in Section 3.2.2, the
copy directory is placed at the owner. Since local storage for the copy directory is
limited, performance may degrade with such organizations in the presence of
heavy sharing in large systems. In the Stanford FLASH multiprocessor [Kusk94]
this problem is aleviated using a technique called dynamic pointer allocation. In
FLASH, copy directory entries for al blocks are allocated from a common bank of
copy directory memory. This accommodates the need for large copy directories for
heavily shared blocks while not wasting storage for the small copy directories

sufficient for lightly shared blocks.

Another solution to the problem of copy directory overflows is to implement
the copy directory of a block as a linked list of entries (a chained directory)
distributed among the processors sharing the block [IEEE93, Gust92, Thap90,
Chai90]. The chained directory scales well to larger systems, but incurs additional

latency during invalidations in scanning the linked list.

Alewife employs a LimitLESS[Chai91] copy directory organization which
handles copy directory overflows in software. Alewife maintains a limited copy
directory in hardware. When this limited hardware copy directory overflows, a
full-map copy directory is maintained in software. All subsequent requests for this
block are serviced by software. Our scheme can also take advantage of such copy

directory extensions to improve performance under heavy sharing.
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Chapter Four

An Implementation of
Hierarchically Managed DSM

The memory local to a node in a DSM system maintains only a part of the
entire shared address space. The local memory functions as a cache for the entire
distributed address space. When a processor issues an access, the datum referenced
by the access is not guaranteed to be resident locally. Asdescribed in Section 3.2.1
in Chapter 3, local memory management tables are used to determine whether the
access can be completed locally. If it can, the various tables locate the datum in
local memory. If the datum is not available locally or its state does not permit the
access, a request must be sent, through the interconnection network, to a remote
node that can provide the datum with the appropriate access permission. Requests
received from remote nodes must be processed to provide the required data. The
inter-node interactions involved in moving data to where it is needed are governed

by the coherence protocol.

We have investigated hardware implementation of the address trandation
mechanisms and the coherency protocol required to support hierarchically
managed (and one-level managed) DSM. The address trandation functionality of
the Memory Management Unit (MMU) is extended to manage distributed shared
memory. The design of the MMU also integrates support to handle the inter-node
interactions required for maintaining coherency. We discuss our design of the
MMU in Section 4.1. Designing a distributed directory coherency protocol must

address several issues such as deadlocks and race conditions. Section 4.2 discusses
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these issues, and our solutions to these issues. Our distributed directory coherence
protocol is completely described in Section4.3. Section 4.4 describes our
implementation of hierarchically managed DSM for trace-driven simulation and

execution-driven simulation.

4.1. Memory Management Unit design

The Memory Management Unit (MMU) provides most of the hardware
support for the DSM implementation. Figure 4.1 shows the block diagram of the
MMU. To support address transation for shared accesses, the MMU implements
the mapping tables Present Pages Table (PPT), Shared Pages Table (SPT) and the
Block Map per Processor (BMpP) copy directory. The MMU also implements the
coherence engine which ensures that all requests are serviced according to the

coherence protocol.

The MMU services requests from the local processor as well as requests from
remote nodes. To satisfy local and remote requests simultaneously, the MMU
maintains independent datapaths for local and remote requests. Since both local
and remote requests may need to look-up the Present Pages Table (comprised of
the Hash Anchor Table, HAT, and the Page Frame Table, PFT) and the Shared
Pages Table, the PPT and the SPT are multi-ported. In addition, the access to the
Hash Anchor Table (HAT Acc. in Figure4.l), access to the Page Frame Table
(PFT Acec. in the figure) and access to the Shared Pages Table (SPT Acc. in the
figure) are performed in pipeline sequence, both for local requests and remote
requests. This allows multiple local requests and multiple remote requests to be

serviced concurrently in a pipelined manner.
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Figure 4.1: Memory Management Unit Design.

Local and remote request servicing may also require copy directory lookup.
The copy directory access is internally pipelined. However, unlike the PPT and
SPT, only one request can be issued to the copy directory at atime. Since requests
that require copy directory access typically also incur costly remote access
latencies (messaging), more sophisticated support to paralelize copy directory

access may not be beneficial.

Local processor requests and remote requests can generate other network
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messages which require replies from other nodes in the system (e.g., invalidation
on awrite request). Such local and remote requests must be suspended until their
replies arrive, to alow the MMU to continue servicing other local and remote
requests. In addition, replacement events to free up entries in the PPT, SPT or the
copy directory in the local node may aso generate network requests which require
replies (e.g., invalidation to free up a copy directory entry). The state of local and
remote requests that are suspended waiting for remote replies as well as eviction
events which are waiting for remote replies are maintained in the Pending Requests

Cache (Figure 4.1).

The state maintained in the Pending Requests Cache alows replies received
for the messages sent to be serviced with a minimum number of additional
mapping table lookups. The state information maintained in the Pending Requests
Cache identifies the suspended request. It indicates the type of the request (read,
write or local replacement event), the address accessed by the request and the
source of the request (local node or identity of remote node). In addition, the entry
for the request maintains the page frame number of the page accessed by the
request (PPT entry number), the type of message(s) that were sent out, the remote
node to which the message was sent, and the number of replies (e.g., number of
invalidation acknowledgments) expected. Note that all fields in the entry may not
be used in all cases. For example, if many invalidations were sent (to perform a
write or a replacement), the field identifying the node to which the message was
sent is not used. The field identifying the page frame number may not be used

when the entry corresponds to the eviction of a copy directory entry.

When a reply message is received from the network, the Pending Requests
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Cache is looked up associatively (Pend req. Acc. in Figure 4.1) by matching with
the address field of the reply. If the reply alows the suspended request to proceed,
(e.g., dl acknowledgements have been received) the MMU removes the suspended
request from the Pending Requests Cache and completes servicing it. The MMU
processes replies concurrent with local requests and remote requests. Reply
servicing is also pipelined in the MMU. If the PPT and SPT need to be updated to

service the suspended request, the updates are performed in a pipelined manner.

To service aremote request or areply to alocal request, an entry may need to
be alocated in the Shared Pages Table or in the copy directory. If an entry is not
available for allocation, service to the request or reply must be suspended until an
entry becomes available (mechanisms to free entries will be discussed shortly in
Section 4.1.1). The request or reply is queued. As shown in the block diagram
(Figure 4.1), replies and requests are queued in independent buffers. When an SPT
or copy directory entry becomes free, any request or reply that has been suspended
and queued is serviced. The reply queue is prioritized higher than the request

gueue so that data can be provided to the local processor quickly.

The functionality of the MMU and MMT (Section 3.1) chipsis similar to the
functionality of the directory controller (DC) and the reply controller (RC) boards
in the DASH prototype[Leno93], of the CMMU chip in the Alewife
architecture[Agar95], and of the MAGIC chip in the Stanford FLASH

multiprocessor [Kusk94].



4.1.1. Present Pages Table and Shared Pages Table

The MMU refers to mapping and coherency information when the local
processor issues a memory access due to a miss in its cache and when a request is
received from a remote node. As discussed in Section 3.2.3 of Chapter 3, the total
size of the mapping tables (PPT and SPT) is on the order of a few hundred
thousand bytes. Hence, it may be possible to store them on chip with the MMU in
order to speed up accesses. The tables can also be maintained off-chip in external
memory. The physical organization of the PPT and SPT s
straightforward [Chan88] and similar to the logical structure shown in Section 3.2.1
(Figure 3.4). The MMU can exploit locality by caching this information in a
Trandation Lookaside Buffer (TLB). As in conventional systems, the TLB
provides fast tranglation of virtual to physical page numbers. Here, it also provides
the full SPT entry for shared pages. With two read ports and one write port, the
TLB can service local and remote requests concurrently. We have not investigated
the impact of the size and organization of the TLB, and do not show it in the block

diagramin Figure 4.1.

HAT ptr. PFT ptr. T Meta- Page number SPT ptr.
state

State

Figure 4.2: Present Pages Table (PPT) entry format

The PPT entry format is shown in Figure 4.2, which is similar to the logical
structure shown in Figure 3.4. Each entry maintains two pointer fields used in the

inverted table organization, one part of the Hash Anchor Table (HAT) and the
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other part of the Page Frame Table (PFT). In the inverted table organization, each
table entry is the start (i.e., anchor) of an hash bucket, and the entry itself may
dynamically be part of another hash bucket chain. The HAT pointer field identifies
the first PPT entry in the hash bucket anchored at this entry. The PFT pointer field
points to the next PPT entry in the hash bucket chain to which this entry belongs.
When a PPT entry is not alocated in any hash bucket, the PFT pointer is re-used to
maintain alist of free PPT entries. The usage of each PPT entry isindicated by the
state bits maintained in the entry. Two bits of entry state identify if the entry is
invalid, valid, or if the entry is allocated pending data from a read request or write
request. When a page entry is valid, additional information about the page is
maintained by afew meta-state bits to assist in situations such as page replacement.
Two of the five meta-state bits identify if a valid page is private or shared, and if
the page is clean or dirty. The other three meta-state bits identify whether the page
is pinned from being replaced, whether the page is being replaced to free up its
PPT entry and whether the page is being replaced to free up its SPT entry. If the
entry is valid, the page number field identifies the virtual page number of the page
mapped to this entry. If the page is shared, a pointer to this page's entry in the
second level Shared Pages Table (SPT) is maintained.

Page frame number Page owner block block block  BMpPptr.
0 1 n

Kf block states 4>{

Figure 4.3: Shared Pages Table (SPT) entry format

Figure 4.3 shows the SPT entry format. Each entry identifies the owner of the
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shared page. It also identifies the physica page frame to which the page is
mapped. When the SPT overflows and an SPT entry is evicted, the state of the
page in its PPT entry must be appropriately modified. The page frame number
maintained in the SPT entry serves as a back pointer to the PPT, alowing the
identification of the PPT entry used by the page. The SPT entry also maintains the
state of each block of the page, and potentially whether the blocks are dirty or
clean. The state of each block identifies the type of accesses (read or write) that
are permitted for the local processor. If arequest has been issued to the network to
service an access to the block, the block state also identifies the access that is
pending on the block. We discuss the actual states of blocks aong with the
discussion of the coherence protocol in Section4.3.4. The SPT entry aso
maintains a pointer to its BMpP copy directory. If the SPT entry is not currently

used, this pointer is used to maintain achain of available SPT entries.

An entry is allocated in the PPT when an access by the local processor misses
in the PPT. A read or write request is sent out to the network and the PPT entry
state is updated to indicate that read or write access has been requested. No entry is
alocated in the SPT at the time the request is sent out. Rather, an SPT entry is
allocated when the reply arrives from the network, if the reply indicates that the
page is shared. At that time, the state of the PPT entry, the SPT pointer field in the
PPT entry, and the state of the block in the SPT entry are all suitably modified.
The PPT entry state bits are set to valid, and the page is marked as shared in the
meta-state bit of the PPT entry. The SPT pointer field of the PPT entry is set to
point to the SPT entry allocated for the page. The state of the block in the SPT

entry is updated to identify the access permission granted by the reply message.
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An SPT entry is aso alocated when a request from a remote node makes a page

which is currently private, shared.

If no entry is available in the PPT when alocal processor access requires the
alocation of a new entry, the local processor is blocked. The processor is
unblocked when a entry becomes available due to invalidation or replacement. If
no free SPT entry is available when required by a reply from the network (to a
request previously issued from this node) or when a request from a remote node
requires one, the reply or the request is buffered. The buffered request or reply is
serviced when an SPT entry is freed by eviction or invalidation. To minimize
blocking and queuing, we employ premature eviction, with both the PPT and the
SPT, to maintain some free entries. When the usage of these tables goes above a

threshold, we pick avictim and initiate its replacement.

When a PPT entry must be freed, the victim page must be migrated to another
node or disk. If page ownership is not allowed to change, owned pages can only be
evicted to disk. Since this incurs significant performance impact, it is preferable to
evict pages that are not owned locally. However, if the PPT entry of an owned
page must be freed, it is preferable to evict private pages rather than shared pages.
When the victim page is a shared page, the corresponding SPT entry must also be

freed which additionally requires interactions with other nodes.

It may be necessary to evict an SPT entry due to the eviction of the
corresponding local PPT entry or in order to allocate the SPT entry to a different
page. As described previoudly, if the ownership of the page cannot change, it is
preferable to evict a page that is not owned locally to avoid disk access. The SPT
entry of a page not owned by the local node, can be freed by ‘‘pushing’’ away the
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page. All blocks of the page that are owned locally can be written back to the page
owner, and all blocks that are held read-only can be dropped. If the SPT entry of a
page owned locally must be freed, all blocks of the page must be invalidated from
al other nodes in the system. All blocks of the page can be ‘“‘pulled’’ from the
remote nodes, by commanding all nodes that own blocks of the page to write-back

the blocks.

4.1.2. Block Map per Processor Copy Directory

A lookup in the Block Map per Processor (BMpP) copy directory may be
performed in order to respond to a remote request or as part of an access initiated
by the local MMU. A remote request may request a copy of alocally-owned block
or send a notification that it has deleted its copy of a locally owned block. The
local MMU may require a copy directory lookup in order to find the locations of all
the copies of alocally-owned block or in order to find the owner of a block that is
not locally-owned. With the first type of copy directory access, the directory must
be searched sequentially based on the processor identifier. Once a match is found
(or a new entry is allocated), the corresponding bit vector is updated. For the
second type of access, the directory is accessed directly using the block offset
within the page. In this case the desired result is a column bit vector from the table
shown in Figure 3.4, i.e., from each directory entry, the one bit that corresponds to
the specified block. Once the bit vector is read, it is used to obtain the processor

identifiers corresponding to ‘1" entries.

The physical organization of the BMpP copy directory can be geared to the

above access requirements by organizing it as two separate banks — one
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Figure 4.4: BMpP copy directory organization.
maintaining the processor identifier field of all copy directory entries and the other
maintaining the bit vectors (Figure 4.4-b). Both types of copy directory accesses
discussed earlier require access to the processor identifier and the bit vector banks.
Since these banks are physically independent, the banks can be concurrently

accessed. Thisalso allows copy directory accesses to be pipelined.
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The bit vector bank is also transposed with respect to the logical structure of
the copy directory (Figure 4.4-b versus Figure 4.4-a). Each word in this bank (or
multiple words, depending on the word length of the bank and the number of
entries in the copy directory) maintains the set of bits associated with a specific
block of a page (a row in Figure4.4-b and a column in Figure 3.4). Unlike the
logical organization, this organization maintains the bit map associated with any
block in contiguous bit positions. Hence, copy directory accesses to locate copies
of the block can be performed efficiently by reading fewer words than if the logical

structure was used.

Copy directory accesses can be further speeded up by special hardware
support such as associative lookup of the processor identifier bank and pipelining
in the bit vector bank access. However, since a memory reference that involves a
copy directory access must also involve network communication, the copy
directory access latency may be overshadowed by the network communication
latency. Thus, additional hardware support to speed up copy directory access may
not be justified.

If a fixed number of BMpP entries are allocated per shared page, the copy
directory may not be able to simultaneously accommodate all the processors that
are accessing a particular block. As with other limited copy directory
schemes[Agar88], contention for BMpP entries may be resolved by eviction of
occupied entries. Where such a policy is inefficient (e.g., for read-only shared
pages), an unlimited number of simultaneous copies may be supported by requiring
system-wide broadcasts to invalidate all the copies. A broadcast flag in the SPT

entry can be used to indicate that broadcasts are required.
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Techniques such as the dynamic pointer allocation [Kusk94] scheme used in
the Stanford FL ASH multiprocessor can also be employed here. BMpP entries can
be allocated in batches from a memory bank of BMpP entries shared by all pages.
As implemented in[Kusk94], BMpP entries can be chained, and BMpP entries that
are freed can be returned to the free list in the memory bank. We did not
investigate the implementation of the dynamic pointer allocation scheme for BMpP

copy directories.

The Alewife machine designed at MIT [Chai91, Agar95] allows the copy
directory to overflow into software. When the number of copies of a block goes
over the static bound of five, the copy directory is maintained by software, and all
remote requests to the block are handled by software. Such software support
schemes are also applicable for the BMpP copy directory scheme, but have not

been investigated.

4.2. Distributed Directory Coherence Protocol Design | ssues

We have investigated the implementation of a distributed directory coherence
protocol for maintaining the node memories coherent. Following most current
DSM implementations[Leno90, Kusk94, Agar95], we chose an invalidation-based
ownership protocol. Nodes must obtain exclusive ownership of the block before
modifying it, by invalidating all other copies of the block. Multiple read-only

copies can be distributed throughout the system.

As we discussed earlier in Section 2.2, the design of distributed directory
coherence protocols is more complicated than the design of snoopy protocols. In a

shared bus multiprocessor using snoopy coherence protocol, the bus can be used by
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only one processor at atime, while all processors can snoop on the bus activity. As
a result, the shared bus serves as a mutual exclusion lock ordering accesses by

different processors.

In the multicomputer system, multiple processors can simultaneously send
requests out to the network. These requests can arrive out of order at the
destination if the network does not guarantee FIFO delivery of messages between
any pair of nodes. Even when the network guarantees pair-wise FIFO delivery of
messages, such race conditions can occur if the coherence protocol requires
requests to be forwarded by intermediate nodes (such as when a request is

forwarded by the page owner to the block owner).

Distributed directory coherence protocol design must aso address the
potential for deadlock. Since the directory information is distributed, accesses can
require severa request and reply messages to be exchanged. Hence, accesses are
not inherently atomic and they progress by allocating distributed directory
resources incrementally. Directory resource requirements of conflicting accesses

can, therefore, lead to a cycle of dependencies resulting in deadlock.

In the rest of this section, we discuss the issues in implementing a distributed
directory coherence protocol and our solutions to these issues. In our discussion,
we refer to specific states, and specific message types used in the coherence
protocol. While the semantics of the states and the message types used here will be
clear from the context of the discussion, they are formally defined in Sections 4.3.2

and 4.3.3.
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4.2.1. Deadlock

The potential for deadlocks exists in any system where there are multiple
operations in progress concurrently and where these operations require use of
shared resources. Specifically, deadlocks may occur when operations can obtain
exclusive access to a subset of the resources they require for completion and
maintain this exclusive access until completion. The problem occurs when the
additional resources required for completion are held by another operation which,
in turn, is waiting for shared resources to be freed. The design of the system must
prevent the possibility of a deadlock where multiple operations are unable to

progress due to a cycle of resource dependencies[Silb94].

In the DSM system, requests serviced by the coherence protocol compete for
logical and physical resources. Requests compete for logical resources such as
read access permission and exclusive access permission. For example, a write
reguest can compete for exclusive access to a block with other read requests and
write requests to the same block. To complete the write request, the node issuing
the request must invalidate the access permissions of all other nodes in the system.
Since these logical read access permissions are distributed through the system, they
can be invalidated only incrementally. When concurrent writes to the same block
compete for control of all read access permissions (to invalidate them), a cycle of

dependencies can manifest leading to deadlock.

Similar cycle of dependencies can also occur when requests compete for
physical resources such as table entries and buffer space. When a request is
generated in a node, storage may be allocated on that node to maintain information

associated with that request. When this protocol request is received at the
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destination node, other child protocol requests may need to be generated (e.g., a
writeback request may initiate generation of invalidate messages). This requires
alocation of storage in the destination node also. The parent request progresses by
incrementally acquiring storage in severa nodes, and its completion depends on
the availability of sufficient storage in al these nodes. Competition for the
distributed storage resources amongst concurrent coherence protocol requests can

also lead to cyclic dependencies and deadlock.

We integrate several mechanisms into our coherence protocol to address the
problem of deadlock in DSM systems. We prioritize invalidate commands and
ensure that invalidate messages are always consumed. As a result, invalidate
messages do not participate in any deadlock. Thisis similar to the approach in the
DASH [Leno90] and FLASH [Kusk94] directory coherence protocols where reply
messages are always consumed. Our coherence protocol also prioritizes the owner
over other nodes. When requests require conflicting access to the same block, all
nodes uniformly grant the request issued by the owner. In addition, our coherence
protocol uses negative acknowledgements during contention or resource scarcity to
avoid deadlocks. When arequest cannot be serviced, a negative acknowledgement
is sent to the requesting node and resources allocated for the request are freed. Our
mechanisms for handling deadlock may not be sufficient to handle all deadlock
situations that are possible in DSM systems. When new deadlock situations arise
in a full-scale implementation, additional mechanisms may be necessary to handle
them. In the rest of this subsection, we discuss two examples illustrating the

occurrence of deadlock in DSM systems and our method of handling them.

Consider the example shown in Figure4.5. Two processors A and B are
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Figure 4.5: Deadlock due to competing writes. Processor A does not ser-
vice B'sinvalidate request (inv) dueto its pending write, and processor
B does not service A's write request (wreq) due to its pending write
resulting in deadlock.

attempting to write to the same block. Initially, processor A has a read access
permission to the block, and processor B is the owner of the block. With the
invalidation-based ownership protocol, exclusive access permission and ownership
must be obtained by invalidating all other read copies before writing the block. In
this case, processor A issues a write request (WREQ) to the owner B to obtain
exclusive ownership for its write. Simultaneously, processor B sends an invalidate
message (INV) to processor A to proceed with its own write. Suppose each
processor refused to service the other processor’s request (using a RETRY message)
due to its own pending request. In this case, each processor retains its access
permission and must wait to acquire control of the other’s access permission. This
leads to a cycles of dependencies. Hence, neither write access would progress, and

the accesses would be deadlocked.

To avoid this deadlock, one of the two competing accesses should be allowed

to progress. This can be accomplished by giving higher priority to the current
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Figure 4.6: Deadlock avoided by ‘*sink’’ing invalidate. Deadlock is bro-
ken by requiring that invalidate messages (INV) cannot be denied ser-
vice. Processor B'swrite access will succeed first. Subsequently, pro-
cessor A'swrite will beretried and will complete successfully.

owner of the block. Specifically, in our implementation, invalidate request
messages from the owner are handled and ‘‘obeyed’’ without delay. The modified
handling of the example is shown in Figure 4.6. Processor A invalidates its read
copy and sends an acknowledgement to the owner B, while still maintaining its
pending write. Processor B will, hence, complete its write access, and it will

subsequently service processor A’swrite request.

Dependencies may also be created between processors due to resource
constraints, which may lead to deadlocks[Leno90]. For example, consider the
following scenario summarized in Table 4.1. Processor B owns page pl containing
block bl. No block from pl is present in processor A. Processor A owns page p2
containing block b2. Processor B owns block b2. Processor A possesses a read-
only copy of b2. Processor A executes a load from block bl. As aresult a read
only copy of block bl is requested from processor B. Processor A receives a read

copy of block b1, which it buffers since no free SPT entry is available. Page p2 is
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picked for eviction to free up an SPT entry. To evict this page a message is sent to
processor B, which owns block b2 of the page, requesting it to write-back block b2.
Concurrently, processor B issues a write access for the block bl, and sends an
invalidate message to processor A. Processor B records its pending write to block
bl in its pending request cache in order to collect invalidation acknowledgements.
To service the write-back request from A associated with the SPT eviction,
processor B must invalidate copies of block b2. Thisinvalidation can proceed only
if there is space in the pending request cache of processor B since the pending
write-back of block b2 must be recorded in the pending request cache of processor
B (again, to collect invalidation acknowledgements). Table 4.1 lists the sequence
of events at each node, the action initiated by the event and the dependency created

by the action.

If the invalidate for block bl in processor A cannot be processed until its SPT
eviction is completed and the freed SPT entry is allocated to the buffered block b1,
a cycle of dependencies can manifest as follows. The invalidate for block bl
cannot be processed by processor A until the SPT eviction of page p2 is completed
(dependency 1 in Table4.1). The SPT eviction cannot progress until space is
available in the pending request cache of processor B for its invalidate of block b2
(dependencies 2 and 4 in Table4.1). Space will not become available in this
pending request cache until A services the invalidate of block bl (dependencies 3
and 5in Table4.1). This cycle of dependencies (1-2-4-3-5-1inTable4.1)
leads to a deadlock. In our implementation, we break this dependency by allowing
the invalidate message to invalidate the buffered reply without waiting for the SPT

eviction to compl ete.
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Node Event Consequent Action Resulting Dependency

A bl read copy is eviction of page b1 copy buffered
received; buffered p2's SPT entry until completion of
dueto full SPT isinitiated SPT entry eviction (1)

A eviction of page reguest node B to p2's SPT entry
p2's SPT entry writeback block freedwhen b2 is

b2 of page p2 written back by B (2)

B local write request invalidation is Pending Requests Cache
for b1 must allocated storagein storage freed when A
invalidate A’s copy Pending Requests Cache | sends acknowledgment

(©)

B request to writeback invalidation is b2’ s writeback can
b2 received — must suspended due to full progressif spacefreedin
invalidate copiesof b2 | Pending Requests Cache | Pending Requests Cache

(©)

A invalidate request invalidation is A can acknowledgebl's
for bl received suspended until bl invalidation when bl
from B is unbuffered is unbuffered (5)

Table 4.1: Deadlock due to contention for physical resources. The se-
guence of events, consequent action, and resulting dependency at each
node are shown. Deadlock occurs due to the cycle of dependencies
1.2-.4.3-5-1 The deadlock is avoided in our implementation
by allowing invalidate messages to invalidate buffered read copies.
This breaks the cycle by eliminating dependency 5.

4.2.2. Handling of Race Conditions

In a system that supports multiple concurrent processes, the outcome of the
execution may depend on the order of accesses to shared resources. This order
may vary from one execution to the next, depending on the access times to the
memory system (which may vary due to caching) or variations in the
communication latencies through the network. A race condition is present if the
outcome can vary from one execution to the next due to these causes. The system
must either ensure that all possible outcomes are *‘correct’’ or use explicit locking

and synchronization to prevent incorrect or undesirable ordering of accesses to
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shared resources.

Race conditions can occur in a shared bus multiprocessor with snoopy
caches[Katz85]. In systems based on snoopy caches, the ‘‘races’ of concern are
between accesses to the cache from the local processor and remote accesses across
the bus. Many more races are possible in a system where the nodes are
interconnected by a point-to-point network. Specifically, in such a system
messages may be delivered in a different order than they were sent. If the network
provides multiple paths between pairs of nodes and does not guarantee pairwise
FIFO (First-In-First-Out) delivery of messages, it is obvious that messages can race
in the system. Even when the network guarantees pairwise FIFO ordering of
messages, coherence protocols can themselves introduce race conditions.
Coherence protocols (such as in[Leno90], for example) may require different
messages to be sent through different sequences of nodes. For example, some
messages may be sent directly to the servicing node, while other messages may be
processed by intermediate nodes before reaching the servicing node. The
underlying network is oblivious to the coherence protocol-level routing. Hence,
even when the network guarantees pairwise-FIFO, messages from the same node
can reach the servicing node in different order than in which they were generated.
We discuss this race problem associated with coherence protocols in more detail

below.

Coherency information is distributed among severa nodes with the distributed
directory coherence protocol. As a result, a node that requires access to a block
may not be able to identify the owner of the block from its local fragment of the

coherence directory. To acquire access to the block the node must contact the node
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that can identify the block owner. Traditional coherence protocols employ a
technique called forwarding to facilitate this step. With the use of forwarding, the
request message is first sent to the node that maintains the identity of the owner.
This message is subsequently forwarded by this intermediate node to the node that
owns the block. However, protocols typicaly do not aways use the forwarded
route. For example, when a message must be sent replying to a message from the
owner, the reply message may be sent directly to the owner without forwarding
through additional nodes. These protocols selectively determine whether a
protocol message uses the forwarded route or the direct unforwarded route. We
refer to such protocols as protocols based on selective forwarded-routing. Since
requests from one node to another may follow different paths, protocols with

selective forwarded-routing introduce race conditions.

To illustrate the use of selective forwarded-routing, consider the handling of a
read request and an acknowledgement in the DASH multiprocessor [Leno90]. In
DASH, when a cluster has a read miss, the cluster sends a read request to the home
cluster of the block. If the block is owned dirty by a remote cluster, the home
cluster forwards the request to the dirty, owning remote cluster (use of forwarded-
routing). This owning cluster sends the data directly to the requesting cluster
(see[Leno90] for a definition of home and remote clusters). However, when the
cluster with the read copy receives an invalidate message from the owning cluster,
the acknowledgement reply is sent directly to the owning cluster. Unlike the
original read request, the acknowledgement message is not forwarded through the

home cluster (forwarded-routing is not used).

Whether the coherence protocol selects the forwarded route or the
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Figure 4.7: Forwarding in Protocol. Node D forwards node R's request
to node O.

unforwarded route can also depend on the state of the protocol rather than on the
type of the message. For example, forwarding can be used only when a node
initiating a request does not know the owner of a block. In Figure 4.7, the node R
does not know the current owner of a page, and, hence, sends its read request to the
default owner D. The default owner D knows the current owner O, and it forwards
the request to O who sends a reply directly to R. For better performance, R can
cache the identity of the owner when it receives the reply to its first request, and
subsequent requests can be directly sent to the owner, without using forwarding

(selective forwarded-routing).

We illustrate the occurrence of races in DSM systems due to the use of
forwarding (since the use of the forwarded-route is selective in al protocols that
we are aware of, we simply refer to these protocols as protocols that use

forwarding) in the next sub-section.
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4.2.2.1. Race Conditionsin DSM Systems

We have previously observed that read requests and acknowledgements can
follow different paths in the DASH multiprocessor [Leno93]. Hence, in DASH, a
race condition is possible between a read request and an acknowledgement
message sent from a node. Suppose a cluster R has a read copy of a block, which
gets invalidated due to a write by cluster O. Subsequently, cluster R requests a
read copy of the block. The home cluster of the block is H. As we discussed
previously, in DASH[Leno90], R sends its acknowledgement for the invalidate
directly to O. However, R's subsequent read request is sent to H, which can be
forwarded to O for service. Since the acknowledgement and the read request
follow different paths from R to O, the read request can race the acknowledgement
to O. When the read request is received ahead of the acknowledgement, the
situation is equivalent to the case where a read request is received while awrite is
in progress. Hence, the race condition can be handled by queuing the read request
or denying service (negative acknowledgement) as a read request received during a

write would be handled.

A race condition such as the one discussed above can also occur in our DSM
system if forwarding is used. We describe a situation in our DSM system that is
dlightly modified from the previous example. In Figure4.8, node R initially
requests and receives a read copy of a block from owner O. Subsequently, node R
drops its read copy (replacement) and sends a copy invalidated message CPINV
(message types are discussed in Section 4.3.3) to update the owner O. When node
R subsequently needs to read the block, it does not know the current owner and,

hence, sends the read request (RREQ) to the default owner D who forwards it to the
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Figure 4.8: Racesin protocols with forwarding. Node R sread request is
forwarded by node D to node O. The read request sent after the copy
invalidated message CPINV can arrive at node O earlier since it fol-
lowed a different path due to forwarding.

owner O. As with the example in DASH, the messages CPINV and RREQ follow
different paths from node R to node O. Consequently, the RREQ can race the
CPINV message, and arrive first at O. If this occurs, node O would receive aread
request from a node that, in its view, already has a copy of the block. The arrival
of a read request message from a node that already possesses a copy of the

requested block can pose a problem for the coherence protocol.

In the example scenario of Figure 4.8, it may be possible for O to identify the
race condition, and act appropriately. If O maintains a copy directory, it can
identify the race condition by observing that the RREQ was sent by anode Rthat is
already present in the copy directory. Node O can resolve the race by denying the
service for the read request (force a retry using a RETRY message). In general,
however, it may not be possible to identify a race condition purely from the local

state.
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As an example of a race condition which cannot be correctly resolved based
on local information, consider a modification to the example shown in Figure 4.8.
In the modified scenario, shown in Figure 4.9, node O is forced to evict node R
from its copy directory (due to copy directory overflow). To perform this eviction,
node O sends an invalidate message (INV) to node R, and drops node R from the
copy directory. Since node R is no longer identified in the copy directory, when
node O receives node R's read request RREQ ahead of its copy invalidate message

CPINV, node O cannot identify that a race has occurred. From itslocal state, node

O cannot distinguish if the RREQ raced another message, or if it isarequest from a
new node. Node O will provide aread copy to the read request. This can cause the
system to enter an incorrect state, as discussed below. The messages in transit at
this point are the copy invalidated message (CPINV) from node R to node O, and
the invalidate (INV) and read copy (RDCPY) messages from node O to node R.
Upon receiving the copy invalidated message, node O will (erroneously) drop node
R from its copy directory. Meanwhile, node R will acknowledge (ACK) the
invalidate message, and subsequently receive the read copy. After node O receives
the acknowledgement (ACK), there are no messages in transit. Since, node R
possesses a read copy, and node O does not record this in the copy directory, the
copy directory state is incorrect. This can alow future writes to proceed without
invalidating the read copy of node R, violating the write exclusive protocol. This
specific race condition may not be a problem in the coherence protocols used
in[Leno93, Agar95, Kusk94] since they employ afull copy directory without need
for eviction. Such race conditions have not been discussed in their literature. As
will be discussed in Section 4.2.2.2, our coherency protocol avoids this problem by

using ‘‘bilateral exchanges.”” With this approach, the read request message REQ
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from node R cannot race its earlier copy invalidate message CPINV.

local read evict local read
¥ pY »é
R \ \ RDONL \ RDNET | RDONL R
REQ CPINV RREQ \/ g
D 1 —>
RREQ Enot
(fwd) INV RRE consistent
o DCPY (fwd) \, RDCPY |
| copy inR | nocopyinR | copyinR \nocopylnlf
evict race!

Figure 4.9: Race condition that cannot be locally identified. Node O ev-
icts node R from its copy directory, and, hence, cannot locally deter-
mine that R's read request raced its copy invalidated message. In the
end, although R has a read copy, the copy directory in owner O does
not reflect this. The copy directory state isincorrect.

The designers of the DASH prototype[Leno90] also discuss race conditions
caused by the use of two independent networks in their system. DASH uses two
networks, one for requests and one for replies. Since requests and replies use
different networks, races between request and reply messages are possible. For
example, when a node sends a read copy reply to another node and subsequently
sends it an invalidate request, the invalidate requests can race the preceding read
copy reply. In DASH, such race conditions are handled by designing the protocol
engine to identify race conditions and providing special mechanisms to process
them. To handle the race between an invalidate request and a read copy reply, an
additional state is added to the coherence protocol. When an invalidate is received

for a block that has not yet been received, the block is changed to a state which
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identifies that the block must be invalidated when it is received. When the read
copy isreceived, it isdiscarded. The block is changed to the invalid state, and an

acknowledgement reply is sent to the owner.

In summary, protocols that employ forwarding involve race conditions. This
possibility of races (even in a network with FIFO service discipline) presents an
obvious problem in the design of correct distributed directory coherence protocols.
The protocol design needs to identify possible race conditions and develop
mechanisms to avoid them, or develop mechanisms to detect and handle them.
This makes the protocol design and implementation complex. Races can also mask
implementation bugs and runtime error conditions, which makes design
verification and error detection difficult. We discuss a new protocol technique that

addresses the race problem in the next sub-section.

4.2.2.2. DSM Coherency based on Bilateral Exchanges

As discussed in the previous sub-section, many race conditions are introduced
by the use of forwarding. The problems caused by these race conditions provide
the motivation for developing coherency protocols that avoid forwarding. In this
sub-section, we introduce a coherency protocol where all exchanges between nodes
are bilateral, i.e., do not involve any forwarding. In a protocol based on bilateral
exchanges, if a node cannot service a request itself, it will send an appropriate
reply message back to the requester, and not forward the request to any other node.
For example, consider the example where the default owner forwards a read
request to the current owner node. This protocol interaction is modified to use

bilateral exchanges as shown in Figure 4.10. Since the default owner D cannot
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Figure 4.10: Protocol based on bilateral exchanges. The protocol ex-
change on the left uses forwarding. The modified protocol exchange
using bilateral exchanges is shown on the right. All protocol ex-
changes between nodes are bilateral. Node D identifies the owner O to
the requester R, instead of forwarding the request. R requests a read
copy from the owner O bilaterally.

service node R's read request itself, it sends a reply back to node R identifying the
current owner O. The exchange between node R and node D is bilateral. After
receiving the response from the default owner, node R has another bilateral

exchange with the current owner of the block O to receive the read copy.

The bilateral exchange technique is designed to avoid races in networks that
guarantee pairwise FIFO ordering of messages. Since all exchanges in the protocol
are bilateradl, i.e., pairwise, protocol messages exchanged between any pair of nodes
will always arrive in order. Figure 4.11 shows how arace situation such as the one
described earlier in Figure4.8 is not possible in a protocol based on bilateral
exchanges. Since node O receives the copy invalidated message CPINV and the
read request message RREQ directly from node R, the network’s FIFO service

discipline guarantees that they will be received in the exact order they were sent.

The absence of message races with bilateral exchanges makes the design and

implementation of the protocol simpler. Verification of the design and detection of
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Figure 4.11: Protocol based on bilatera exchanges avoids races. The
copy invalidated message and the read request from R follow the same
path to O due to the bilateral exchange. With the network guaranteeing
pairwise FIFO, these messages will arrive at O in the order they were
sent.

runtime errors will also be simplified. However, while the protocol based on
bilateral exchanges is simpler, it isless efficient. Comparing Figures 4.8 and 4.11,
it is clear that the number of messages and the number of host processing delays
will be higher with the usage of bilatera exchanges. In our protocol
implementation (described later in this chapter), we use an hybrid mechanism to

reduce the inefficiency due to bilateral exchanges.

4.2.3. Necessity of Transient Block States

The coherence directory in each node must maintain the state of the blocks in
that node. The state of each block identifies whether the block isinvalid, readable
or writable. To change the state of a block, a request must be sent to a remote node
requesting the new access permission. The block state can be changed only after a

reply message granting the request has been received. Since this request-reply
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protocol exchange is not atomic, additional block states may be needed to maintain

the transient state of the blocks.

Maintaining transient block states clearly provides severa benefits. Since
transient states identify outstanding requests, they allow the coherence protocol to
verify whether a reply message that is received is a valid reply. Second, if the
reply message received denies the requested access (negative acknowledgement),
the transient block state allows the coherence protocol to determine the type of the
request message that must be re-issued. Transient block states are also useful in
systems where multiple processes can execute on a node. When a second process
requests similar access to the block, the coherence protocol can identify that a
request for the access has already been issued to the network. A second request
need not be sent to the network. Thus, the transient state allows the coherence

protocol to filter requests to the network.

Transient block states are also a compulsory requirement in some cases.
Certain accesses to a block, such as a write access, require that concurrent requests
received from other nodes for competing or conflicting accesses be denied service.
A transient block state that identifies the specific accessin progress for the block is
necessary to allow the coherence protocol to refuse service to competing accesses.
Transient block states are also required in the coherence protocol if messages that
cannot be denied service can be received at a time when they cannot be
immediately serviced (see the second example later in this subsection). In such
cases, a transient state must be maintained indicating that the message has been
received. This allows the coherence protocol to subsequently service the message

when service can be granted. Transient block states are also required to handle
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some race conditions, as previously discussed in Section 4.2.2.

RDNET ' RDONL
Time ———»
DCPY
OWNEX | OWNSH

Figure 4.12: Protocol actions for aread access. Node A requests and re-
ceives a read copy to service local processor’s read access. The block
is maintained in the read network state RDNET while the request is
outstanding.

In the rest of this sub-section, we discuss some examples showing the use of
transient block states. Our first example illustrates the use of block states to
identify outstanding requests. Consider the flow of a read access in the coherence
protocol. Figure4.12 illustrates the sequence of actions. Node A requires read
access to a block. To service the read access, node A sends the read request
(RREQ) to node B, which is the owner of the block. To indicate that a read request
is outstanding for the block, the local state of block in A is marked to be in the
transient read network state RDNET. This transient read network state RDNET is
necessary in our design for at least three reasons. First, the state allows a memory
frame to be reserved for the block at the time the request isissued. The alternative
approach of allocating a memory frame for the block only when the reply arrivesis
more complex. For example, the scenario when no memory frame is free when the
reply is received must be handled without the possibility of deadlock. Second, if
another thread running on the same processor accesses the block again while the
request is in progress, the transient state prevents a second request from being

issued. Allowing multiple requests for the same block to be issued from a node
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adds complexity to the design for no benefit. Such a design must address
additional correctness issues associated with the copy directory. For example,
suppose the block received in reply to the first request is discarded when the reply
to the second request isin transit. In this case, the copy directory for the block at
the owner must continue to indicate the presence of a read copy at the requester
even after the owner receives notification that a copy was discarded. Third, if a
retry reply (RETRY) is received for the request, the transient state identifies that a
read request must be re-issued (in most cases the necessary information can be
obtained from the Pending Requests Cache (Section 4.1) without accessing the
directory). In general, the coherence protocol and the system must be carefully
studied to determine if the transient read network state can be eliminated from the
design.

When node B receives the read request, node A is added to the copy directory,
and a read copy (RDCPY) is sent to A. The block which was previously owned
exclusively (OWNEX) in node B is moved to the OWNSH state to indicate the
presence of remote copies. When node A receives the read copy, it verifies that
this reply corresponds to the read network state RDNET of the block. Hence, the
block is updated to the read-only state RDONL, and the processor is allowed to
complete the read access. A similar transient block state WRNET is used to
identify outstanding write requests. Read or write requests for the block from other

nodes are denied service when the block isin the WRNET state.

To illustrate another situation where transient block states are necessary,
consider the addition of a replacement event to the read access scenario. In our

coherence protocol, a node that replaces a block must send a message updating the
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owner with this information. The node evicting the block will reclaim the space
freed by the eviction without waiting for any confirmation from the owner. When
the owner receives the replacement update, it does not have the option to deny

service to the message.

A | RDNET | OWNEX K .
RRE "
BLKBC ETRY .
OWNEX | ABSENT "

A

eviction

Figure 4.13: Replacement during read access. Node B which is the own-
er of the block replaces the block, and writes the block back to node A.
Node A must process the writeback, and does so by changing the block
to the exclusively owned state OWNEX. The subsequent retry message
RETRY is unexpected in the OWNEX state.

The example including a replacement event during a read access is shown in
Figure 4.13. Node B evicts the block due to local memory contention. Node B
writes the block data back (BLKBCK) to node A while aread request to the block is
in progress in node A. (The block will be written back to node A when node A is
either the the default owner of the block or the owner of the page to which the
block belongs.) After the write-back, node B does not possess the block. Hence,
when it receives node A's read request for that block, a retry reply message
(RETRY) is sent to A. When node A receives the block data back (BLKBCK) it
must service it. A recognizes that there are no copies of the block in the system

from the BLKBCK message and the local state of the block is changed to the

exclusively owned state OWNEX. The read access of the processor on node A can
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be completed at this time. However, when node A receives the retry message
RETRY subsequently, the local state of the block indicates no outstanding request.
The only options that are available are to flag an exception or error in the protocol,
or to ignore the retry message. The first option is unsuitable since it would halt the
system for a perfectly normal (possibly common) event. While the second option
may be safe in this specific case, it has the potential to mask other exception
conditions, implementation or runtime errors, thus compromising the robustness of

the protocol.

| RDNET | OEX_INVRQ | OWNEX _
BLKBC ETRY R
OWNEX\ ABSENT "
ewctlon

Figure 4.14: Addition of atransient protocol state to handle replacement.
On receipt of the writeback, node A changes the block to a new
OEX_INVRQ state which identifies the outstanding request. When the
retry message RETRY is received, the block moves to the exclusively
owned state OWNEX, and the message can be safely dropped.

The solution to this problem is to modify the coherence protocol design to
preserve the information about the outstanding request even after the block back
(BLKBCK) update message is received. Specifically, a new state can be added to
the coherence protocol for this purpose. Upon receiving the writeback message in
the read network state RDNET, the block is moved to a new state OEX_INVRQ
which indicates that the block is owned exclusively with a request outstanding

(OEX_INVRQ is a mnemonic for ‘‘owned exclusive with a pending invalid
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request’’). As before, the processor’s read access on node A can be completed at
this point. When the retry message is received, the block can be transferred to the
owned exclusive state OWNEX, and the retry message safely dropped. The

modified coherence protocol flow is depicted in Figure 4.14.

Similar situations can occur during a write access, and similar solutions can
be used. The handling of remote read and write requests in the OEX_INVRQ state
(when areply is pending) is an interesting issue. Although it is possible to service
these remote requests while continuing to maintain the information about the
outstanding request, it can lead to an increase in the number of protocol states and
complicate design and verification. A viable alternative is to deny or postpone
service to these remote requests until the reply for the outstanding request is

received. Thisisthe solution that we use in our protocol implementation.

We have previously discussed (Section 4.2.2) the use of transient block states
to handle race conditions. As we discussed earlier, in the DASH
protocol [Leno90], an invalidate request message can race a previously issued read
copy reply since they use different networks. The invalidate cannot be denied
service, but cannot be serviced until the read copy is received. A transient block
state is maintained to track the outstanding invalidate. When the read copy is
received subsequently, the transient block state indicates that the block must be

invalidated and an acknowledgement must be sent.
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4.2.4. Handling of Write Requests

A write miss occurs if the block to be modified is either not present locally or
is present without write permission. To resolve the write miss, the block data
and/or write permission must be acquired from the current block owner. This is
accomplished by sending a write request to the block owner. When handling write
requests, an important issue is whether or not the block data has to be sent to the
requesting node over the network. If the block data is not present in the node and
only part of the block is to be modified, then, generaly, a block data transfer is
necessary. However, it may not be necessary to transfer block data for a write
request in other cases. For example, if the requesting node already possesses a read
copy of the data, it is not necessary to re-send the data to the requester. It is
sufficient to send a message granting write access (i.e., granting ownership). This
approach can aso be used if the requesting node will overwrite the entire data
without reading the previous contents. While these cases can also be handled
correctly by sending the data, the elimination of data messages (which are typically
larger than control messages) can reduce the latency of the access and the load on

the network.

It may not be possible to accommodate this optimization, however, for
reasons discussed below. First, it is typically not possible to identify the case
where a processor intends to write the entire data without reading it prior to the
write. The size of the data being written may be smaller or larger than the size of
data to be transferred (block or page) and cannot be determined by the coherence
protocol. Also, the coherence protocol cannot typically distinguish between pure

writes and read-modify-writes of the processor. Second, the node servicing the
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write request may not be able to determine if the requester has a read copy of the
data. For example, this will be the case if the coherence protocol allows data to be
shared in the broadcast state. In this case, the owner of the data may not maintain a

copy directory and cannot determine if the requester already has aread copy.

It is reasonable to consider requiring the requester to indicate whether it
possesses a read copy, to solve this problem. But, this is not sufficient when the
copy directory is not maintained by the node servicing the write request. In this
case, a concurrent write by the owner of the block can invalidate the read copy of
the requester, after the requester indicated that it possessed aread copy. Note that,
from the discussion in Section 4.2.1 on deadlocks, invalidate messages must be
immediately serviced. The requesters write would be granted after the write of the
block owner, and if the data is not sent to the requester, the last copy of the data

would have been discarded from the system.

With both the one-level and the hierarchical schemes, the copy directory may
not be maintained by the node servicing write requests. In the one-level scheme,
the copy directory is maintained by the block owner, but write requests are serviced
by the default owner. In the hierarchically managed system, the write access to the
block will be granted by the node owning the page (to which the block belongs),
but the copy directory for the block is maintained by the owner of the block (who
may be different from the owner of the page). In the hierarchical scheme,
additional coordination between the block owner and the page owner would be
needed for the page owner to identify if the requester possesses a read copy. Such
coordination could be achieved, for instance, by requiring the block owner to send

the copy directory of the block to the page owner, when the block owner
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relinquishes ownership of the block. The page owner can determine whether the
node requesting the write currently has a copy of the block by looking at this copy

directory.

In our DSM implementation, we maintain the flexibility to allow blocks to be
shared in the broadcast state to investigate support for heavily shared data. For this
reason and the additional complexity associated with determining if data has to be
transferred to the requester, we transfer the data on all write requests in our
coherence protocol implementation. Protocol implementations for DASH [Leno90]

and FLASH [Kusk94] aso transfer data on all write requests.

4.3. A Coherence Protocol for Hierarchically Managed DSM

We present our distributed directory coherence protocol in detail in this
section. While our coherence protocol is an invalidation based ownership protocol
similar to the protocols implemented in DASH [Leno90], FLASH [Kusk94], and
Alewife[Agar95], it differs in its support for multiple levels of ownership. We
sketched our approach to resolving issues in designing distributed directory
coherence protocols in Section4.2. Deadlocks are avoided by ensuring that
invalidate and reply messages are aways sunk. Specia block states are used to
indicate pending operations. Data is always transferred for write requests. Many
potential race conditions are avoided by using bilateral exchanges rather than
forwarding. Specificaly, we employ a hybrid approach, which uses bilateral
exchanges only for write requests (which are fewer than read requests) and
forwarding for read requests. We describe our protocol in detail in the following

sub-sections.
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4.3.1. Protocol Ownerships

The hierarchical scheme supports ownership of data at both the page and
block levels. Each page that isin the physical memory of some node in the system
is owned at both the page and block levels. Initialy, a page is owned by the node
(page owner) that reads the page from disk. Subsequently, the page ownership can
be transferred by migrating the page to another node or by swapping the page to
disk. Each block of the page can also be independently owned at the block level.
When a page is read from disk, the page owner is the block owner of all blocks of
the page. When a node other than the current block owner writes to the block, the
block ownership is transferred to the writing node. The page owner coordinates
these block ownership transfers, and maintains the identity of the block owner of

each block of the page.

Each page in the virtual address space is aso statically assigned a default
owner. The default owner maintains the identity of the current page owner in the
Migrated Page Table (MPT). If a page is not indicated in the MPT, the page
resides only on disk. The default owner and its MPT are updated whenever the
page is migrated or written back to disk. It isimportant to note that while both the
page owner and the block owner maintain storage for the page in their physical
memory, the default owner does not maintain storage for the page in its physical

memory (unlessit is also accessing the page).

Directory information about a shared page is distributed among the nodes in
the system as follows. The default owner of the page identifies the current page
owner. The page owner maintains the identity of the block owner of each block of

the page, as well as the location of read only copies of any blocks that it owns
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itself. The block owners maintain the location of read only copies of the block.
Any node in the system that has at least one block of the page in its physica
memory maintains the identity of the page owner, but it does not maintain the
identity of the block owners. All nodes in the system know the identity of the

default page owner of every virtual page.

The responsibility for handling access requests to a shared page is distributed
asfollows. The block owner services read requests for the block by providing read
only copies of the block. The block owner is aso responsible for invalidating these
read only copies during a write. The page owner services write requests by
coordinating the transfer of block ownership from the previous block owner to the
new writer. The default owner services read and write requests by identifying the
page owner if it is resident in some physical memory in the system, and by issuing
the request to disk, otherwise. Any node can send read and write requests to the

page owner, if it knows the page owner, and to the default owner, otherwise.

4.3.2. Page and Block States

A page can be in one of the following protocol states — invalid (INVALID),
valid private (PRIVATE), valid shared (SHARED), read requested (RDNET) or
write requested (WRNET). As previously mentioned in Section 4.1.1, this state of
the page is maintained by the PPT entry in 2 PPT state bits and 5 PPT meta-state
bits. The two PPT state bits identify whether the page is invalid, valid, read
requested or write requested. When the state bits indicate that the page is valid,
one of the meta-state bits identifies if the page is private or shared. The other

meta-state bits maintain additional information about the page when the page is
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valid. One meta-state bit indicates if the page is clean or dirty. The other three
meta-state bits maintain information relevant in page replacement. They indicate if
the page is pinned from being replaced, if the page is being evicted to free the PPT
entry of the page and if the page is being evicted to free the SPT entry of the page

respectively.
access_permit Implication for local processor
ABS Absent; no access permitted
RDO Only reads permitted
OEX Owned exclusive; reads and writes permitted
OSH Owned shared; read permitted; invalidate for write

Table 4.2: access permits of ablock.

When a page is shared, the protocol aso maintains a state for each block of
the page. The block state has two components: access permit and access waitlist.
The access_permit component specifies what accesses to this block are permitted
for the local processor. The access waitlist component identifies what access is
pending on the block. There are four possible values for access permit (Table 4.2).
The ABS state indicates the block is absent and the local processor has neither read
nor write access permission. The local processor is alowed read access but no
write access if the access permit is either RDO (read only) or OSH (owned shared).
The OSH state differs from the RDO state in two respects. First, the OSH state
indicates the local processor owns the block. Second, it indicates the processor can
secure write access by invalidating all read copies. The local processor is
permitted both read and write access when the access permit is OEX (owned

exclusive).

If the access permit state does not allow the local processor’s access, access
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access waitlist Accessin progress
NONE None
RDNET Local read request
WRNET Local write request
LOCK Remote write request

Table 4.3; access waitlists of ablock.

permission needs to be obtained from the block owner or the page owner. Since
this is not an atomic operation, there is a need to keep track of pending operations
on the blocks using the access waitlist state (Table 4.3). The access waitlist can
indicate that no request is outstanding (NONE), a local processor’s read request is
outstanding (RDNET), alocal processor’swrite request is outstanding (WRNET), or
that a remote processor’'s write request is outstanding (LOCK). At most one
outstanding request is alowed per block. An outstanding request for a block
blocks all other requests for the block. The semantics of access waitlists NONE,
RDNET, and WRNET are obvious. The LOCK access waitlist indicates that, in
response to a remote request, exclusive block ownership is being acquired, and the
block ownership should be transferred as soon as it is acquired. Aswe will seein
the discussion of protocol messages (Section 4.3.3), exclusive block ownership is
acquired by invalidating read copies, if the local node is the block owner, or by
requesting a write back from the block owner, if the local node is the page owner

(but not the block owner).

The two components of the block state, access permit and access waitlist,
can each be represented in 2 bits (for a4-bit block state). The block state is shown
as a composition of the access permit and the access waitlist in Table4.4. The

semantics of most of the block states and the state transitions follow easily from the
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access waitlist (2 bits)

NONE RDNET WRNET LOCK
access MBS || ABSENT | ABS RDNET | ABS WRNET | ABS LOCK
_permit  RDO | RDONL X RDONL_NET | RDO_LOCK
(@bt oEX || OWNEX OEX_INVRQ | OEX_INVRQ X

OSH || OWNSH X OWNSH_NET | OWNSH_XFR
Table 4.4; block states — composition of access permit and

access waitlist

above discussion of access permit and access waitlist. We elaborate on the less
intuitive block states. OWNSH_NET and OWNSH_XFR both signify that
invalidation is in progress, for a local write access in the former case, and for a
remote write request in the latter case. When invalidation is complete and
exclusive ownership is acquired, the local processor can complete its write
(OWNSH_NET), or the ownership can be transferred to the remote requester
(OWNSH_XFR). The block states ABS LOCK and RDO_LOCK are valid only in
the page owner, when it is coordinating the transfer of block ownership from the
current block owner to a new requester. The block state OEX_INVRQ is also valid
only in the page owner. This state indicates that the block is owned exclusive and
there is a pending invalid request involving this block which has been sent from
this node. As discussed in Section 4.2.3, this state occurs when the block is written
back to the page owner by the previous block owner (due to a replacement in the
block owner) when a local request for the blocks was outstanding at the page
owner. This protocol state is necessary to handle the retry response that will be
received for the pending invalid request. No remote requests are serviced in this

state until a retry message is received for the outstanding request (see
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Section 4.2.3). When the retry message is received, the block state is changed to
OWNEX.

4.3.3. Protocol M essages

Message Function Class
RREQ Read request Request
WREQ Write request Request
WRBCK | Reqguest write-back of block Request
INV Invalidate block read copy Command
PGINV Invalidate page Command
PAGE Page data, that is currently not shared | Reply
RDCPY Block datafor read access Reply
WDATA | Block datafor exclusive ownership Reply
ACK Acknowledge invalidation Reply
PGOWN | Identification of page owner Reply
RETRY Requireretry Reply
BLKBCK | Write back of block data Reply/Update
CPINV Copy invalidated notice Update
PGBCK Write back of page data Update

Table 4.5: Protocol messages and their function.

Table 4.5 lists the messages used in our coherence protocol. We classify the
messages into four categories — requests, commands, replies, and updates.
Request messages solicit a reply message indicating either that the service was
provided or that it was not provided. Command messages also solicit a reply, but
cannot be denied service. As we discussed in Section 4.2.1, this ensures that
protocol deadlocks are broken. Reply messages are sent in response to a prior
request. If the reply does not satisfy the requested service, the request will be re-

issued. Update messages are caused by replacements, do not expect a reply, and
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cannot be denied service. We describe the functionality of some non-trivial

messages below.

The request message WRBCK is used by the owner of the page to request the
current block owner to write back the block to the page owner, when the block
ownership needs to be transferred. If a local write access is not in progress, the
block owner writes back the block with the BLKBCK message. If arequest cannot
be immediately satisfied, a RETRY response can be sent in response to any of the
requests (negative acknowledgement). The requester can subsequently re-issue the
request. The PGOWN reply is used by the default page owner to implement the
bilateral exchange on a read or write request. The default owner does not forward
the request to the page or block owner. Rather, the requester is informed of the

identity of the page owner using the PGOWN message.

When a node replaces a page (and the blocks belonging to that page) from its
physical memory, the default page owner, the page owner, and/or the block owners
must be informed. The nodes which must be informed, and the message types that
must be used to inform these nodes depend on the state of the evicted page and the
state of the blocks of the page. When a node replaces a page that it owns, the
contents of the page (all blocks) are written back to the default owner with a
PGBCK update message. When the page is not owned by this node, any blocks
that are owned locally are each written back to the page owner using BLKBCK
messages. If the read copy of any blocks of the page was discarded, the owner of
each block is notified using a CPINV message.

The PGINV message is a performance optimization for the hierarchical

scheme. When a node replaces a page that it owns, the node ‘‘pulls’ all blocks of
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the page to itself (see Section 4.1.1) so that the page data may be written back.
This can be accomplished by individually requesting the writeback of each block
of the page that is owned by a remote node and by individually invalidating each
read only copy of blocks of the page which are owned locally. The PGINV
message accomplishes this task with lower message count and lower node
processing by implicitly commanding the writeback of any blocks of the page that
are owned by the recipient, and the invalidation of any read copies held by the
recipient. A single ACK response along with the appropriate BLKBCKs signals the

completion of the page invalidation in the recipient.

Messages RDCPY, WDATA, and BLKBCK carry one block of data. Messages
PAGE and PGBCK carry one page of data. All other messages are control
messages. In our current implementation, the PAGE message is used only when
the page is read from disk. PAGE, PGBCK and other newer messages can be used
to support page migration, but this has not been addressed in the current

implementation.

4.3.4. The Flow of Protocol Actions During Reads, Writes and Replacements

The discussion of our coherence protocol for the hierarchically managed
DSM system thus far has described the assignment of ownerships in the protocol,
the various states of pages and blocks in the protocol and the various messages that
are used in the protocol. The ownership and state information associated with the
blocks and pages in the system are distributed amongst the nodes in the system. At
each node, they are maintained in the tables used by the hierarchical scheme: the

Present Pages Table (PPT), the Shared Pages Table (SPT), the Migrated Pages
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Table (MPT) and the copy directory (described in Chapter3). When a processor
access misses in a node or when a page is replaced from a node, different protocol
messages are exchanged between several nodes and necessary tables are accessed
at these nodes to look-up and update protocol ownership and protocol state
information. The messages that are exchanged, the tables that are looked up and the
transitions in protocol state and ownership al naturally depend on the transaction
(read, write or replacement) and on the state and ownership distribution at that
time. Inthe following three sub-sections, we describe in detail the flow of protocol
actions used to service read requests (Section 4.3.4.1), to service write requests

(Section 4.3.4.2), and to service replacement events (Section 4.3.4.3).

RRE
. RREQ . 1 Q
R D ;,PGOWN 2
2 5
RREQ
RDCPY (fwd) RDCPY | |RREQ RREQ
4 6 BLKOWN )
B «——3 P B p
RREQ (fwd)

(i) (ii)

Figure 4.15: Comparison of bilateral exchange and forwarding for the
hierarchical scheme. When a node making a request does not know the
page owner, the default owner, the page owner and the block owner
will all participate in servicing the request. The default owner identi-
fies the owner of the page to the requester (using PGOWN), and the
page owner identifies the owner of the block to the requester (using
BLKOWN). With bilateral exchanges (case ii), six messages are sent
and processed, as compared to four when forwarding (casei) is used.

Before we describe these flows of protocol actions, we first describe a
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modification to our protocol to address the inefficiency of using bilateral
exchanges. Aswe mentioned in our discussion in Section 4.2.2.2, protocols based
on bilateral exchanges incur higher message count than protocols based on
forwarding. To highlight this inefficiency, consider a specific example on the
hierarchically managed system. In this example, a node that does not know the
owner of a page requests access to a block. Also, the default page owner, the
owner of the page and the owner of the required block are three different nodes. In
this case the request must first be sent to the default page owner, then to the page
owner, and finally to the block owner. The comparison of messages exchanged in
the protocol based on forwarding and in the protocol based on bilateral exchanges
is shown in Figure 4.15. With the use of bilateral exchanges, such a request would
require six messages to be exchanged and processed. Using forwarding, the same

request can be satisfied with four messages.

The higher number of messages used with bilateral exchanges will increase
the latency of accesses and the load on the network. However, if forwarding is
used, severa race conditions must be handled. Hence, we use a hybrid protocol
that minimizes the inefficiency due to bilateral exchanges. The hybrid protocol
uses forwarding for efficiency where race conditions are easy to resolve and uses
bilateral exchanges elsewhere to avoid the race condition problems discussed in

Section 4.2.2.

In our read access protocol we use bilateral exchange at the default owner but
use forwarding at the page owner. Since the page owner must be contacted to
request a read copy of any block of the page, this approach is likely to reduce

message count significantly. Since the default owner is contacted much less
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frequently (only when a node has no blocks of the page), the reduction in message
count by also forwarding at the default owner is likely to be marginal. The small
improvement may not justify the additional complexity required to handle race
conditions caused by forwarding at the default owner. With this approach, when
the default owner receives a read request, it replies to the requester with the
PGOWN message identifying the current page owner. The requester subsequently
directly requests the page owner for a read copy of the block. When the page
owner receives a read request, it is forwarded to the block owner, who directly
responds to the origina requester. This hybrid approach reduces the number of
messages for the example shown in Figure 4.15 to five (from six messages with the

use of pure bilateral exchanges).

Write accesses, which are less frequent than read accesses, are serviced using
the bilateral exchange approach. The penalty for using bilateral exchanges instead
of forwarding is smaller for write accesses since, even with forwarding, a message
must be sent from the block owner back to the page owner to record the change in

ownership.

The read and write protocols are described in detail in the following sub-
sections. The use of forwarding in read accesses makes races possible. The races
created by the use of forwarding are discussed in conjunction with the description

of the read protocol.
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4.3.4.1. Anatomy of a Read Request

A read request is initiated when a local processor’s read access misses in the
node’'s (R) cache and memory. We describe the flow of the protocol actions used
to service the read request under different situations. The cases that we discuss
include: 1) R has other blocks of the page, 2) R has no other blocks of the page, and
the page is only on disk, 3) R has no other blocks of the page and the page is owned
by the default page owner itself and 4) R has no other blocks of the page and the

page is owned by a node other than the default page owner.

Page Owner
a. look up PPT and SPT.
Reader (R) when not block owner
a. look up cache, PPT b. find block owner
and SPT. RRE from copy directory.
when absent | Q
b. set block state to v
ABS RDNET in SPT. RREQ (fwd)
C. get page owner
from SPT. Block Owner
a. look up PPT and SPT.
d. look up PPT and SPT. when block owned
e. set block state to b. set block state to
RDONL in SPT. OWNSH in SPT
f. continue read. RDCPY c. add node R to
copy directory.

Figure 4.16: Anatomy of aread request. Thisis one possible flow of the
protocol to satisfy a read miss by the local processor on node R. R
does not have the block required by the read access, but has other
blocks of the page. Hence, R knows the identity of the page owner.
The block is owned by some node other than the page owner.

First consider the case where other blocks of the same page are present in

node R. Since R has other blocks of the page, the Shared Pages Table (SPT) entry
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for the page on node R identifies the owner of the page. R sends a read request
RREQ to the page owner (P) identified in the SPT entry. R changes its local state
of the block to ABS RDNET to mark the pending read request. On receipt of the
RREQ, the page owner checks its SPT to determine if it owns the requested block.
A block is owned locally if the local state of the block has access permit OEX or
OSH. If the block is owned by another node, the page owner looks up the identity
of the block owner in its copy directory and forwards the request to the block
owner (B). When the block owner receives the request, it checks its SPT to verify
that it owns the block, updates the local state of the block to OWNSH, adds R to its
copy directory, and sends the block data in a RDCPY message to R. When R
receives the RDCPY, it updates the local block state to RDONL and alows the
local processor to complete the read access. This flow of the read request is shown

in Figure 4.16.

If the page owner P owns the block itself when it receives the read request
from R, it can service the request itself. In this case, P does not forward the read
request to any other node. P adds R to its copy directory and sends a read copy of
the block (RDCPY) to R.

If R does not have any block of the page in its node memory, it cannot
identify the owner of the page. In this case, an initial phase is needed to query the
default owner for the page owner identity. R alocates a PPT entry for the page and
marks its state to indicate a read request is in progress. R sends the RREQ to the
default owner D of the page (the default page owner is a static function of the page
number). When the default owner receives the RREQ, it looks up the page in its

PPT. If the page is not present in the default owner (no PPT entry) it looks up its
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Migrated Page Table (MPT) to seeif the page is owned by any node. If the pageis
present in the default owner (PPT entry present) the SPT entry for the page is
accessed to identify the page owner. Three outcomes are possible from the access
of the MPT or the SPT — the MPT may indicate that the page is not owned by any
node, the SPT may indicate that the page is owned by the default owner itself, or
either the MPT or the SPT may indicate that the page is owned by some node other
than the default owner. When the page is not owned by any node, the page is
available only on disk. In this case, the entire page is read from disk by the default
owner, and sent in a PAGE message to the requester R. The default owner also
updates its MPT to indicate that R owns the page. On receipt of the PAGE data
message, R changes its PPT entry state to private. When the default owner is also

the page owner, the protocol continues as previously described (Figure 4.16).

Figure 4.17 describes the case when R does not have other blocks of the page,
and the page is owned by some node other than the default owner. The default
owner determines the identity of the page owner from its MPT or its SPT and sends
the identity of the page owner node P in a PGOWN message to the requester R
(bilateral exchange). When R receives the PGOWN message, it checks its PPT
entry which indicates that a read request is in progress. R then sends a RREQ
request message to the node P identified by the PGOWN message. Starting from
this point, the transaction progresses as shown in Figure 4.16 up to the point where
the block owner sends the block in a RDCPY message to R. When the RDCPY
reply arrives at R, an SPT entry is alocated (since the page is shared) for the page
in R. R sets the state of this block to RDONL and sets the state of all other blocks

to ABSENT in the SPT entry. R also records the identity of the page owner in the
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Reader Default Owner

a. look up cache and PPT.
when no PPT entry | a look up PPT.
v when no PPT entry

b. allocate new PPT entry RREQ b. find page owner
C. Set page stateto PGOWN from MPT.

read requested in PPT.
d. look up PPT.
when page read requested RREQ

—

e. look up PPT. To Page Owner

f. set page state to
valid and shared in PPT.

g. alocate new SPT entry. RDCPY

h. set block state to

. RDO_NL In SPT. From Block Owner
i. continue read.

Figure 4.17: Read access when page owner is not known localy. This
shows the flow of the protocol to satisfy aread miss by alocal proces-
sor on node R, when R has no block of the page. R does not know the
page owner, and requests the default owner who send the page owner
identity in a PGOWN message. Subsequently, the protocol can flow as
shown in Figure 4.16. When the RDCPY is received, an SPT entry is
alocated in R. The page owner is marked in the SPT entry, the state of
the block set to RDONL, and the states of all other blocks of the page
set to ABSENT.

SPT entry.

When the page owner itself owns the block, clearly the request need not be
forwarded anywhere. The page owner services the request and sends a RDCPY
with the requested block to R. We illustrate this in Figure 4.18. It is possible for
the page or block ownership to move while the read request is in transit. In this

case, a read request can arrive at a node that was previously the owner after the
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Figure 4.18: Additional protocol flow sequences for read requests. Ris
the read requester, P is the page owner, D is the default owner, and O
represents either a page owner or a block owner. Protocol can flow as
in case (i) in two situations — when O is the page owner and the block
owner; or when R is the page owner and O is the block owner. Case
(ii) is possible when R has no block of the page, and the page owner is

also the block owner. Other flows are also possible, including those
when the ownerships move.

node relinquished ownership. In such situations, the node receiving the request
forwards the request to the default owner and the protocol flow is repeated. A
pathological case where a read request is endlessly re-issued trying to locate the
current owner of the block is possible. This can occur if the ownership of the block
or page moves repeatedly in such a manner that the read request always reaches a
node after it relinquishes ownership. However, this pathological caseisunlikely (a

similar scenario is also possible in DASH [Leno90] and FLASH [Kusk94] ).

In our discussion thus far, we have discussed read requests which are serviced
by the page owner and block owner as soon as the request is received. The page
owner or block owner may not be able to service the read request immediately if a

write access is in progress for the block, or if the page is being replaced. A write
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access in progress is indicated by the block states OWNSH_NET, OWNSH_XFR
and ABS LOCK. A page that is being replaced is indicated by the PPT meta-state
bits associated with the page replacement mechanism (Section 4.3.2). The read
request cannot be satisfied in both these cases since it conflicts with the write
access and the page replacement. The write access will complete only after
exclusive ownership of the block is acquired. The page replacement will complete
only after exclusive ownership of al blocks of the page (including the block being
requested) is acquired. If aread copy is sent, these transactions will not complete
since al read copies would not have been invalidated. Under these situations, the

owner sends a RETRY message to R requiring it to retry the request.

local read§d
R \ \ RDONL \ \
RREQ RREQ
ACK
=) >
RREQ
(fwd) RREQ
5 DCPY INV (fwd) .
| copyinR | nocopyinR "m0

racel

Figure 4.19: Race between ACK and RREQ. With the use of forwarding
in servicing RREQ, a RREQ can race an ACK sent previously since
they follow different paths.
The forwarding of the read request by the page owner introduces race
conditions in the protocol. Consider the case where node R has its read copy of a

block invalidated by the block owner B and subsequently requests a read copy of
the block. Figure 4.19 shows the paths taken by the acknowledgement message
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ACK and the read request RREQ. The read request RREQ is forwarded by the page
owner P while the acknowledgement message ACK is sent directly to the block
owner B. While the ACK message is sent from R before the RREQ, the RREQ can
arrive at B before the ACK. (With bilateral exchanges, P would identify B to R,
and R would directly send the RREQ to B, which cannot race the previous ACK,

since they follow the same path).

In our implementation, the block owner handles the race situation between the
ACK reply and the subsequent RREQ request by refusing to service any RREQ
requests (by sending a RETRY reply) received when it is waiting for
acknowledgements. Aswe described in Section 4.1, the information that the block
owner is waiting for acknowledgements is maintained in its Pending Requests
Cache. Since the Pending Requests Cache does not maintain the identity of nodes
that must send acknowledgements, this mechanism cannot identify whether a
RREQ request that is received is sent from a node that must send an
acknowledgement (which indicates a race). When the RREQ is indeed sent by a
node that must send the acknowledgement, this mechanism handles the race
condition. This solution to the race problem may appear to be an unnecessary
overhead whenever the RREQ request is received from a node other than one of the
nodes that must send acknowledgement. However, even in such situations, it is not
an overhead when the block owner had issued the invalidations to satisfy a
previous write request. Read requests received while a write is in progress would
anyway be denied service to alow the write access to complete. The mechanism
incurs unnecessary overhead only when the block owner had invalidated read

copies to evict them from the copy directory and a request is received from a node
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other than the nodes whose copies were evicted. Thisislikely to be an infrequent

event.

A race condition is also possible between an ACK message and a CPINV
message. Suppose a node R evicts its read only copy of a block when the owner of
the block, B, is concurrently invalidating all read copies of the block to satisfy a
write access. A CPINV message notifying the block owner of the replacement will
be sent by R to the page owner since R does not know the identity of the block
owner. Aswith read requests, when the page owner receives the CPINV message,
it forwards it to the block owner B. When R receives the INV message from B after
it had sent the CPINV message, R sends an ACK message acknowledging the
invalidate directly to B (in our implementation, an ACK message is sent to an INV
message even when the block is not aready present in the node — to support
invalidations that are broadcasted). Since the CPINV and the ACK follow different
paths to B, the ACK message can race the CPINV message and arrive at B first.
However, this race is not a problem for our protocol. The CPINV messages
requires that R be dropped from the copy directory for the block in B, which was
already accomplished by the the invalidation. Hence, the CPINV is ignored. In
general, when a block owner receives a CPINV message from a node that is not

indicated in its copy directory, the CPINV message is ignored.
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4.3.4.2. Anatomy of a Write Request

A processor’'s write access is a hit in the local node if the access permit
component of the local state of the block (Section 4.3.2) is OEX. The processor’s
write access will miss in the local node if the local state of the block being
accessed does not permit write access, or if the block being accessed is not
available locally. Write access must be requested from remote nodes in these cases

to service the write miss.

The complete flow of protocol actions needed to satisfy a write request
naturally depends (as with read requests) on several factors such as whether the
requesting node W knows the identity of the page owner and whether the page
owner is also the owner of the required block. In the rest of this sub-section, we
discuss the flow of protocol actions in several cases including: 1) when W is also
the owner of the block, 2) when W is also the page owner but not the owner of the
block, 3) when W has other blocks of the page, 4) when W has no other blocks of
the page and the page is on disk and 5) when W has no other blocks of the page and

the page is owned by some node.

The write-miss scenario is simplest when the node that issues the write access
is also the owner of the block. A node that owns a block will miss on a write
access to the block if the block is owned shared (access _permit component of the
local state of the block is OSH). In this case, the node must invalidate all read
copies of the block in the system to service the write. The block owner first
changes the local state of the block in its Shared Page Table (SPT) to
OWNSH_NET indicating that a local write is in progress. The block owner then

looks up the copy directory and an invalidate message INV is sent to each node that
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has a read copy of the block. The write request is marked in the Pending Requests
Cache on W (see Section 4.1). The Pending Requests Cache entry identifies the
number of acknowledgements that must be received before the write access can be
granted. When a node holding a read-only copy of a block receives an invalidate
(INV) message, the local read copy is invalidated by setting the access permit of
the block state to ABS. An ACK reply is sent by the node receiving the invalidate
(INV) message to the block owner, which sent the invalidate. Once al ACK
messages (as indicated by the entry in the Pending Requests Cache) have been
received by the block owner W, W sets the local state of the block to OWNEX and

allows the write access to proceed.

When the node issuing the write W is not the owner of the block, the write
request must be serviced by the page owner. When W is itself the owner of the
page (but not the owner of the block), W can service the write request itself. First,
in the SPT entry of the page in W, the block is marked to be in state ABS WRNET
if it was previously absent, and to be in state RDONL_NET if a read copy was
present previously. The page owner W then uses its copy directory to determine
the identity of the block owner. W then sends a write-back request WRBCK to the
block owner (B). When the block owner B receives the write-back request, if the
block is owned exclusively (OWNEX), B can immediately write the block back to
the page owner W using a BLKBCK message. B then changesits local state of the
block to ABSENT. When W receives the BLKBCK message, the access waitlist
component of the local block state indicates that a local write is in progress.
Hence, the local block state is set to OWNEX and the local write access is alowed

to continue.
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In the scenario discussed above, where the node W issuing the write access is
the page owner but not the block owner, the state of the block in the block owner B
is OWNEX. The state of the block in the block owner B can also be owned shared
(OWNSH). Inthiscase, unlike the previous scenario, the BLKBCK message cannot
be sent by the block owner until all read copies of the block have been invalidated.
When the block owner B receives the WRBCK message, it looks up the copy
directory and sends an invalidate message INV to each node that has aread copy of
the block. Theloca state of the block in B is modified to OWNSH_XFR to indicate
that a remote write is in progress and that the ownership of the block will be
transferred away once all acknowledgements are received. Once all ACK messages
have been received (identified using the Pending Requests Cache as previously
discussed) by B, B writes the data of the block back to the page owner W using the
BLKBCK message. At this point, W sets the state of the block to OWNEX (as

before) and alows the write access to continue.

When node W is neither the block owner nor the page owner, the write request
must be sent to the page owner for service. If some other blocks of the page being
written to by W are present locally on W, the identity of the page owner is available
in W's Shared Pages Table (SPT). In this case, a write request is sent to this page
owner P. In the SPT entry of the page in W, the block is marked to be in state
ABS WRNET if it was previously absent, and to be in state RDONL_NET if aread
copy was present previously. When the page owner receives the write request, it
looks up the local state of the block in its SPT. If the page owner possesses the
block in the exclusive owned state (OWNEX), the block and ownership are

immediately sent by a WDATA message to W. The page owner then sets its copy
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directory to indicate that W is the block owner and changes the local block state to
ABSENT.

If the page owner P possesses the block in the owned shared state (OWNSH)
when the write request is received from W, read copies of the block must be
invalidated before ownership is transferred. At the page owner, the access waitlist
of the block state is set to LOCK, indicating that a remote write is in progress. The
page owner looks up its copy directory and invalidate messages INV are sent to all
nodes with read copies. An entry is also added to the Pending Requests Cache in
the page owner to indicate the number of acknowledgements expected for the
invalidation. The information about the original remote write request including the
identity of the requester (W) is recorded in this entry. Once all acknowledgements
are received, the page owner sends the block and its ownership to the requester W
with a WDATA message (the page owner determines that node W issued the write
request from the information previously recorded in the Pending Requests Cache).
The page owner then sets its copy directory to indicate that W is the block owner
and changes the local block state to ABSENT. As before, when W receives the
WDATA message, the local state of the block in W is set to OWNEX and the write

accessis alowed to complete.

Now, consider the scenario when the node issuing the write W sends the write
request to the page owner P and the block accessed by the write is not owned by
the page owner. In this case, when the page owner receives the write request, it
uses its copy directory to determine the identity of the block owner. The page
owner then sends a write-back request WRBCK to the block owner (B). At the

page owner, the access waitlist of the block state is set to LOCK, indicating that a
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when no write access |

b. set block state to v
ABS WRNET in SPT.
C. get page owner
from SPT.

Each Copy Holder

a. look up PPT and SPT.
b. set block state to
ABSENT in SPT.

d. look up PPT and SPT.

e. set block state to
OWNEX in SPT.

f. continue write.

WREQ

Page Owner Block Owner

a. look up PPT and SPT.

when not block owner

b. find block owner
from copy directory.

C. set block state to

a. look up PPT and SPT.
when block owned shared

b. find nodes with copies
from copy directory.

WRBCK | c. count acks expected
ABS LOCK in SPT. d. set block state to
OSH_XFR in SPT.

d. look up PPT and SPT.

e. add W as block owner e. look up PPT and SPT.
to copy directory. when all acks received

f. set block state to f. set block state to
ABSENT in SPT. BLKBCK ABSENT in SPT.

Figure 4.20: Anatomy of a write request. This is one possible flow of
the protocol to satisfy a write miss by alocal processor on node W. W
does not have the block required by the write access, but has other
blocks of the page. Hence, the SPT entry in W identifies the page own-
er. The block is owned by a node other than the page owner. Read

copies of the block are present on other nodes.
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remote writeisin progress. An entry is added to the Pending Requests Cache in the
page owner indicating that a response is expected for the write-back request. As
before, the information about the original write request including the identity of the
requester (W) is recorded in this entry. When the block owner receives the
WRBCK request, the block must be written back to the page owner. As discussed
in the previous cases, if the block is owned exclusively (OWNEX), the block owner
can write the block back to the page owner immediately. If the block is owned
shared (OWNSH), the block owner writes the block back to the page owner after all
read copies have been invalidated. When the page owner receives the BLKBCK
message from the block owner, since the access waitlist component of the local
block state is LOCK, the block and its ownership are sent to the requester W with a
WDATA message. The page owner determines that node W issued the write request
from the information previously recorded in the Pending Requests Cache. The
page owner then sets its copy directory to indicate that W is the block owner and
changes the access waitlist component of the local block state from LOCK to
NONE. When W receives the WDATA response, it changes the block state in its
SPT to exclusively owned (OWNEX), allowing the local processor to complete its
write access. This flow of a write access is shown in Figure 4.20. It should be

noted that all the inter-node exchangesin this case are bilateral.

When the requester W does not have any block of the page, W sends the write
request to the default owner D. W allocates a PPT entry for the page. W sets the
state of the PPT entry to WRNET to indicate that a write request has been issued
(Section 4.3.2). When the default owner receives the WREQ, it looks up the page

inits PPT. If the pageisnot present in the default owner (no PPT entry) it looks up
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its Migrated Page Table (MPT) to see if the page is owned by any node. If the
page is not owned by any node, the default owner reads the page from disk and
sends the entire page in a PAGE data message to node W. The default owner
updates its MPT to indicate that W owns the page. When W receives the PAGE

message, it marks the page private in its PPT.

) INV
W C
ACK 2
()
. WREQ . WREQ
WDATA , s PGOWN
WRE
ACK | | INV WDATA Q
. ACK 6
3 C P
C INV 4

(i) (iii)

Figure 4.21: Additiona protocol flow sequences for write requests. Wis
the write requester, P is the page owner, D is the default owner, and C
is some node that has a read copy of the block. Protocol can flow asin
case (i) when the W is the block owner. Case (ii) will occur when the
page owner is also the block owner. Case (iii) also occurs when the
page owner is also the block owner, but when W has no block of the
page. Other flows are also possible, including those when the owner-
ships move.

Another possible write-miss scenario is where the requester W does not have
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any block of the page and the page is owned by some node other than the default
page owner. In this case, the default page owner sends a PGOWN reply to W
identifying the page owner P. When W receives the PGOWN, it checks its PPT
entry. Since the PPT entry indicates a pending write request, W sends a WREQ to
the page owner P identified in the PGOWN message. After this point, the protocol
flows exactly as described in Figure 4.20 (where the node requesting the write
knows the identity of the page owner) up to the point where W receives the
WDATA message. When W receives the WDATA message, it allocates an an SPT
entry for the page. W sets the state of the block in the SPT to OWNEX, and sets the
states of all other blocks of the page to ABSENT. W also marks the identity of the
page owner in the SPT entry. This flow of the write access and a few other flows

are shown in Figure 4.21.

In the above discussion, we have covered cases where the write request is
serviced once it is received. Under some situations, it may not be possible to
service the write request when it isreceived. A write request can be denied service
if the page owner has an outstanding read request for the block. When a read
request for the block is in progress in the page owner, the access waitlist
component of the local state of the block in the page owner is set to RDNET. Since
we support only one outstanding access on a block at a time, the page owner will
send a RETRY message to the node requesting write access. A write request can
also be denied service when another write request is already in progress for the
block (access waitlist of WRNET or LOCK in the local block state), or if the page
is being replaced in the page owner (identified by the PPT meta-state bits

associated with the page replacement mechanism). As we discussed in the context
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of read requests that are denied service (Section 4.3.4.1), the write request will be
denied service so that the on-going write access or on-going replacement can
complete. A write request is denied service by the current block owner if the
current block owner is writing to the block. In this case, the current block owner
sends a RETRY message to the page owner. The page owner must retry the
WRBCK request later. All other cases when awrite request is denied occur only at
the page owner. The page owner sends a RETRY message to the node issuing the

write request W in these cases. The write request must be retried by W.

4.3.4.3. Anatomy of a Replacement

A replacement occurs when there is a need to release resources allocated to a
previous operation in order to allow a new operation to proceed. For the coherency
protocol, the relevant resources are entries in the various tables and the local
memory on each node. The tables where entries are dynamically allocated include
the Present Pages Table (PPT), the Shared Pages Table (SPT) and the copy
directory. An entry is allocated in the PPT when an operation requires a new page
frame to be allocated (e.g., an access to a new page). An operation allocates an
entry in the SPT when the operation causes the sharing of a new page. When a
new node is allowed to share a page, a new entry must be allocated for the node in
the copy directory. These operations can be blocked when entries needed by the
operations are not available for alocation in these tables. To allow these
operations to continue, space must be freed from these tables by replacing existing
entries. We discuss the mechanism of PPT entry replacement, SPT entry

replacement, and copy directory entry replacement in this sub-section.
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When a node N requires a page frame to allocate a new page, a page must be
replaced from its local memory. This frees up the PPT entry for use by the new
page. The page to be replaced is chosen randomly. If the page randomly chosenis
pinned from being replaced (e.g., due to outstanding requests), another page is
chosen. The page that is picked for replacement can be private or shared (see
Section 4.1). When a page is picked for replacement, its PPT entry is marked by
setting the appropriate meta-state bit to indicate that the page isin replacement (see
Section 4.1.1). From this point, the mechanism of replacement must clearly be
different for replacing private and shared pages. In our implementation, the
mechanism of replacing a shared page also depends on whether the page is owned
by a remote node or by the local node N. We discuss the mechanism of
replacement for each of these three cases. replacing a private page, replacing a
shared page that is not owned by the node replacing the page and replacing a
shared page that is owned by the node replacing the page.

Page replacement is simple when the page being replaced is currently private
to the node N. The private page is written back to the default owner using a
PGBCK message and the PPT entry is immediately reclaimed. When the default
owner receives the PGBCK message, it writes the page to disk. The default owner
also updates its Migrated Page Table (MPT) to indicate that the page is not owned

by any node.

When a node N replaces a page that is owned by a remote node, N will
relinquish the ownership of any blocks that it owns as well as any local read copies
of blocks of the page. We discuss the mechanism of relinquishing ownership and

then discuss the relinquishing of read copies. To relinquish block ownership, the
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node must write the block back to the page owner. N writes back every block that it
owns exclusively (OWNEX) to the page owner using a BLKBCK message
immediately. Node N can write back any block that is locally in the owned shared
state only after it acquires exclusive ownership of the block. The local state of
each block that is currently in the owned shared state (OWNSH) is changed to
OWNSH_XFR to indicate that exclusive ownership is being acquired to return the
block to the page owner. For each of these blocks, node N sends invalidate
messages (INV) to nodes that have read copies indicated in the copy directory.
Once al acknowledgements for the block are received by N, N writes the block
back (BLKBCK) to the page owner and changes the local state of the block to
ABSENT.

Node N relinquishes its read copies of blocks of the page being replaced by
changing the local state of such blocks to ABSENT. For each of these blocks, N
sends a CPINV message to the page owner indicating that the local copy of the
block was invalidated. When the page owner receives the CPINV message from N,
the page owner determines the owner of the block (from the local state of the block
or by accessing the copy directory). When the block is owned by the page owner
itself, the page owner removes N from the copy directory for the block. If the
block is not owned by the page owner, the page owner forwards the CPINV
message to the owner of the block. When the block owner receives the CPINV

message, node N is removed from the copy directory.

All blocks of the page are relinquished by N when the local state of each
block of the page is ABSENT. This completes the replacement of the page (which
was shared but not owned by the node replacing the page) At this point, the PPT
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(and the SPT entry) entry associated with the replaced page is free to be reused.

Now, consider the scenario when the page being replaced to free up a PPT
entry is owned by the node replacing the page (N) itself. In this case, the replacing
node N first makes the page private to itself by evicting the page from all nodes
that share the page. Subsequently, N can free the PPT entry by writing the entire
page back to the default owner. N evicts the shared page from all nodes sharing the
page by acquiring exclusive ownership of all blocks of the page. We describe the

mechanism below.

When replacement of a shared page owned locally is initiated in node N, it
modifies the local state of each block of the page to indicate that exclusive
ownership is being acquired for the block. The local state of blocks in the
ABSENT, RDONL and OWNSH states are changed to ABS WRNET, RDO_WRNET
and OWNSH_NET respectively. N can acquire exclusive ownership of these blocks
by sending individual WRBCK messages to the owner of each block of the page
that is not owned locally, and by individually invalidating (INV) each read copy of
every block that is owned shared locally. As we mentioned in Section 4.3.3, to
optimize performance, our scheme employs an alternative mechanism using the

page invalidate (PGINV) message.

When N replaces a shared page that it owns (i.e., N is also the page owner), a
page invalidate (PGINV) message is sent to each node that is indicated in the copy
directory for the page in N. The nodes indicated in N's (page owner’s) copy
directory are nodes that own any block of the page and nodes that possess a read
copy of any block owned by the page owner N. Node N maintains the count of

acknowledgements expected in its Pending Requests Cache. When a hode receives
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a PGINV message, it performs three actions. First, it drops its read copies of any
block of the page — the local state of each block of the page that isin the RDONL
state is changed to ABSENT. Second, the node receiving the PGINV message
acquires exclusive ownership of any blocks of the page that it owns so that the
block may be written back to the page owner N. The node writes back all blocks
which are locally in the OWNEX state to the page owner using BLKBCK messages
and changes the local state of these blocks to ABSENT. The node changes the local
state of blocks in the OWNSH state to OWNSH_XFR, and sends invalidate
messages (INV) to all nodes with read copies of the block. When the node has
received all acknowledgements (ACK) for the invalidation, it writes back the block
to the page owner (BLKBCK) and changes the local state of the block to ABSENT.
Lastly, when the node receiving the PGINV message has dropped all its read copies
and written back all blocks that were owned locally, it sends an acknowledgement

message (ACK) to the page owner N confirming the invalidation of the page.

The shared owned page being replaced by N is private to N when it has
received all acknowledgements for its page invalidation and all blocks of the page
have been written back (in a FIFO network, the BLKBCK messages would all be
received before the acknowledgements are all received). N can free the PPT entry
associated with the page by writing the page back to the default page owner using
the PGBCK. As discussed previously (in the context of replacing private pages),
the default owner will write the page to disk and update its MPT to indicate that the

page is not owned by any node.

An SPT entry must be evicted from a node when no free SPT entries are

available on that node, and an operation requires a new SPT entry to be alocated in
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that node. To free an SPT entry in node N, a page that is currently shared by N
must be replaced. A shared page is chosen for replacement at random (by choosing
an SPT entry to evict at random). When a candidate SPT entry has been chodes,
the corresponding PPT entry of the page is identified from the page frame number
field in the SPT (see Section 4.1.1). The appropriate meta-state bit in the PPT
entry of the page is set to mark that the page is being replaced to free the SPT
entry. As we described in our discussion of PPT replacements, the shared page
chosen for replacement may be owned by the local node that is replacing the page
(N) or may be owned by other remote node. When the page being replaced is not
owned locally, N relinquishes ownership and read copies of all blocks of the page.
The replacement mechanism in this case is exactly as we described for PPT

replacements.

When the page being replaced to free up an SPT entry is owned by N, N will
evict the page from all other nodes by acquiring exclusive ownership of all blocks
of the page. The page is evicted from other nodes using the same mechanism
described for PPT replacements. However, once N acquires exclusive ownership
of al blocks of the page, the page is not discarded. The state of the page is
changed to private instead of writing the page back to the default page owner (the
PPT meta-state bits identify that the page is being replaced to free an SPT entry
and not to free the PPT entry). Since an SPT entry need not be maintained for a

private page, the SPT entry previously used by the pageis free for reuse.

As we mentioned earlier, entries of the copy directory may also need to be
evicted. When a new node shares blocks of a page from a node N, it must be

indicated in the copy directory for the page. When no entry is available to add the
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node in the copy directory of the page on N, an entry must be evicted. 1n our Block
Map per Processor (BMpP) copy directory, each entry of the copy directory
identifies a specific node and the set of blocks of the page shared by that node.
When a specific entry is chosen for eviction (randomly), the victim node identified
by the entry (V) is forced to relinquish the blocks indicated in the entry. This frees

the copy directory entry.

To force V to relinquish the blocks, node N must first determine which of the
blocks marked in the copy directory entry of V are owned by V and which blocks
are owned by N itself. This is determined by accessing the local state of these
blocksin N. For each of these blocks that is not owned by N (i.e., owned by V), N
forces V to relinguish the ownership of the block by requesting it to write the block
back. The access permit component of the block state in N is set to WRNET to
indicate that ownership is being acquired, and a WRBCK message is sent to V. For
each of the blocks that is owned by N (i.e., not owned by V), N forces V to
relinquish the read copy by sending it an invalidate message (INV). In this case,
the local state of the block in N is not changed. The state associated with the
WRBCK and INV messages that are issued is indicated in the Pending Requests
Cache on N. The copy directory entry is free to be reused at this point. However,
eviction is complete when N receives all blocks that must be written back and all

acknowledgements that must be received.
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4.4. Simulation of Our DSM System Design

Distributed shared memory systems and other large scale systems are
composed of several complex sub-systems including processors, caches, coherence
engines and interconnection network. The performance of these complex systems
cannot be adequately evaluated using analytical models. Analytical models of
these large systems are unwieldy and they cannot accurately capture the intricate
interactions between the component sub-systems. Actual implementation or
detailed simulation is necessary to redlistically evaluate and characterize the

performance of distributed shared memory systems.

Hardware-supported distributed shared memory systems have been
implemented both in industry [Burk92] and in academia[Leno93, Agar95,
Kusk94]. These implementation efforts have provided valuable experience in the
design of DSM systems and serve as good platforms for studying the use of DSM
systems. Such actual system implementations allow architectural ideas to be
rigorously tested. However, they take multiple man-years to complete and are
expensive, especiadly when the system being designed is a large scae

multiprocessor.

These hardware implementations aso have limited flexibility in
accommodating multiple designs. Most of the functionality in these hardware
implementations is built into hardware components that cannot be easily changed.
For example, Alewife[Agar95] implements its base protocol in a hardware finite
state machine. The base coherence protocol can be modified only by an expensive
re-design of this chip. The MAGIC chip used in the FLASH architecture [Kusk94]

supports some degree of flexibility by implementing the protocol code in user-
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handlers which can be modified to change the protocol.

System-level simulations can be implemented more rapidly than hardware
prototyping and offer greater flexibility in accommodating multiple designs. These
simulations alow the system to be characterized over arange of system parameters
(such as table sizes and queue sizes). Unlike prototype implementations, system
simulations are not constrained to design for technology that is available at the time
of evaluation. Simulations can be used to evaluate system designs for future
technology, modeling components which are beyond the capability of current
technology (e.g., faster memory or network, sophisticated processors etc).
Simulations also ease the process of verifying and refining the design. Even
hardware prototyping efforts use simulations in their initial phase to refine the

design (e.g., the FLASH [Kusk94] implementation).

Simulation models can be based on trace-driven simulation or execution-
driven simulation. With trace-driven simulation, the system is evaluated using
address traces from a prior execution of the workload. The trace of addresses
issued by the workload are collected prior to simulation when the workload
executes on a different architecture. Execution-driven simulation is based on the
actual execution of the workload on a simulated virtual machine. The virtual
machine that is smulated is a close representation of the architecture being

evauated.

Trace-driven simulation is generally more efficient than execution-driven
simulation since the workload is not executed. Since the workload is not executed
during a trace-driven simulations, building these simulators is also easier than

building execution-driven simulators. However, trace-driven simulations are likely
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to be less accurate than execution-driven simulations for several reasons. Firstly,
the address traces are influenced by the architecture of the machine on which the
traces were generated. Second, the ordering of the accesses in the workload may
be perturbed by the process of collecting the traces. Third, if the trace is ssimply a
sequence of addresses, there is no information about time between accesses. In the
absence of such timing information, trace-driven simulation cannot measure the
real indicators of system performance such as application execution time, processor
utilization or network throughput. Trace-driven simulation aso has the
disadvantage that the storage needed for maintaining large address traces is quite
high.

We first implemented a simple trace-driven simulator of our DSM design,
allowing rapid evaluation of some of our preliminary designs. Subsequently, we
have implemented an accurate execution-driven simulator of our design that served
both for performance evaluation and for experimental validation of our protocols.

We describe these implementations in this section.

4.4.1. Implementation of a Simple Trace-Driven Simulator

We have implemented a simple trace-driven simulator of our hierarchical
scheme to obtain initial validation of our claims about the effectiveness of the
scheme. The simulator performs all accesses atomically. This is accomplished by
atomically performing al the state changes throughout the entire system required
for a particular block access. This simple design allowed the simulator to be built
quickly without the complexities associated with the implementation of a complete

distributed directory coherence protocol, or of an interconnection network. The
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simulator implements sufficient detail to measure the hit ratio, number of

coherence messages generated, and the usage of various mapping tables.

The ssimulator accurately implements all the mapping tables required by the
hierarchical scheme: Present Pages Table (PPT), Shared Pages Table (SPT),
Migrated Pages Table (MPT) and the copy directory. PPT and SPT entries have
the same format shown in Section 4.1.1. However, since all accesses are atomic,
we do not maintain access waitlist as part of the block state in the SPT
(Section 4.3.2). The simulator supports both Block Map per Processor (BMpP) and
the Processor List per Block (PLpB) copy directory organizations. When there are
no available entries in the PPT, SPT or the copy directory, a victim is picked

randomly and evicted.

For each address in the input trace, the local mapping tables in the processor
issuing the address are looked up. If the access can be satisfied locally, then the
accessisa‘‘hit.”’ If the access cannot be satisfied locally, the mapping tablesin all
relevant remote nodes (page owner, block owner, read copy holders) are looked up
and modified appropriately. The simulator does not implement the coherence
protocol, but accurately counts the number of coherence messages that would have

been sent for servicing remote accesses and evictions.

4.4.2. Implementation of an Execution-Driven Simulator

The execution-driven simulator of the hierarchically managed DSM was
implemented on top of the Proteus[Brew92a] simulation environment. Proteusisa
parallel architecture simulator that can simulate any generic MIMD multiprocessor.

Different parallel architectures can be modeled and studied using the Proteus
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simulation framework. We describe the Proteus simulation environment in
Section 4.4.2.1. We aso discuss the writing of applications for this environment as
well as the compilation and execution of the applications. Subsequently, in
Section 4.4.2.2, we discuss the implementation of hierarchically managed DSM on

Proteus.

4.4.2.1. TheProteus Simulation Environment

Proteus models the system as a set of nodes interconnected by some network.
Each node in the system is viewed as a collection of threads. The threads
correspond to the different components of the node: processor, memory and
network interface. The processor is ‘‘simulated’”’ by a thread of application code
executing directly on the simulation host hardware. The memory and network
threads are simulated in software. The behavior of the memory and network
threads are described in memory and network engines which can be modified to
simulate systems with different memory architectures and systems with different

interconnection networks.

The Proteus simulation kernel is essentially a threads package that manages
the threads associated with each node of the system. The threads corresponding to
the processor, memory and network on each node in the system are created at the
start of ssimulation. The run-time simulation engine first schedules the simulation
of the processor of node 0. To ‘‘smulate’’ the processor, the application is
executed on the simulation host. During execution, the application generates
memory-access and interprocessor-communication events which must be serviced

by the memory, network and remote processor threads. The run-time simulation
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engine schedules the different threads on the simulation host machine based on the
time-ordered sequence of events (we will discuss the timestamping mechanism
shortly). Each thread that is scheduled executes according to the behavior
specified in its model and can generate events for other threads in the system. The
executing thread returns control to the ssimulation engine when its task is completed
or when it requires the service of another thread. The kernel includes a context-
switching routine to allow control to be switched between the simulation engine

and athread.

The Proteus simulation environment includes a programming environment for
application development as well as an operating system environment for run-time
support. To support a shared memory programming environment, Proteus includes
a preprocessor that extends the C language with new storage classes and operators
that allow easy definition and use of shared memory variables. Proteus provides
the application with primitives for reading from and writing to shared memory,
test-test-and-set synchronization, interprocessor interrupts, and message passing.
Proteus also supports barrier synchronization, which is implemented through
interprocessor messages [ Kopp95].

The Proteus kernel provides basic operating system functions required to run
applications in a paralel environment. Proteus provides thread management
routines that allow the application to dynamically create and destroy threads.
Proteus also provides system calls to allocate and deallocate memory. Application
threads executing on Proteus can allocate and deallocate regions of shared memory

(local to the node or non-local) using these system calls.

In order to be executable in the Proteus simulation environment, an
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application must be written to conform to Proteus programming paradigm and
must be compiled using the Proteus compilation preprocessor. The application
must use the programming constructs provided in Proteus' s extended C language to
identify all shared variables and all accesses to the shared address space. All other
variables and accesses in the application are viewed as private to each process.
The application must alocate memory and perform application thread management
using the primitives provided in Proteus. Processes of the application must
synchronize and communicate with each other using the synchronization and

communication primitives provided by Proteus.

The Proteus compilation phase preprocesses the application code to modify it
in two ways. First, al shared address space accesses and all interprocess
communication and synchronization events in the application source code are
trandated into calls to corresponding routines in the memory and network engines.
Second, the assembly code generated from the preprocessed application source is
instrumented with additional assembly instructions. The assembly code
augmentation adds code to count the number of instructions executed, the number
of private load accesses and the number of private store accesses during application
execution. Each basic block in the application assembly is augmented with
instructions that accumulate the number of instructions, number of private load
accesses and number of private store accesses in that basic block to global
variables that maintain their overall counts. These global variables are maintained
independently for each node in the model. At any stage of the simulation, the
value of these global variables for a specific node is the total count of instructions

executed, private load accesses and private store accesses on that node until that
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stage of application simulation.

Applications execute in Proteus under the control of the Proteus run-time
simulation engine. The simulation engine initiates application execution by
scheduling the processor thread of node O with a timestamp of 0. When a thread
that is scheduled to run requires service from another thread (e.g., processor must
access memory, memory must send a message on the network etc.), it generates an
output event requesting the service and transfers control to the ssmulation engine.
The thread generating the output event must timestamp the event appropriately.
Processor threads timestamp their output events based on the number of
instructions of application code that was executed since it was scheduled (Proteus
assumes one processor cycle per instruction). Memory and network threads
timestamp their output events based on the latency in generating the output events
as modeled in their respective engines. The memory engine models the latency of
various tables that must be accessed to service input memory events. The network
engine models the latency in the network switches as well as the latency of network
links. The simulation engine handles the task of scheduling the appropriate thread
(processor, memory or network threads of any node) that can service the simulation
event with the earliest timestamp. Application execution is complete when no

thread is scheduled to run and no simulation events are pending.

Proteus advances the execution time of the application on each node through
the latency of executing instructions which access only private data and through
the latency of accessing shared data. The latency of executing instructions which
access only private date is measured by counting the number of such instructions

(each instruction is assumed to execute in one processor cycle). The latency of
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accessing shared data is measured by the latencies computed in the memory and
network threads that participate in satisfying the access. The process of servicing
the shared access request is initiated by the memory thread on the node that issued
the request. Subsequently, a sequence of network and memory events may be
generated to send requests to remote nodes and to access memory tables in the
memory threads of remote nodes. As described earlier, each memory and network
thread timestamps their output event based on the latency of servicing their input
event. Hence, the timestamp of the event that eventually grants the requested
access incorporates the cumulative latency in the network and remote memories.
The difference between the timestamps of the event requesting access and the
event granting access measures the latency of accessing shared data. The overall

execution time of the application is the time of the node with the highest time.

4.4.2.2. Implementation of Hierarchically Managed DSM on Proteus

When an application executing under Proteus accesses shared memory, the
processor thread executing the application code issues a memory event which must
be serviced by memory threads. The behavior of these memory threads must be
described in a software memory engine module. We have developed a memory

engine for Proteus that accurately models our hierarchically managed DSM.

The memory engine implements all the hierarchica management mapping
tables — Present Pages Table (PPT), Shared Pages Table (SPT), Migrated Pages
Table (MPT) and the copy directory — for each node to support address
trandation. The implementation faithfully models the inverted table

implementation of the PPT. PPT entries have the same format presented earlier in
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Section 4.1.1. However, the entries also maintain a pointer to the corresponding
page frame of memory. The SPT is accurately implemented and SPT entries for
shared pages are dynamically allocated. The SPT entries support the full set of
access permits and access waitlists associated with block states (Section 4.3.2).
They aso maintain a pointer to a copy directory as required by the hierarchical
management scheme. Additional fields are maintained in the SPT entry to
accumulate statistics about the page during simulation. The MPT is aso
implemented for each node to track the current owner of all pages default owned
by that node. Our copy directory implementation in the memory engine supports
both Block Map per Processor (BMpP) and Processor List per Block (PLpB)
organizations. In both cases, the copy directory is dynamically allocated. A copy
directory is allocated for a shared page on a node only when information about the

sharing of blocks need to be maintained on that node.

Since the PPT, SPT and the copy directory are bounded, as they would bein a
real system, entries may need to be replaced from these tables. All replacements
from the PPT, SPT and copy directory are random in our memory engine. While
they are performed exactly as described in Section 4.3.4.3, the selection of a
replacement victim does not consume any latency in our model. When aPPT entry
is not available to service a local processor’s request, the network request is not
issued until a PPT entry is available. Request and Reply buffers (as shown in
Figure 4.1 in Section 4.1) are used to buffer remote requests and replies when SPT
entries or copy directory entries are not available to service them. However, in our
implementation, the size of these buffersis unbounded. Also, we do not model the

latency of accessing these buffers. Our implementation does not model the
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presence of the Pending Requests Cache. The information contained in the

Pending Requests Cache is maintained in the PPT, SPT and copy directory.

The pipelined implementation of the MMU control is not accurately modeled
in the memory engine. Specifically, the model does not implement the pipeline
stages in the MMU design shown earlier in Figure 4.1 of Section 4.1. However,
the implementation models some degree of pipelining by allowing an access to be
issued to the MMU tables when another access issued in a previous cycle may bein
progress. The model does not implement a cache or a Tranglation Lookaside
Buffer (TLB). However, as we will discuss in Chapter 5, the presence of a cache
and a TLB can be approximately modeled by assigning appropriate latencies to
accessing local data, the PPT and the SPT.

The memory engine also models the presence and access of a disk on each
node. At the start of simulation, al pages reside on the disk of their respective
default page owners. We use a first-touch policy to assign page ownership in our
implementation. When a node receives a page from disk (read from disk and
forwarded by the default owner as dictated by our coherency protocol) in reply to a

read or write request, it is assigned ownership of the page.

The memory engine services al application accesses to the shared address
gpace. The memory engine implements our distributed directory coherence
protocol (described in Section 4.3) completely to service these accesses. All
coherence protocol states and message types discussed in Section 4.3 are
supported. If the block requested by an access on a node is available locally with
sufficient access permission, the access is performed by the memory thread of that

node without accessing the network. If the processor access cannot be satisfied

133



locally, messages are sent to remote nodes to acquire access. The processor is
blocked until the access is satisfied (i.e., the processor thread of this node will not

be scheduled until the access can be satisfied).

To service shared accesses that cannot be satisfied locally, memory threads
exchange coherence messages with memory threads on remote nodes. These
coherence messages are sent from a memory thread on one node to a memory
thread on another node through several network threads which model the latency of
sending the message through the network. A memory thread sends coherence
messages to the network by generating a event that must be serviced by the
network thread of the local node. A memory thread receives a coherence message
from the network when the network thread local to that node generates an event for

the memory thread delivering the coherence message.

The simulation events generated by the memory and network threads provide
al the information associated with the coherence message. This information
includes the identity of the node sending the message, the type of coherence
message (Section 4.3.3), the address being accessed, the node that is the destination
of the message, and the identity of the client node that is performing the memory
access. When arequest is forwarded in the coherence protocol (Section 4.3.4), the
client field is used to identify the node that originaly issued the shared memory

access. When a coherence message includes data, adatafield is also present.

The network engine implements the network as an interconnection of
switching elements which communicate by exchanging simulation events.
Messages are not partitioned into multiple packets (each packet is a complete

message). The network thread corresponding to each switching element (node)
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implements the routing logic and maintains, for each output port at that switching
element, the earliest simulation time at which the output port is available. Network
threads use the source and destination node identities in any incoming packet to
determine the node next in the packet route and the output port to be used. The
switching elements handle packets using the store-and-forward discipline. If the
required output port is marked as available at a time earlier than the simulation
time at which the incoming packet is received, the packet does not wait in the
switching element buffer and is immediately transmitted through the output port.
Otherwise, the incoming packet must be buffered and can be transmitted only at
the time the output port becomes available. In either case, the time of transmission
is determined and a simulation event forwarding the packet is generated for the
network thread at the successor node. The timestamp of this simulation event is
calculated as the sum of the time of transmission and the switching and link
latencies of the packet (switching latency is a parameter and link latency is
computed from the link bandwidth parameter and the size of the packet). The time
at which the output port becomes available after transmitting this packet is updated
likewise. The packet is routed to the destination node through a sequence of
switching elements in the network. When the packet arrives at its destination node,
the network thread at that node generates a simulation event that delivers the

packet to the local memory thread.

Network packets support data structures that allow statistics about the link
latency and queueing delay incurred by each packet to be accumulated. Network
threads at each switching element in the path of a packet add the link latency and

gueueing delay incurred by the packet at that switching element to these data
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structures. The value of these data structures at the destination node is the overall

link latency and overall queueing delay incurred by the packet.
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Chapter Five
Evaluation of Hierarchically Managed DSM

The hierarchicaly managed DSM system optimizes the management of
shared data based on the assumption that only a small percentage of the shared
address space of a process is actually shared at any time. This optimization can
potentially enable the hierarchical scheme to achieve the performance advantage of
uniform block-based schemes without incurring their large storage overhead (see
Chapter 3). We have evaluated the performance of the hierarchical management
scheme using trace-driven and execution-driven simulations. We discuss our

performance evaluations and present results from these evaluations in this chapter.

Our initial studies evaluated the performance of the hierarchical scheme using
trace-driven simulations. The trace-driven simulator does not implement the
complete coherence protocol and executes accesses atomically (Section 4.4 in
Chapter 4). By using address traces from real workloads with our trace-driven
simulations, we obtained initial validation of our premises about sharing behavior

in real applications.

Subsequently, we have evaluated the performance of the hierarchical scheme
using execution-driven simulation. The execution-driven simulation includes a
complete implementation of the coherence protocol and accurately models the
behavior of the processors and the network. Since the execution-driven simulation
also executes rea applications (rather than using address traces from a prior
execution on a different architecture), the results from this simulation more

accurately reflect the performance of areal DSM system.
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For both evaluation studies, the simulations also implemented the one-level
scheme to alow the performance of the hierarchical scheme to be compared with
the performance of the one-level scheme. Our simulations also provide the
flexibility to study the effectiveness of the hierarchica scheme over a range of
block sizes and mapping table sizes. We first describe the evaluation based on
execution-driven simulation and its results in Section 5.1. In Section 5.2, we

describe the results from our trace-driven simulations.

5.1. Evaluation based on Execution-driven Simulation

Node Node o Node
| | |
Networ k ‘
Switch |—
Node
Cache
MMU

\

\ \

Disk Mem

Figure 5.1: Model of the execution-driven simulation. A system with 64
nodes and a 2-D mesh network was simul ated.

As described in Section 4.4.2 of Chapter 4, our execution-driven simulation is
based on Proteus[Brew92b], which models the system as a number of nodes

connected by an interconnection network (Figure5.1). Each node model in the
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simulated system is comprised of a processor, cache, memory, disk, a memory
management unit (MMU), and an interface to the network. The processor is
““smulated’’ by directly executing the application code on the simulation host.
The cache, memory, disk and MMU on each node are ssmulated by a memory
engine. The memory engine implements the mechanisms needed to access the
shared address space (such as address trandation, disk access, coherence protocol)
and models their respective latencies. The network interface and the network are
simulated by the network engine. This engine implements message sending,

transmission across the network and reception.

We performed our evaluations for a system with 64 nodes. The behavior of
the processor is emulated by executing all application instructions that would be
executed by the processor directly on the host machine (Sun Sparc) on which we

ran our simulations.

The network is modeled as a packet-switched bidirectional 2-D mesh (8 x 8).
The network switches use infinite output port buffers. In Proteus, the bandwidth of
the network links is parameterized as a function of the processor cycle frequency in
the processor model. We used the network engine over arange of link bandwidths.
For a processor operating at P MHz, we have varied the link bandwidth from P
MB/s to 8P MB/s (link bandwidths from 200 MB/s to 1.6 GB/s for a 200 MHz
processor, for example). Control messages sent through the network have a size of

5 bytes. The size of data messages is the size of the data plus 5 bytes.

The memory engine models the memory and disk on each node. The local
disk controller component of the memory engine controls access to the disk. The

disk controller models a latency of 1000 processor cycles to access data from the
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disk, for al size of data accessed (with current technology, latencies of 1,000,000
cycles can be expected). With the hierarchical scheme, disk accesses are at the
granularity of pages. However, with the one-level scheme, disk accesses are at the
granularity of blocks. While a real system would access disk only at the
granularity of pages, the one-level scheme implemented in our simulations does
not include the page-level tables necessary for supporting page-level disk accesses.
The implementation of page-level disk accesses with block-level tables is tricky
since the eviction of a block to disk from one node necessitates the coordinated
eviction of al other blocks of the page from all other nodes. In addition, if page-
level disk accesses are supported without page-level tables, a node requesting a
block of data may need to allocate an entry for each block of the page being
accessed to map all the data received from disk. A practical implementation of the
one-level scheme should extend it with page-level tables to support page-level disk

accesses (making the scheme pseudo-hierarchical).

The memory engine also implements the memory management unit (MMU)
which supports distributed shared memory. The MMU model implements all the
mapping tables and our distributed directory coherence protocol for hierarchical
management (the MMU aso implements the one-level scheme which is described
in the next sub-section). The MMU models the presence of a cache on each node
in a simple way by assuming that a fixed proportion of shared accesses that hit in
the local node’s memory hit in the local cache. Our simulations used a cache hit
rate of 97% and a cache hit time of one processor cycle. The MMU does not
model the Trandation Lookaside Buffer (TLB) in detail. However, the average
latency of accessing the Present Pages Table (PPT) and the Shared Pages Table
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(SPT) are estimated assuming that entries from the PPT and SPT are cached in the
TLB. The average PPT access latency is estimated based on araw PPT access time
of 20 processor cycles, a TLB hit access time of one processor cycle and a TLB hit
rate of 90% for PPT entries. The average SPT access latency is estimated based on
a raw SPT access time of 20 processor cycles, a TLB hit access time of one
processor cycle and a TLB hit rate of 85% for SPT entries. Table 5.1 tabulates the

latency of accessing various tablesin our simulation.

Access Latencies of Coherency Tables

Table Acronym | Latency Comments
Present Pages Table PPT 3cycles | cachedin TLB from memory
Shared Pages Table SPT 4 cycles | cached in TLB from memory
Copy Directory CoD 7 cycles | look-up is pipelined;

updated in parallel
with message sending
Migrated Pages Table | MPT 40 cycles | cached in memory from disk

Table 5.1; Table Access Latencies.

Our simulations of the hierarchical scheme simulated a page size of 1024
bytes (with varying block sizes) while our one-level scheme simulations simulated
severa page sizes from 16 bytesto 1024 bytes. Table 5.2 lists the sizes of the PPT,
SPT and the copy directory (on each node) in our ssimulations of the hierarchical
and one-level schemes. For the one-level simulations, the number of entries in the
PPT, SPT and copy directory are tabulated for each page size that was simulated.
At small page sizes, the number of entries in the PPT and SPT are higher since
each entry maps a smaller fraction of the local memory. The total amount of
memory mapped by the PPT and SPT on each node (product of the number of

entries in the table and the page size) are also shown in Table 5.2 (columns labeled

141



‘*Size of Memory Mapped'’) for each page size. Asthe table shows, the amount of
memory available in each node (the size of memory mapped) is not the same for all
page sizes simulated. At small page sizes, the amount of memory available is
smaller in our simulations. This is because the large number of PPT and SPT
entries required to map larger memory at small page sizes increases the memory
requirements of the ssmulator posing a burden for our simulation host machine. In
al our simulations, we used a full copy directory with 64 entries (last column of
the table). The Migrated Page Table (MPT) was alowed to grow as large as

necessary to maintain an entry for each page of shared data on disk.

Present Pages Table Shared Pages Table | Number of
Page Size ; ; entriesin
Scheme g Number Size of Number Size of _
(bytes) of entries | Memory | of entries | Memory | Copy Direc-
Mapped Mapped | tory
Hierarchical 1024 512 512KB 128 128KB 64
16 8192 128KB 2048 32KB 64
32 4096 128KB 1024 32KB 64
64 2048 128KB 512 32KB 64
Onelevel 128 2048 256 KB 512 64KB 64
256 1024 256 KB 256 64KB 64
512 1024 512KB 256 128KB 64
1024 512 512KB 128 128KB 64

Table 5.2 PPT, SPT and Copy directory sizes in simulations. Our
hierarchical scheme simulations used a page size of 1024 bytes. The
page size was varied from 16 bytes to 1024 bytes in our one-level
scheme simulations.
Proteus measures the execution time of the application on the smulated
architecture as the sum of the time spent executing local instructions and the time

spent executing shared accesses. As described in Section 4.4.2 in Chapter 4, to
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measure the time spent executing local instructions, the Proteus compilation
process augments the assembly code of the application to count the number of
instructions executed by the application. The Proteus compilation process also
converts al accesses to shared data in the application to calls to the memory engine
which services these accesses. The time spent executing shared accesses is the
latency within simulator engine modules such as memory and network. During
simulation, the cycles spent in the execution of application basic blocks and the
cycles used up in simulator engine modules are both measured. In addition, the
simulator engine modules are instrumented to measure several behavior and

performance characteristics of the application and the system.

We describe our implementation of the one-level scheme and the
characteristics of our benchmark applications in the following two sub-sections

before presenting performance evaluation results from our ssmulations.

5.1.1. Onelevel Scheme Implementation

Our Proteus memory engine also implements the one-level scheme to allow
the performance of the hierarchical and one-level schemes to be compared. The
one-level scheme manages memory at a single granularity which can be as large as
a page (Section 3.1.1), or as small as a cache block (Section 3.1.2). We evauate
page-level and block-level schemes by varying the size of the block in the model.
In the rest of this subsection, we describe the key differences between the one-level

scheme implementation and the implementation of the hierarchical scheme.

In the one-level scheme datais mapped and transferred at only one granularity

(we refer to it as a block, whose size is variable). Hence, the coherence protocol
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Figure 5.2: One-level scheme protocol flow sequences for read requests.
Risthe read requester, D is the default owner, and B is the block own-

er. Protocol can flow as in case (i) when the default owner is also the
block owner, and asin case (ii) otherwise.

used for this implementation allows only one level of ownership. Every block of
data in physical memory is owned only at the block level by a node referred to as
the block owner. A staticaly assigned default owner for the block maintains the
identity of the block owner. The default owner in the one-level scheme serves the

function of both the default owner and the page owner in the hierarchical scheme.

The protocol transactions for read and write requests differ from the
transactions in the hierarchical scheme primarily in the absence of a second-level
page owner. When a node has a read or write miss, the request is sent to the
default owner. The default owner identifies the current block owner using its MBT
(Migrated Block Table). Read requests are forwarded by the default owner to the
current block owner, who directly sends a reply to the requester. In case of awrite
request, the MBT entry is locked at the default owner. The default owner sends a
message to the current block owner requesting it to write the block back. Upon

receiving the request, the block owner, asin the hierarchical scheme, invalidates all
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Figure 5.3: One-level scheme protocol flow sequences for write requests.
W is the write requester, D is the default owner, B is the block owner,
and C is some node that has a read copy of the block. Protocol can
flow asin case (i) when the W is the block owner. Case (ii) will occur
when the default owner is also the block owner. Case (iii) also occurs
when the block is owned by a node other than the default owner.

read copies of the block. Once all copies are invalidated, the block is written back

to the default owner. Upon receiving the write-back, the default owner updates its

MBT and the block data and ownership are sent to the requester. We illustrate the

typical protocol flows for reads and writes in Figure5.2 and Figure5.3

respectively.

The protocol message types and protocol states in the implementation are

modified dightly to take advantage of some simplifications allowed by the one-

level scheme. Since only one size of data is transferred, messages are not needed
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to support both blocks and pages. Page-related messages such as PGOWN,
PGINV, PAGE and PGBCK are not used in the one-level scheme implementation.
A block that is absent in a node has no entry associated with it on that node in the
one-level scheme (in the hierarchica scheme, an entry is present if some other
block of the page is present). Hence, the block access permit ABS is not used.
The absence of an entry in the Present Block Table (PBT) provides the same

information.

5.1.2. Application Benchmarks

Our execution-driven simulation results are based on the execution of three
scientific applications from the SPLASH-2 application suite — Cholesky, LU and
Radix [Sing92, Wo0095]. These SPLASH-2 applications were ported to use the
Proteus API for shared memory programming (Section 4.4.2 in Chapter 4) by the
author of [Kopp95]. The port modified the application source code to explicitly
identify accesses to the shared address space. Also, synchronization points in the
applications were modified to use the test-test-and-set semaphore locks (which are
implemented through reads and writes to the shared address space) and barriers

(which are implemented through messages) provided by Proteus.

The Cholesky application performs parallel Cholesky factorization of a sparse
positive definite matrix. A sparse matrix is factored into the product of a lower
triangular matrix and its transpose. The program primarily performs the numerical
factorization step of Cholesky factorization[Sing92], which determines the actua
numerical values of the non-zero entries in the lower triangular matrix. The

numerical factorization is efficient due to the use of supernodal elimination
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techniques. In our ssimulations, the application processed the tk14.0 input data set
provided in the SPLASH-2 suite.

The LU kernel [Wo0095] factors a dense matrix into the product of a lower
triangular and an upper triangular matrix. The dense 256 x 256 matrix is divided
into a 32 x 32 array of 8 x 8 blocks to exploit temporal locality on sub-matrix
elements. Block ownership is assigned using a 2-D scatter decomposition, with
blocks being updated by the processors that own them. The kernel version is a

less-optimized version that does not allocate elements of a block contiguously.

The Radix kernel [Wo0095] implements an integer radix sort based on the
method described in[Blel91]. The algorithm is iterative, performing one iteration
for each radix r digit of the keys. In each iteration, a processor passes over its
assigned keys and generates a local histogram. The local histograms are then
accumulated into a global histogram. Finally, each processor uses the global
histogram to permute its keys into a new array for the next iteration. This
permutation step requires all-to-all communication. The permutation is inherently
a sender-determined one, so keys are communicated through writes rather than
reads. The application sorted 256 K keys with maximum key value 512K using a

radix of 1024 in our evaluations.

Table 5.3 summarizes the problem size solved by the applications and the
amount of disk storage available to the application. The second column of the
table specifies the size of the problem solved by the application. All shared data
used by the application in solving this problem is mapped to the disksin the system
(one per node). Pages of shared data are mapped across the disks in the system

with a round-robin policy. During execution, the application must access the data
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Application Problem Size Disk storage | Shared Data
per nodein used by
simulation application

Cholesky tk14.0 1Mbyte 18.02Mbytes
LU 256 x 256 matrix, 256 Kbytes 719Kbytes
8 x 8 blocks
Radix 256K keys, 512K 256 Kbytes 3.08 Mbytes
maximum

key value, radix 1024

Table 5.3; Memory usage in application benchmarks. The third column
presents the amount of storage available in the disk of each node in
the simulation. The simulated system had 64 nodes. The last column
lists the actual amount of memory used by the application for storing
its shared data.

from the disk maintaining that page. The third column of the table lists the amount
of disk storage provided in each node in the smulation. The last column of the
table shows the total amount of shared data that was accessed by the application

during the simulation.

Table5.4 characterizes the applications by the number of instructions
executed, the total number of read accesses to shared data and the total number of
write accesses to shared data. The table lists these measures for ssimulations with
64-byte and 256-byte blocks, both for the one-level scheme and for the hierarchical
scheme. LU and Radix are roughly equal in size in the number of instructions
executed (about 400 million). Cholesky isalarger application executing four times
as many instructions. As the table shows, the number of instructions executed can
be different in simulation runs with different block sizes. Since the latency of
shared accesses is influenced by the block size, processes can arrive at

synchronization barriers and locks in different sequence in simulations with
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Application Scheme Block Size | Number of Number of Number of
(bytes) Instructions | Shared Reads | Shared Writes
(x 109) (x 109 (x 109
64 1433.47 69.23 7.74
Onelevel
256 1401.09 67.83 7.74
Cholesky
64 1390.37 67.43 7.74
Hierarchical
256 1362.38 65.75 7.74
64 460.12 12.09 5.72
Onelevel
256 469.58 12.09 572
LU
64 458.01 12.09 572
Hierarchical
256 466.58 12.09 5.72
64 417.29 11.86 6.51
Onelevel
256 421.06 11.96 6.51
Radix
64 416.75 11.86 6.51
Hierarchical
256 420.64 11.95 6.51

Table 5.4: Number of instructions and shared accesses in the applica-
tions.

different block sizes. As a result, the number of instructions executed in checking
whether all processes have reached the barrier or in suspending and waking up
processes may be different in simulations with different block sizes. With
Cholesky, such differences in the number of instructions executed can also occur
due to the additional synchronization structures (e.g., to signal that a task is ready
for processing) that are implemented in the application. The number of
instructions executed spinning on these structures (waiting for a task to become
ready, for example) can be different in simulations with different block sizes. In
all three applications, shared accesses constitute a small fraction of the

application’s instructions. The percentage of instructions which are shared
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accessesisonly 5% in Cholesky, 3.7% in LU and 4.2% in Radix.

Number of Number of Number of
o Block Size | Instructions Shared Reads | Shared Writes
Application Scheme . ) .
(bytes) in Parallel in Parallel in Parallel
Phase (x 10%) | Phase(x 10%) | Phase (x 109
64 1227.63 65.23 2.72
Onelevel
256 1203.06 63.83 2.72
Cholesky
64 1193.49 63.43 2.72
Hierarchical
256 1165.50 61.75 2.72
64 451.91 11.96 5.59
Onelevel
256 461.66 11.96 5.59
LU
64 450.18 11.96 5.59
Hierarchical
256 458.75 11.96 5.59
64 417.03 11.33 6.51
Onelevel
256 420.86 11.43 6.51
Radix
64 416.53 11.34 6.51
Hierarchical
256 420.44 11.42 6.51

Table 5.5: Number of instructions and shared accesses in the parallel
phase of the applications. Applications have an initial serial phase
when a single process executes initialization code and spawns other
processes. Most of the instructions and shared accesses are in the
paralel phase of the application.

The execution of all three applications have an initial serial phase before the
parallel phase of execution. In the serial phase, a single process executes
initialization code and then spawns all other processes for the parallel phase.
Table 5.5 lists the number of instructions executed in the parallel phase of the
execution and the number of read and write accesses to shared address space in the
parallel phase. The instruction count and access count measures for the parallel

phase are the sum of the instruction counts and the access counts, respectively, of

150



al the processes that executed during the parallel phase. The table presents
measurements from simulation runs with 64-byte blocks and 256-byte blocks for
the one-level and the hierarchical schemes. Comparing with the numbers tabulated
for the overall execution in Table 5.4, it can be seen that al three applications
execute most of their instructions in their paralel phase. Cholesky executes 86%
of itsinstructions in the parallel phase, while LU and Radix execute nearly all their
instructions in the parallel phase. While roughly 94% of Cholesky’s read accesses
to shared data are in its parallel phase, only 35% of its write accesses to shared data
are in the parallel phase. The mgority of Cholesky’s shared write accesses occur
in the initialization. 99% of LU’s shared reads and 98% of its shared writes occur
in its paralel phase. In Radix, the array to be sorted is initialized only in the

parallel phase. Hence, al its shared writes are in the parallel phase.

To study the distribution of the workload amongst the processors, we have
measured the number of instructions, the number of shared reads and the number of
shared writes executed by each processor in the parallel phase. The histograms in
Figure 5.4, Figure 5.5 and Figure 5.6 show the breakdown of instructions, shared
reads and shared writes, respectively, amongst the processors (for the parallel
phase). In each figure, the breakdown is shown for al three applications on the

one-level managed and hierarchically managed DSM systems with 64 byte blocks.

Figure 5.4 shows that the total number of instructions executed is very well

distributed among the individual processors in the Cholesky application (mean of
19.17 x10° cycles and a standard deviation of 0.37 x10° cycles). The breakdown
of instructions is less balanced in the LU kernel (mean of 6.79 x10° cycles and a

standard deviation of 0.91 x10° cycles). The breakdown of instructions is least
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Figure 5.4: Distribution of application instructions amongst processors.

uniform in the Radix kernel (mean of 6.54 x10° cycles and a standard deviation of

1.65 x10° cycles). The figure also shows a clear pattern in the distribution of

instructions among the processors in Radix. In the Radix application kernel, all
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Figure 5.5: Distribution of application shared reads amongst processors.

processes are ranked in a fixed order. In every iteration of the sort, each process
determines the location of its keys by reading the local histograms generated by

each process with alower rank. This phase results in a non-uniform distribution of
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Figure 5.6: Distribution of application shared writes amongst processors.

workload, where the workload of a process is proportional to its rank in the order.

The figure shows the workload changing nearly linearly among the processors (it is

not exactly linear because the rank number of a process and the number of the
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processor where it executes are different).

Figure 5.5 and Figure 5.6 show the breakdown of read and write accesses to
shared address space amongst the processors. The distribution of shared read and
write accesses among the processors in LU and Radix is very similar to the
distribution of instructions among the processors in these applications. In the
Cholesky application, accesses to shared data, especially write accesses, are less

evenly distributed among the processors than instructions.

Most of our evaluation has studied the behavior of the system and application
in the parallel phase of execution. In the discussion of our simulation results in the
following sections, we present our results for the paralel phase of application

execution.

5.1.3. Measurement of the Shared Working Set Size

In many applications with a large shared data set, only a small fraction of the
references may be to shared data[Dare87]. In addition, even when shared data is
accessed by a process, the shared pages in the working set of the process may be
dynamically private to the process[Pink92]. As a result, only a small fraction of
the shared data set may actually be shared by any process at any time. Based on
this observation, the hierarchical scheme allows only a small fraction of datain the
physical memory of any node to be shared at any time. The Shared Pages Table
(SPT) which manages the dynamically shared component of the application’s
working set has fewer entries than the Present Pages Table (PPT). Hence, only a
small fraction of the data mapped to a node’ s physical memory can be dynamically

shared with other nodes. If the number of SPT entries is insufficient to maintain
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the shared working set of the application, frequent SPT entry thrashing can lead to

performance degradation.

To evaluate the validity of our premise about parallel application behavior, we
have studied application performance at different SPT sizes. We studied the
applications on a system simulating the one-level scheme with small 16-byte
pages. The small size of the page minimizes false sharing, allowing us to study the
effect of true-sharing in the application. We simulated the one-level system for
this study since the number of SPT entries is a better measure of the memory
available for the application’s shared working set with the one-level scheme than
with the hierarchical scheme. While SPT entries in the hierarchical scheme allow
data to be shared in units smaller than a page (block-level sharing), each SPT entry
corresponds to a page of data. Hence, in the hierarchica scheme, when an SPT
entry is used by a block of a given page, any unused space in the page frame is not

available for use by blocks of other pages.

We ran several simulations of the execution of each application on a one-level
system with 16-byte pages. The number of entries in the Shared Pages Table (SPT)
was varied in these simulation runs. In al runs, 128 Kbytes of physical memory
and 8K Present Pages Table entries were available on each node. Figure5.7

presents the results from these simulations.

Figure 5.7 plots the execution time of each application as a function of the
number of entries in the SPT. Application performance is lower (longer execution
time) at smaller SPT sizes due to higher contention for SPT entries. However, for
al three applications, small SPTs with only 256 entries can support application

performance within 20% (within 3% in the case of LU and Radix) of the
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Figure 5.7: Small Shared Working Set. The application’s execution time
is plotted as a function of the number of entries in the Shared Pages
Table (SPT), for each of the applications executed in our simulation.
The scheme simulated is the one-level scheme with 16 byte blocks.
The number of entries in the Present Pages Table was 8 K. The appli-
cations perform well even when the amount of shared data mapped by
the SPT is a small fraction of of the total amount of shared data used
by the application (listed in Table 5.3).

performance with 4K SPT entries. This shows that most of the data that is actually
shared at any time can be managed with 256 SPT entries on each node. The
amount of shared data mapped by 256 SPT entries is 4 Kbytes (16-byte blocks),
which is a small fraction of the total shared data used by the applications (see
Table5.3). Thus, Figure 5.7 verifies that, due to application sharing behavior, for
many applications there is arelatively small performance penalty for using an SPT

which is much smaller than the PPT.
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5.1.4. Measurement of the Effectiveness of the Copy Directory Organization

To support block-level sharing, the hierarchical scheme maintains copy
directory information for each block of every shared page. In Section 3.2.2 of
Chapter 3, we discussed two possible ways to organize the copy directory. The
straightforward organization, called the Processor List per Block or PLpB
organization, maintains an independent list of processors for each block of a shared
page. We proposed an alternative organization, called the Block Map per
Processor or BMpP organization (Section 3.2.2) for the hierarchical scheme. Inthe
BMpP organization, the copy directory information associated with all blocks of a
page at a node are unified in a compact copy directory common to al blocks of the
page on that node. The BMpP copy directory maintains the list of processors that
share any block of the page and maintains a bit map for each processor identifying
the blocks held by that processor. In this sub-section, we discuss our results
comparing the effectiveness of these two copy directory organizations. We also
discuss the feasibility of bounding the number of entries in the BMpP copy

directory.

In the hierarchical scheme, a node that owns any block of the page (block
owner) maintains in its copy directory for the page the identities of nodes having
read-only copies of any block of the page that it owns locally. The page owner
maintains the same information if it owns any blocks of the page, and aso
maintains the identities of all nodes that own any blocks of the page in its copy
directory. The simulation measures the number of nodes in the copy directory
when the copy directory is maintained independently for each block (PLpB

organization) and when a common copy directory is maintained for al blocks of
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the page (BMpP organization). These numbers are measured independently for the

copy directory in block owners and for the copy directory in the page owner.

During execution, a copy directory is initialized for a page on a node when a
block of the page isfirst shared from that node by another node. When other nodes
stop sharing these blocks, the copy directory is deallocated. Within the lifetime
(time between initialization and deallocation) of each copy directory, the number
of nodes in the copy directory varies with time. During the lifetime of each copy
directory, the simulator tracks the changes in the number of nodes in the copy
directory and the time interval between these changes. For the lifetime of each
copy directory that is used, the simulator computes the time-weighted average
number of nodes in the copy directory if the copy directory is organized as a PLpB
copy directory and if it is organized as a BMpP copy directory. The ssimulator also
measures the lifetime of each copy directory. At the end of execution, the average
number of nodes in a copy directory is computed for each copy directory
organization. This average is computed by averaging the numbers measured for
each copy directory that was used during the simulation over all copy directories
that were used weighted by the lifetime of each copy directory. The average is
computed independently for copy directories in block owners and for copy

directories in page owners.

The effectiveness of the PLpB and BMpP copy directory organizations can be
compared by comparing the storage required with each organization to maintain
the average number of copy directory entries measured during simulation. The size
of the copy directory needed to accommodate the entries can be easily calculated

for both copy directory organizations. The size of an entry in the PLpB
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organization is simply the size of a node identifier (6 bits for a 64-node system).
The size of the copy directory of ablock in the PLpB organization is the product of
the size of the entry and the average number of entries measured by the simulation.
Since a copy directory must be maintained for each block of a page in the PLpB
organization, the total size of PLpB copy directories for a page is the product of the
size of the block copy directory and the number of blocks per page. The size of an
entry in the BMpP organization is the size of the node identifier plus the number of
blocks in a page (to store the bit map). The total size of the BMpP copy directory
for any page is the product of the size of an entry and the measured number of

entries per copy directory.

We performed this simulation and analysis of copy directory organization
effectiveness with different block sizes. We simulated a 64-node hierarchical DSM
system using 1 KB pages. The results of this analysis are shown in Figure 5.8. The
figure shows the computed average size of the copy directory for a page for both
copy directory organizations (independently for the block owner and the page
owner) as a function of the block size. The BMpP organization of the copy
directory requires less storage than with the PLpB organization, especially with
small blocks. With both organizations, the storage required for the copy directory
is higher at smaller block sizes. At small block sizes, false-sharing is lower, which
can lead to fewer entries in the copy directory. However, smaller blocks result in a
larger number of blocks per page, which can lead to higher storage overhead for
the copy directories. Specifically, more blocks require more copy directory entries
with the the PLpB organization (one per block) and require larger block maps with

the BMpP organization (one bit per block).
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Figure 5.8: BMpP organization of the copy directory is more efficient.

The simulation measured the average number of nodes in the copy
directory, when it is maintained as an independent processor list per
block (PLpB), and when it is maintained for the entire page as a block
map for each processor(BMpP). The size of the copy directory needed
to accommodate these number of nodes can be computed, and is plot-
ted here for both organizations. The BMpP copy directory can be
smaller in maintaining the same information.

Figure 5.9 shows the average number of nodes in the BMpP copy directory as

afunction of block size. The average is shown independently for block owners and

page owners. At larger block sizes, the number of nodes having read copies of a

block is higher due to false sharing, requiring more entries in the copy directory at

the block owner (margina in the Radix application). However, the number of

entries in the page owner’ s copy directory decreases with increasing block size. As

discussed earlier, thisis because for afixed page size (1KB in the smulations) the
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Figure 5.9: Copy Directory can be bounded. The graph plots the number
of nodes in the block owner and page owner copy directories in a 64-
node system implementing the hierarchical scheme with 1 Kbyte pages.
The number of nodes in the copy directory is small at small block
sizes, making it reasonable to bound the number of entries in the copy
directory.

number of blocks per page (and, hence, the number of potential block owners)

decreases with increasing block size. At small block sizes, the average required

size of the copy directory is small (= 5 nodes in a 64-node system) in both the page

owner and the block owners. Since the small average indicates that only a few

nodes occupied the directory during a large proportion of the lifetime of the copy

directory, it may be reasonable to bound the size of the BMpP copy directory.
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5.1.5. Performance Comparison Between the Hierarchical and One-Leve

Schemes
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Figure 5.10: Performance of the hierarchical scheme. The graph com-
pares the application execution time with the hierarchical scheme using
1KB pages, and with the one-level scheme, at various block sizes.
Performance is poor with the page-sized one-level scheme (one-level
scheme with block size 1024 bytes). The one-level scheme performs
well at small block sizes, and the hierarchical scheme matches its per-
formance. When the network is faster, all schemes improve and the

gualitative comparison remains the same.

We compare the overall performance of the hierarchical scheme and the one-

level scheme in Figure 5.10. For each scheme, the figure shows the execution time

of each application as a function of the block size. As expected, when blocks are

the size of a memory page (1KB), the onelevel scheme has very poor

performance. This is primarily due to the high false sharing and high network
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latency at large block sizes. Also, the one-level scheme performs very well at
small block sizes. The graph aso shows that the hierarchical scheme (page size is
1KB) achieves nearly identical performance to the one-level scheme even for
small blocks. As we have seen earlier, the hierarchical scheme incurs a small
fraction of the storage overhead incurred by the one-level scheme in supporting this

high performance.

We evaluated the hierarchical and one-level schemes at various network link
bandwidths. Figure 5.10 shows the comparison for two different networks, one of
which has a higher link bandwidth (8P MB/s versus PMB/s link bandwidth) than
the other. When the network link bandwidth is higher, the average latency through
the network is lower. This leads to overall improvement in application
performance with both schemes. However, the qualitative comparison of the

schemes remains the same.

Both the hierarchical scheme and the page-sized one-level scheme map data
at large page sizes. However, it can be seen from Figure 5.10 that the hierarchical
scheme supports higher application performance than the page-sized one-level
scheme. This can be attributed to the support for fine-grain block-level sharing in
the hierarchical scheme. The smaller block size leads to lower false-sharing, lower
network latency and lower network contention. We address the influence of small

block sizesin the rest of this sub-section.

When the size of a block is the smallest addressable unit, the fraction of a
page shared from a node reflects the true sharing in that page. When the block size
is larger than this minimal word size, a larger portion of the page may be shared

from the node than required by true sharing due to the larger sharing granularity.
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The degree of false sharing is indicated by the increase in the fraction of the page
that is shared. To evaluate this false-sharing, we have studied the impact of block
size on the average fraction of a fixed sized page that is shared. Since the Block
Map per Processor (BMpP) copy directory organization maintains information

about the sharing of each page, we make use of itsinformation in this study.

A specific block of a page is actively shared only if the BMpP copy directory
of the page identifies some node for that block. The BMpP copy directory at the
page owner identifies nodes that have a read or an ownership copy of any block of
the page. Hence, the fraction of blocks that have any nodes indicated in the page
owner’s copy directory identifies the fraction of the page that is shared by any
node. The copy directory at the block owner identifies nodes that hold a read copy
of blocks owned by the block owner. Hence, the fraction of blocks that have any
nodes indicated in the block owner’s copy directory identifies the fraction of the

page that is read-shared from that block owner.

When a block of a page is first shared from a node during execution, an SPT
entry must be allocated for the page on that node. When the page is no longer
shared from that node, the SPT entry is deallocated. During the lifetime of the
shared page on that node (or lifetime of the SPT entry), different number of blocks
of the page may be shared by other nodes. Our simulator measures, for each page
shared in the execution, the average fraction of blocks of the page that is indicated
as shared in its BMpP copy directory as well as the lifetime of the page. These
measures are collected independently for the copy directory at the block owners
and at the page owner. The overall average of the fraction of blocks of a shared

page that are shared is computed (independently for page owners and for block
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Figure 5.11: False sharing is higher at larger block sizes. A larger frac-
tion of the blocks of the page are shared when the block size is larger
(for a fixed page size). The page size used for these smulations is
1KB.

owners) by averaging al the individual page measures, weighted by the lifetime of
each page. For the hierarchical scheme with 1 KB pages, Figure 5.11 shows this
computed fraction of blocks of a page (for page owner and the block owner) as a

function of the block size.

The fraction of blocks indicated as shared in the block owner copy directory is
smaller than the fraction of blocks indicated as shared in the page owner copy
directory in Figure5.11. This is expected since the page owner maintains entries
for all blocks that are not locally owned even if they are locally invalid, while the

block owner only maintains entries for locally owned blocks that are read shared.
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The graphs also show that a small block sizes, under 10% of the blocks are
actively read-shared from any block owner. At large block sizes, each block owner
manages (owns) a larger fraction of the page and a node that read-shares a block
shares a larger fraction of the page. Hence, each block owner shares a higher

fraction of blocks at larger block sizes.

Figure 5.11 aso shows that the fraction of blocks that are shared in the page
owner copy directory is smaller at small block sizes, especially in Cholesky and
Radix. Thisindicates that, in Cholesky and Radix, at larger block sizes, additional
data is unnecessarily shared from the page owner by other nodes due to false
sharing. In the case of LU, the fraction of blocks that are shared from the page
owner is quite high even at small block sizes. The LU application does not allocate
the application data accessed by a single process contiguously (see Section 5.1.2).
As aresult, data belonging to multiple processors can be mapped to the same page.
Since ownership of the page is assigned to the node that accesses the page from
disk (see Section 4.3.1 in Chapter 4), other nodes which subsequently access the
page share the page from the page owner. Hence, the high fraction of blocks
shared from the page owner in LU may not be indicative of the true sharing in LU.

It isindicative of the high degree of page-level false sharing.

To demonstrate the impact of block size on network latency, we study the
average latency of reads that require network communication. Read accesses may
need to be retried when they compete against an ongoing write. To ignore the
latency contribution due to such access contention, Figure 5.12 shows the average
latency of read accesses requiring network communication which do not involve a

retry. The read latency is plotted for the one-level and the hierarchical schemes for
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Figure 5.12: Latency of remote read accesses is higher at larger block
sizes.
two different network speeds. The response time for read accesses is much higher
at large block sizes in all cases. The response time improves significantly in the
faster network.

When a processor access cannot be completed locally, the processor is
blocked until the access can be satisfied. As we have seen above, non-local
accesses take longer to complete at larger block sizes. Hence, at larger block sizes,
the processor remains blocked on remote accesses longer. This lowers the
processor utilization — the fraction of time a processor is not blocked for remote
accesses or synchronization. Figure5.13 shows the processor utilization as a

function of block size for all three applications. In al three applications, the
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Figure 5.13: Processor utilization islower at larger block sizes.

processor utilization is very low at large block sizes as expected. At very small

block sizes (16 or 32 bytes), more remote accesses may be needed to acquire all

data needed for processing than if the block size were 64 or 128 bytes. Asaresullt,

the processor utilization also drops at very small block sizes.

The drop in processor utilization at very small block sizes is magnified in the

Cholesky and Radix applications with the one-level scheme due to an artifact in the

simulation system model. Aswe discussed in Section 5.1, disk accesses are at the

granularity of pages with the hierarchical scheme while disk accesses are at the

granularity of blocks with the one-level scheme. At small block sizes, more disk

accesses are needed in the one-level scheme to bring in all the data needed in

block-sized chunks. The larger number of disk accesses lowers processor
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utilization in the one-level scheme at small block sizes. This effect is significant in
Cholesky and Radix due to a significant number of disk accesses in these
applications. In Cholesky, disk accesses are needed since the large data set does
not fit in a node’s physical memory. In Radix, the disk accesses are needed to
initialize the array to be sorted. It should be noted that no real system accesses
small blocks (less than 1K bytes) from disk. Hence, no conclusions regarding real
systems may be drawn from the results in Figure 5.13 with respect to performance

of the one-level system versus the hierarchical scheme with small blocks.

5.1.6. Characterization and Measurement of Non-Local Read and Write

Accesses

When a read or write request cannot be satisfied localy within the node,
remote access is necessary to satisfy the request. Messages must be sent to one or
more nodes to acquire the requested data with sufficient access permission. The
type of the message(s) exchanged and the nodes that must be contacted are
specified by the coherence protocol. They depend on the type of request (read or
write). For example, consider the reply message received by the requesting node in
the coherence protocol for the hierarchical scheme (see Section 4.3.4 in Chapter 4).
A node issuing a read request will receive the read copy reply from the owner of
the block (block owner) containing the requested data. But, a hode issuing a write
request will receive the ownership copy reply from the owner of the page (page
owner) containing the requested data. The message types and the set of nodes
contacted also depend on the dynamic shared state of the required data. If the

requesting node has a copy of some block of the page containing the requested
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data, the request is sent to the owner of the page; otherwise, the request is sent to
the default owner of the page. Therefore, each remote request will involve a
different sequence of messages and will require a different set of tables to be

looked up in different nodes.

Since the coherence protocol used for the hierarchically managed and one-
level managed systems are different (see Section4.3.4 in Chapter 4 and
Section 5.1.1), remote requests also have different behavior on the two systems.
The hierarchical scheme supports two levels of ownership and, as a result, more
levels of forwarding than the one-level scheme. Remote requests can, therefore,
involve more messages and more table lookups in the hierarchical scheme than in

the one-level scheme.

We have used our simulations to profile the behavior of remote requests based
on the different sequences of messages and nodes that are involved in satisfying the
request and on the network latency and table lookup latency incurred in satisfying
the request. Our study has profiled the behavior of remote requests on both the
hierarchical and one-level schemes. In our discussion of the coherence protocol in
Chapter 4, we identified different flows of the protocol that are possible in
executing remote read and write requests (Figure4.18 and Figure4.21 in
Chapter 4, for example). To assist in characterizing the behavior of remote
requests, we have classified the various coherence protocol flows that are used to
satisfy remote requests. In the simulation, we have measured the number of

occurrences of each class of protocol flow in satisfying remote requests.

We present measurements of the fraction of shared accesses that require non-

local access in Section 5.1.6.1. We introduce our protocol flow classification in
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Section 5.1.6.2. Based on simulation results, in Section 5.1.6.3, we present the
frequencies of occurrence of different classes of protocol flows for a variety of
non-local access scenarios with both the one-level and hierarchical schemes. The
latency of a remote access depends on the latency of the messages through the
network and the latency of accessing tables at the servicing nodes. In
Section 5.1.6.4, we present simulation results that quantify the contributions of the
network latency and the table lookup latency to the overall latency of remote

requests.

5.1.6.1. Measurement of the Miss Rate of Shared Accesses

A shared read or write request by a processor requires remote access only
when the processor’s request misses in the local memory of that node. We have
measured the miss rate for shared accesses and show our results in Figure 5.14.
Figure 5.14 shows the fraction of shared reads that require non-local access and the
fraction of shared writes that require non-local access for both the one-level and
hierarchical schemes. The results are shown for simulations with different block
sizes. The overall miss rate for shared accesses can be calculated from the miss
rates for shared reads and shared writes shown in Figure 5.14 and the number of
shared reads and writes listed listed earlier in Table 5.5 (Section 5.1.2).

The figure shows that the miss rate for shared accesses is under 10% for
Cholesky and Radix for nearly all block sizes. In the case of LU, the miss rate is
higher since the data accessed by a process are not alocated contiguously. In all
three applications, read accesses have better hit rate than write accesses. This is

expected since write accesses hit only when the block is owned exclusively by the
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Figure 5.14: Miss Rate for Shared Accesses.

local node. Read accesses do not require exclusive access.

In general, the miss rate for shared reads decreases with increasing block size
in both the one-level and the hierarchical schemes. With larger blocks, a larger
chunk of data is transfered to satisfy a read miss. Thus, more subsequent accesses
are likely to hit on the same block without requiring remote access. However,
when the block size is increased beyond 128 bytes, miss rate can increase due to
false sharing. Thisis especially the case in LU, where data modified by different
nodes get mapped to the same block when the block size is larger than 128 bytes.
When data modified by multiple nodes is mapped to the same block, read copies
held by one node can be unnecessarily invalidated when another node writes to a

different part of the block. As a result, more shared reads may require non-local
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acCess.

Shared writes also show a small decrease in miss rate with increasing block
size at small block sizes. However, shared writes demonstrate higher increase in
miss rate at large block sizes than shared reads. This is expected since write
accesses require an exclusive copy of the block (unlike reads which require only a
shared copy). With larger blocks, the block is more likely to be shared by other
nodes. As a result, more write accesses may require remote access to invalidate
read copies. With LU, the miss rate for shared writes is especially higher with
blocks larger than 128 bytes since data modified by multiple nodes get mapped to

the same block.

With LU and Radix, at small block sizes, the miss rates are dlightly higher in
the hierarchical scheme than in the one-level scheme using the same block size.
Thisismost likely due to the fact that the SPT entry contention can be higher in the
hierarchical scheme than the one-level scheme at small block sizes. Due to the
page-level mapping of the SPT entry in the hierarchical scheme, there are fewer
SPT entries for a given amount of storage in the hierarchical scheme. For example,
in our simulations, the SPT has 2048 entries when simulating the one-level scheme
with 16-byte blocks while the SPT has 128 entries when simulating the hierarchical
scheme with 16-byte blocks (see Table 5.2 in Section 5.1). The contention for SPT
entries is hence marginaly higher in the hierarchical scheme at small block sizes.
When there is contention for SPT entries, it is necessary to free SPT entries by
evicting shared pages. Since the eviction discards shared data that is currently
mapped to the node’'s local memory, subsequent accesses to the evicted page

reguire remote access leading to asmall increase in miss rate.
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As will be demonstrated later in this subsection, the miss rate results are also
influenced by the different implementation of disk accesses in the one-level and the
hierarchical schemes. Aswe described earlier in Section 5.1, data is accessed from
the disk in block-sized chunks in the one-level scheme while data is accessed in
page-sized chunks in the hierarchical scheme. Consequently, a shared access miss
that is satisfied from disk brings in a page of datain the hierarchical scheme, while
it brings in a smaller block of data in the one-level scheme. The larger chunk of
data that is transfered to satisfy the miss in the hierarchical scheme can potentially
satisfy more subsequent accesses to the page localy, leading to lower miss rate
than in the one-level scheme. However, the larger transfer size in the hierarchical
scheme may not benefit subsequent accesses when data modified by multiple nodes
are mapped to the same page. In such cases, intervening writes by other nodes
writing to the page can invalidate sections of the page from local memory forcing

subsequent accesses to the page to issue a remote request.

Number of Shared Read Accesses Satisfied by Disk Access

Onelevel | Onelevel | Onelevel | Onelevel | Hierarchical
Application | scheme: | Scheme: | Scheme: | Scheme: | Scheme:

16 byte 32 byte 64 byte 256 byte | 1KB
accesses | accesses | accesses | accesses | accesses

Cholesky 68207 35194 18329 4812 1444
LU 25165 12621 6365 1152 123
Radix 64 64 64 64 64

Table 5.6: Number of Shared Reads Satisfied by Disk Accesses. Disk is
accessed at the granularity of blocks with the one-level scheme, and at
the granularity of pagesin the hierarchical scheme.

In Table 5.6 and Table 5.7, we list the number of shared read misses that are
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satisfied from disk and the number of shared write misses that are satisfied from
disk respectively, for various granularities of disk access. As expected, the number
of accesses satisfied from disk is higher when granularity of disk access is small.
The difference between the number of shared reads satisfied from disk in the one-
level and hierarchical schemes is a very small fraction of the total number of
shared reads (see the total number of shared reads in Table 5.5 in Section 5.1.2) in
the application. Consequently, in Figure 5.14, there is only negligible benefit in
terms of read miss rate to the larger transfer size from disk in the hierarchical

scheme.

Number of Shared Write Accesses Satisfied by Disk Access

Onelevel | Onelevel | Onelevel | Onelevel | Hierarchical
Application | scheme: | Scheme: | Scheme: | Scheme: | Scheme:

16 byte 32 byte 64 byte 256 byte | 1KB
accesses | accesses | accesses | accesses | accesses

Cholesky 142810 71966 36474 9707 2880
LU 3 3 3 3 3
Radix 164097 82048 41024 10256 2564

Table 5.7: Number of Shared Writes Satisfied by Disk Accesses. Disk is
accessed at the granularity of blocks with the one-level scheme, and at
the granularity of pagesin the hierarchical scheme.

The difference between the number of shared writes satisfied from disk in the
one-level scheme with 16 byte blocks and in the hierarchical scheme is roughly 5%
of the total number of shared writes in Cholesky and is roughly 2.5% of the total
number of shared writes in Radix (Table5.7). In Cholesky, it appears that the
larger granularity of disk accessin the hierarchical scheme allows more subsequent

accesses to be satisfied locally leading to lower missrate in the hierarchical scheme
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(see Figure 5.14) than in the one-level scheme at small block sizes. Thisis not the
case in Radix. Inthe Radix application, after each phase of sorting, the keys being
sorted are permuted to their new position after that stage (Section 5.1.2). These
shared writes are satisfied by disk accesses. Since the positions updated by
different nodes are mapped to the same page, the larger transfer size from disk in
the hierarchical scheme does not provide any benefit in terms of local miss rate
(there is a benefit of reduced wait for disk accesses). As discussed previoudly,
writes to the same page by other nodes invalidate sections of the page forcing
subsequent accesses to issue a remote request. With the LU application, the
smaller granularity of disk access in the one-level scheme can actually reduce the
number of non-local writes (although more latency is incurred in more disk
accesses). In the LU application, processes read their data before writing to them.
When the initial read misses are satisfied by transfering small blocks from the disk,
the block is likely to be private to the node allowing the subsequent write to hit
locally. When data is transfered from disk in the granularity of pages in the
hierarchical scheme, the page is installed in the node that receives the page from
disk (the node that first reads the page). Read misses in other nodes are satisfied
by requesting read copies from the node that received the page from disk (the page
owner). Since these copies only allow read access, subsequent writes to the block

cannot be satisfied locally and require remote access.
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5.1.6.2. Classification of Protocol Flows Used to Satisfy Non-L ocal Requests

Our classification of the protocol flows used to satisfy remote requests in our
coherence protocol is based on the observation that different protocol flows differ
primarily in the sequence of messages and node hops needed to reach the owner of
the block. Once the owner is reached, the protocol flow follows afixed pattern for
al read requests and another fixed pattern for all write requests. For example, a
read request can arrive at the owner of the requested block in one of severa ways
— directly from the requester, forwarded by the page owner, or forwarded by the
default owner. However, when a read request reaches the owner of the required
block, in our coherence protocols, a copy of the block is always sent directly to the
requester. Likewise, when a write request has reached the current owner of the
block, the ownership of the block is always granted through the page owner (in the

hierarchical scheme) or through the default owner (in the one-level scheme).

The number of messages exchanged to reach the owner of the block in a
protocol flow isindicative of the complexity of the protocol flow. A protocol flow
that requires a larger number of these messages incurs higher network latency and
potentially incurs higher latency in accessing more coherency tables at
intermediate nodes. Hence, we classify protocol flows by the number of messages
exchanged in the protocol flow to reach the owner of the block. We refer to the
sequence of protocol message and node hops used to reach the owner of the
requested block as the hop-sequence of the protocol flow. The hop-sequence type
number of a protocol flow is the number of messages exchanged before the owner

of the block isreached (i.e., the number of messages in the hop-sequence).

To illustrate this classification, consider a few examples. Suppose a node
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requires read access to a block that it does not possess locally. If the node knows
the identity of the block owner, the read request can be sent to the owner of the
block directly. Since only one message was used to reach the owner of the block,
the read request is satisfied by a protocol flow with hop-sequence type of 1. If the
requesting node does not know the identity of the block owner, the read request
may be sent to the page owner who forwards it to the block owner. The hop-
sequence type of this protocol flow is 2 since it uses two messages to reach the
owner of the block. Later in this subsection, we discuss in detail more examples of
hop-sequences of different type numbers that are used to service read and write

requests in the one-level and hierarchical schemes.

It should be noted that our classification is based only on the number of
messages and not on the types of messages that are sent or the identity of
intermediate nodes (page owner, default owner etc.) that are accessed. Hence,
different protocol flows that use different sequences of messages or different
sequences of nodes have the same hop-sequence type numbers if they use the same
number of messages. For example, a protocol flow that forwards a read request
through the page owner to the block owner has an hop-sequence type of 2. A
protocol flow that forwards the read request through the default owner to the page
owner which also owns the block (the page owner is also the block owner) aso has
an hop-sequence type of 2. Alternative classifications based on the sequence of
messages exchanged, on the sequence of nodes accessed or based on the set of
tables looked up are also possible. Our classification based on the number of

messages is ssimple and captures the key differences in the protocol flows.

Table 5.8 presents example hop-sequences of protocol flows used to satisfy
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Hop-sequences of Protocol for Read Accessin One-level Scheme

Type of Nodes Messages Tables Table Comments

hop-sequence (Sequence) (Sequence) | Accessed | Access

of protocol at Node Latency

(cycles)

TypeO Not possible

Typel Requestor — RREQ PPT 3
Default Owner — RDCPY PPT+SPT 7 MPT access may be needed
Requestor Cache 1

Type2 Reguestor — RREQ PPT 3
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
Page Owner — RDCPY PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Type3 Regquestor - RREQ PPT 3
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
Page Owner - RREQ PPT 3 Page owner has changed
Default Owner — RDCPY PPT+SPT 7 Default owner is also page owner
Requestor Cache 1

Type4d Requestor — RREQ PPT 3
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
Page Owner - RREQ PPT 3 Page owner has changed
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
New Page Owner — | RDCPY PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Type5 Reguestor — RREQ PPT 3
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
Page Owner - RREQ PPT 3 Page owner has changed
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
Page Owner - RREQ PPT 3 Page owner has changed
Default Owner — RREQ PPT+MPT 43 MPT access may not be needed
New Page Owner — | RDCPY PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Table 5.8: Hop-sequences of protocol for read access in one-level
scheme.

remote read requests in the one-level scheme. An example hop-sequence is listed
for each hop-sequence type number between 0 and 5. In each example, the table
identifies the sequence of nodes involved in the hop-sequence (the Requester

initiates the access), the messages sent by these nodes in sequence, the mapping
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tables accessed at each node and the latency incurred in accessing tables at each

node.

A hop-sequence type 0 is not valid since it implies a read-hit in the requesting
node. The example for hop-sequence type 1 describes the protocol flow where the
read request is received and serviced by the default owner itself. The read access
initiates a search of the local Present Pages Table (PPT) (or the Present Block
Table). When the block is not found in the PPT, the read request RREQ is sent to
the default owner by the requesting node. When the default owner receives the
remote read request, the PPT, and then the SPT are looked up to determine the
owner of the block. When the default owner is also the owner of the block, aread
copy is sent back to the requester with the message RDCPY. When the read copy
isreceived at the requester, the read-copy of the data is directly passed to the cache
at the requester for immediate access. The latency of accessing tables at each node

is computed based on the access latency of individual tables specified in Table 5.1.

A protocol flow with hop-sequence type 2 is required when the regquested
block is owned by some node other than the default owner. In this case, the default
owner must identify the current owner by looking up its Migrated Page Table
(MPT) (or Migrated Block Table). The read request is forwarded to the owner by
the default owner. The reply is sent directly by the owner of the block. Protocol
flows with hop-sequence type greater than 2 are possible when the owner of the
block changes while the read request is in progress. In these cases, the owner prior

to the change forwards the request back to the default owner.

As we mentioned earlier, alternative examples with a different sequence of

nodes and messages are possible for many hop-sequence types. In addition, even
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for the example hop-sequences illustrated here, the mapping tables accessed at the
nodes can be different. For instance, an MPT access may be needed at the default
owner for the read access with hop-sequence type 1 if the page is not present at the
default owner and the default owner checks the MPT to find that no other node

owns the page, i.e., the page ison disk.

Table 5.9 presents the example cases for read accesses in the hierarchical
scheme. The example for hop-sequence type 1 describes the protocol flow where
the read request is received and serviced by the page owner itself. The Present
Pages Table (PPT) is first searched at the node issuing the read access. In the
example scenario, the page that holds the accessed data is identified to be in the
shared state. A lookup of the Shared Page Table (SPT) entry for the page is
initiated. When the required block is indicated absent in the SPT, the identity of
the page owner is ascertained from the SPT entry. A read request RREQ is sent to
this page owner. When the page owner receives the remote read request, the PPT,
and then the SPT are looked up to determine the owner of the block. When the
page owner also possesses ownership of the block, the read copy (RDCPY) is sent

back to the requester.

The example for hop-sequence type 2 deviates from the previous example
when the requested block is owned by some node other than the page owner. In
this case, the identity of the block owner is determined by the page owner from the
copy directory (CoD). The read request (RREQ) is forwarded to the block owner.
When the request is received by the block owner, the PPT and the SPT are looked
up to ascertain ownership of the block, after which the read copy (RDCPY) is sent

directly to the requester.
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Hop-sequences of Protocol for Read Accessin Two-level Scheme

Type of Nodes Messages Tables Table Comments

hop-seguence (Sequence) (Sequence) Accessed Access

of protocol at Node Latency

(cycles)

TypeO Not possible

Typel Requestor — RREQ PPT+SPT 7 Page owner identified by SPT
Page Owner - RDCPY PPT+SPT 7 Page owner is also block owner
Requestor Cache 1

Type2 Requestor — RREQ PPT+SPT 7 Page owner identified by SPT
Page Owner - RREQ PPT+SPT+CoD 14 Forwarded to block owner
Block Owner — RDCPY PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Type3 Requestor — RREQ PPT 3 Page owner not known
Default Owner — | PGOWN PPT+SPT 7 Bi-lateral response
Requestor — RREQ PPT 3 Page owner was identified
Page Owner - RDCPY PPT+SPT 7 Page owner is also block owner
Requestor Cache 1

Type4 Requestor — RREQ PPT 3 Page owner not known
Default Owner -~ | PGOWN PPT+SPT 7 Bi-lateral response
Requestor — RREQ PPT 3 Page owner was identified
Page Owner - RREQ PPT+SPT+CoD 14 Forwarded to block owner
Block Owner - RDCPY PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Type5 Requestor — RREQ PPT+SPT 7 Page owner identified by SPT
Page Owner - RREQ PPT+SPT+CoD 14 Forwarded to block owner
Block Owner — RREQ PPT+SPT 7 Block owner has changed
Default Owner — | PGOWN PPT+SPT 7 Response to requestor
Requestor — RREQ PPT+SPT 7 Read request re-issued
Page Owner - RDCPY PPT+SPT 7 Page owner is also block owner
Requestor Cache 1

Table 5.9: Hop-sequences of protocol for read access in hierarchical
scheme.

When no blocks from the page that has the required data are present at the
node issuing the request (examples for hop-sequence types 3 and 4), the node
cannot identify the owner of the page (no PPT entry for the page and thus no SPT
access). Hence, the read request is sent to the default owner. Since the protocol

uses bilateral exchanges, when the default owner is not the owner of the page, a
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bilateral response identifying the page owner (PGOWN) is sent back to the
requester. In the example situations for hop-sequence types 3 and 4, the default
owner possesses copies of the blocks of the page allowing it to determine the page
owner by accessing the SPT, without requiring Migrated Page Table (MPT) access.
When the PGOWN message is received, the request is sent directly to the page
owner by the requester. When the page owner is also the owner of the block, the
owner of the data is reached with three messages (hop-sequence type 3). The
subsequent protocol flow is similar to the example for hop-sequence type 1. When
the required block is owned by some node other than the page owner, an additional
message (hop-sequence type 4) is needed to reach the owner of the block. Protocol
flows with hop-sequence type number greater than 4 can occur when block or page

ownership moves during the access.

Table 5.10 presents the example cases for write accesses in the one-level
scheme. When the node issuing the write access is also the owner of the block, no
messages are required to reach the owner of the block (hop-sequence type O).
Present Pages Table (PPT), Shared Pages Table (SPT) and copy directory accesses
are needed to determine the locations of read copies. The copies are invalidated
(INV). When all acknowledgments (ACK) are received, the write access is allowed
to progress.

When the node issuing the write access is not the owner of the block, the
write request WREQ must be sent to the default owner. If the default owner isalso
the owner of the block (hop-sequence type 1), the default owner performs the
invalidations. When all acknowledgments are received, the ownership copy

(WDATA) is sent to the requester after the identity of the new owner is updated in
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Hop-sequences of Protocol for Write Accessin One-level Scheme
Type of Nodes Messages Tables Table Comments
hop-sequence (Sequence) (Sequence) Accessed Access
of protocol at Node Latency
(cycles)
TypeO Requestor - INV PPT+SPT+CoD 14 Access by page owner
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Requestor Cache 1 When al ACKsreceived
Typel Requestor — WREQ PPT 3
Default Owner — | INV PPT+SPT+CoD 14 Default owner is also page owner
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Default Owner — | WDATA PPT+SPT+MPT 47 New page owner updated in MPT
Requestor Cache 1
Type2 Requestor — WREQ PPT 3
Default Owner — | WRBCK PPT+SPT 7 MPT access may be needed
Page Owner - INV PPT+SPT+CoD 14 Invalidate for writeback
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Page Owner - BLKBCK PPT+SPT 7 Write back (after all ACKs)
Default Owner — | WDATA PPT+SPT+MPT 47 New page owner updated in MPT
Requestor Cache 1
Type3 Not possible
Type4 Not possible
Type5 Not possible

Table 5.10: Hop-sequences of protocol for write access in one-level

scheme.

the Migrated Page Table (or Migrated Block Table). The example for hop-

sequence type 2 describes the case when the default owner is not the owner of the

block. In this case, a second message (WRBCK) is needed to reach the owner of

the block. Upon receiving the write-back request, invalidates are sent by the block

owner to al read copies. When all acknowledgments are received, the block is

sent back (BLKBCK) to the default owner. The ownership is forwarded to the

requester (WDATA) by the default owner after the MPT is updated.

The MPT entry is locked by the default owner when a write request is in

progress. If the MPT entry islocked when a new write request is received, the new
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write request must be retried. A retried write request will follow one of the three
hop-sequences described earlier. Hence, there are no protocol flows with hop-

sequence type greater than 2.

The example hop-sequences for write accesses in the hierarchical scheme are
shown in Table5.11. The example for hop-sequence type O is identical to the
equivalent example discussed for writes in the one-level scheme. The examples for
hop-sequence types 1 and 2 are also similar to the equivalent cases discussed for
writes in the one-level scheme. The only difference is that ownership transfers at
writes are coordinated by the default owner in the one-level scheme, while they are
coordinated by the page owner in the hierarchical scheme. In the hierarchical
scheme, the page owner commits the transfer of block ownership by updating its
SPT, without any changes to the MPT. Hop-sequence types 1 and 2 are possible in
the hierarchical scheme only when the node issuing the write can identify the page
owner from the SPT entry for the page (i.e., the node must possess other blocks of
the page).

When the node issuing the write cannot identify the page owner (no SPT
access), the write request must be sent to the default owner. Thisisthe casein the
examples for hop-sequence types 3 and 4. Aswe discussed, for read requestsin the
hierarchical scheme, the default owner must be queried for the identity of the page
owner using a bilateral exchange. The examples for hop-sequence type 3 and type
4 differ from the examples for hop-sequence type 1 and type 2 only in the need for
two additional messages for the bilatera exchange. In the example for hop-

sequence type 3, the page ownership changes during the write access.
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Hop-sequences of Protocol for Write Accessin Two-level Scheme

Type of Nodes Messages Tables Table Comments
hop-seguence (Sequence) (Sequence) Accessed Access
of protocol at Node Latency
(cycles)
TypeO Requestor — INV PPT+SPT+CoD 14 Access by block owner
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Requestor Cache 1 When all ACKsreceived
Typel Requestor - WREQ PPT+SPT 7 Page owner identified by SPT
Page Owner - INV PPT+SPT+CoD 14 Page owner is also block owner
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Page Owner - WDATA PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache
Type2 Requestor — WREQ PPT+SPT 7 Page owner identified by SPT
Page Owner - WRBCK PPT+SPT+CoD 14 Request block write-back
Block Owner — INV PPT+SPT+CoD 14 Invaidate for write-back
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Block Owner — BLKBCK PPT+SPT 7 Write back (after all ACKs)
Page Owner - WDATA PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1
Type3 Requestor — WREQ PPT 3 Page owner not known
Default Owner — | PGOWN PPT+SPT 7 Bi-lateral response
Requestor — WREQ PPT 3 Page owner was identified
Page Owner - INV PPT+SPT+CoD 14 Page owner is also block owner
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Page Owner - WDATA PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1
Typed Requestor — WREQ PPT 3 Page owner not known
Default Owner -~ | PGOWN PPT+SPT 7 Bi-lateral response
Requestor — WREQ PPT 3 Page owner was identified
Page Owner - WRBCK PPT+SPT+CoD 14 Request block write-back
Block Owner — INV PPT+SPT+CoD 14 Invalidate for write-back
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Block Owner - BLKBCK PPT+SPT 7 Write back (after all ACKs)
Page Owner - WDATA PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1
Type5 Requestor — WREQ PPT 3 Page owner not known
Default Owner — | PGOWN PPT+SPT 7 Bi-lateral response
Requestor — WREQ PPT 3 Page owner was identified
Page Owner - WREQ PPT 3 Page owner has changed
Default Owner - | WRBCK PPT+SPT+CoD 14 Default owner is also page owner
Block Owner - INV PPT+SPT+CoD 14 Invaidate for write-back
Sharing Node - ACK PPT+SPT 7 Copy invalidated
Block Owner - BLKBCK PPT+SPT 7 Write back (after all ACKs)
Default Owner — | WDATA PPT+SPT 7 Copy Directory updated in parallel
Requestor Cache 1

Table 5.11: Hop-sequences of protocol for write access in hierarchical

scheme.
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5.1.6.3. Breakdown of Non-L ocal Requests by Hop-Sequence Type of Protocol

Flow

During simulation, the hop-sequence type number of the protocol flow used to
satisfy each remote request was monitored. To eliminate cold-start accesses from
this measurement, non-local accesses which fetch the data from disk are not
included in the measures. The number of such accesses which fetch the data from
disk is tabulated in Tables 5.6 and 5.7 in Section 5.1.6.1. In this subsection, these
measurements are used to present a breakdown of the frequencies of occurrence of
different classes (hop-sequence types) of protocol flows. Results are presented for
a range of block sizes, for reads and writes, with the one-level and hierarchical

schemes.

Figure 5.15 shows the breakdown of remote read accesses in the one-level
scheme simulation, based on their hop-sequence type. For each application, we
measured the breakdown in several simulation runs, each at a different block size.
The breakdown is plotted at several block sizes from 16 bytes through 1KB in
Figure 5.15. At any block size, the total height of the bar is the total number of
remote read accesses during the entire execution of the application. The number of
remote read accesses that were satisfied using protocol flows of a specific hop-
sequence type number is indicated by the height of the segment of the bar that
corresponds to that type.

In most cases, the total number of non-local read accesses decreases with
increasing block size. This is because larger block sizes capture more spatial
locality. When large blocks are transfered to service a read miss, more subsequent

accesses are likely to hit on the same block without requiring remote access. In the
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Figure 5.15: Break down of read accesses by hop-sequence type in the
one-level scheme.

case of LU, when the block size is increased beyond 128 bytes, data accessed by
different nodes get mapped to the same block. As aresult of this false sharing, a

larger number of read access require remote access.

From Figure 5.15, it is also clear that most read accesses have hop-sequence
type 2 in the one-level scheme. This hop-sequence type corresponds to the
scenario where the read request is sent to the default owner and then forwarded by
the default owner to the current page (block) owner (see Table 5.8). The hop to the
default owner is expected since a node requesting a read copy typically does not
know the owner of the page (block) in the one-level scheme. The node knows the

identity of the page owner only when it is the default owner. The additional hop to
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forward the request from the default owner to the current owner is aso common
because the default owner is rarely also the owner. This is due to two reasons.
First, the ownership of a block keeps changing because different nodes write to the
same block. Second, the assignment of blocks to default owner nodes and
processes to nodes are done independently without regard to the behavior of the
application. When the block is not written by multiple processes in the application,
this points to an opportunity for improving performance. Application performance
can be improved by assigning processes to nodes which are the default owner of
blocks which are written to mostly by these processes. Figure 5.15 also shows that
accesses are rarely satisfied by hop-sequence type 1 protocol flows. This occurs
when the node requesting read access is aso the default owner or when the default

owner is also the page owner.

Figure5.16 shows the breakdown for read accesses in the hierarchical
scheme. The figure shows that a greater proportion of accesses are satisfied by
protocol flows with hop-sequence type 1 in the hierarchical scheme than in the
one-level scheme. Thisindicates that the node issuing the request frequently sends
the request to the owner of the block directly. Since only the page owner knows
the block owner, we can draw two conclusions from this observation. First, the
requesting node frequently has other blocks of the page and, hence, knows the
identity of the page owner. Second, it indicates that the page owner owns the
required block in the hierarchical scheme more frequently than the default owner
owns the block in the one-level scheme. This is to be expected since the page
owner is determined dynamically based on the application’s access pattern to the

page, while the default owner is determined statically, independent of the
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Figure 5.16: Break down of read accesses by hop-sequence type in the

With Cholesky and Radix, for small blocks, the predominance of requests

serviced by protocol flow with hop-sequence type 1 shows that it is common that

the requesting node knows the page owner and the page owner is aso the block

owner. As block size increases, the first access to a page brings more of the data

needed from the page, allowing more subsequent accesses to be satisfied locally.

Also, since there are fewer blocks per page at larger block sizes, there are fewer

additional blocks to be requested after the first access to the page. For both these

reasons, it is less likely to have many accesses which will reach the block owner in

one hop at larger block sizes. This leads to the interesting result where, with
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increasing block size, the total number of remote reads in Cholesky and Radix
decreases mostly by the reduction in the number of reads with hop-sequence type 1
protocol flow. Inthe application kernel LU, forwarding from the page owner to the
block owner is more likely since data modified by multiple processors are mapped
to the same 1KB page (recal from Section 5.1.2 that the LU kernel is a less-
optimized version where data modified by a process is not allocated contiguously).

Thisresultsin alarger proportion of accesses with hop-sequence type 2.

Protocol flows with hop-sequence type higher than 2 are needed in the
hierarchical scheme when the default owner must also be contacted (see Table 5.9).
This occurs more frequently with large blocks. With larger blocks, there are fewer
blocks per page and there is greater false-sharing. Hence, when an access is issued,
it is more often the case that other blocks of the page are not resident locally. This
increases the proportion of accesses requiring default owner lookup (since page
owner is not known locally). The higher false sharing associated with the larger
block size also increases the proportion of accesses where the request must be
forwarded to the block owner by the page owner. Both these factors contribute to a
higher count of of accesses that are satisfied by protocol flows with hop-sequence
types 3 and 4 at higher block sizes. (Recall that default owner lookup requires two

additional messages due to the bilateral exchange.)

Figure 5.16 also shows that with increasing block size, the number of reads
satisfied by protocol flows with hop-sequence type 4 increases more sharply than
the number of reads satisfied by protocol flows with hop-sequence type 3. Thisis
most likely due to the fact that larger blocks have one effect when most of apageis

modified and a different effect when most of a page is unmodified. When most of
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a page is unmodified, most of the page resides with the page owner and an access
to the page from a node that has no other blocks of the page is more likely to be
satisfied by a protocol flow with hop-sequence type 3. When the block size
increases, the first access to a page brings more of the data. But, it does not affect
the number of accesses that are issued when a node has no other blocks of the page.
Therefore, the number of accesses with hop-sequence type 3 is largely unchanged
when the block size is increased. When most of a page is modified, data of the
page is likely to be owned by nodes other than the page owner (nodes which
modify the data). In this case, an access to the page from a node that has no other
blocks of the page is more likely to be satisfied with a protocol flow of hop-
sequence type 4. As before, with larger blocks, more of the data is brought by the
first access to the page. However, with larger blocks, the number of writes to a
block is also higher due to the higher false sharing. Data brought by the first
access to the page is, hence, more frequently invalidated. Hence, it is more likely
(with pages where most of the page is modified) that the next read access is also
issued when the node has no other blocks of the page, requiring default owner
lookup. Thus, the larger block size increases the number of reads which must be
satisfied using protocol flow with hop-sequence type 4. As mentioned earlier, with
LU, data modified by multiple processors get mapped to the same 1KB page.
Hence, the block is frequently owned by a node other than the page owner. This
results in alarger number of protocol flows with hop-sequence type 4 than in other

applications.

We can compare the behavior of remote read accesses in the one-level and the

hierarchical schemes (Figures5.15 and 5.16). Most remote read accesses reach the
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owner of the block within two protocol hops in both schemes. However, with the
hierarchical scheme, it is more likely for a remote read access to require more than
two protocol hops. This is because the hierarchica scheme uses bilateral
exchanges to query the default owner and supports an additional level of

ownership.

Figures 5.15 and 5.16 also show that at small block sizes, the total number of
non-local read accesses is marginally higher in the hierarchical scheme than in the
one-level scheme using the same block size. As we discussed in Section 5.1.6.1,
this is most likely due to the fact that SPT entry contention can be higher in the
hierarchical scheme than the one-level scheme at small block sizes. Since each
SPT entry corresponds to a page of shared data in the hierarchical scheme, the
hierarchical scheme has fewer SPT entries (e.g., 128 entries in the hierarchical
scheme and 2048 entries in the one-level scheme with 16-byte blocks in our
simulations, as listed in Table5.2 in Section 5.1.2) than the one-level scheme.
Hence, it is more likely that shared data that is mapped to local memory is evicted
to free an SPT entry in the hierarchical scheme. Subsequent reads that would have
been satisfied locally by the evicted page can only be satisfied with non-local
access. This can lead to a small increase in the number of non-local read accesses

in the hierarchical scheme.

Figure 5.17 shows the breakdown of remote write accesses based on their
hop-sequence type in the one-level scheme. Protocol flows with hop-sequence
type 2 are predominant. Thisis expected since it corresponds to the most common
case when the default owner transfers the write ownership to the requester from

another node. Cholesky and LU display a significant number of cases when a
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Figure 5.17: Break down of write accesses by hop-sequence type in the
one-level scheme.

shared block is written by the owner itself (hop-sequence type 0), requiring

invalidation only.

The breakdown of remote write accesses based on their hop-sequence type in
the hierarchical scheme is shown in Figure 5.18. More write accesses are satisfied
with hop-sequence type 1 protocol flow in the hierarchical scheme than in the one-
level scheme. As we described in the discussion of read access behavior, this
indicates that frequently the requesting node knows the identity of the page owner,
and frequently the page owner is aso the block owner. In the application kernel
LU, the page owner frequently does not own the block, accounting for a higher
proportion of accesses serviced by hop-sequence type 2 protocol flows (similar to

the read access behavior discussed earlier).
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Figure 5.18: Break down of write accesses by hop-sequence type in the
hierarchical scheme.

The behavior of write accesses in the Radix kernel is significantly different on
the one-level and the hierarchical systems (Figures5.17 and 5.18). We describe
the reasons for the differences below. In the Radix kernel, processes initialize
(write) the keys to be sorted at the start. In addition, after each phase of the sort,
the keys being sorted are written to their new positions in the array. These array
locations may not be mapped to the local memory of the processor writing the
location. Therefore, many write accesses are first accesses to a page. Since these
pages are not mapped to the physical memory of the requesting node at the start of
execution, these write accesses require a default owner lookup. This results in a
higher proportion of protocol flows with hop-sequence types 3 and 4. At higher

block sizes, there are fewer blocks per page and higher false sharing. As
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previously described in the discussion of read access behavior in the hierarchical
scheme, these lead to a high incidence of protocol flows where the default owner,

the page owner and the block owner are all accessed (hop-sequence type 4).

Another difference in the behavior of Radix on the two schemes is that with
small blocks the overall number of non-local write accesses is higher with the
hierarchical scheme. This difference is partly an artifact of the fact that the disk is
accessed in block-sized chunks in the one-level scheme, while it is accessed in
page-sized chunks in the hierarchical scheme. In the one-level scheme, these

cold-start writes fetch the required block from disk and are, hence, not counted in

our non-local write access counts (e.g., about 1.6 x 10° accesses with 16-byte
blocks, as listed in Table 5.7 in Section 5.1.6.1). In the hierarchical scheme, the
first such write access brings the entire page from disk. All subsequent writes to
blocks of the page must be satisfied by the page owner. These are not disk
accesses and hence, are included in the count of non-local write accesses in the
hierarchical scheme. The higher number of non-local accesses in the hierarchical
scheme at small blocks can also be attributed to the higher contention for SPT

entries in the hierarchical scheme.

It is also apparent from Figures 5.17 and 5.18 that the overall number of non-
local write accesses do not decrease with increasing block size, unlike the number
of non-local read accesses. Thisis partly due to the fact that these figures do not
include the counts of non-local writes that were satisfied from disk. We have
previously discussed the effect of block size on the total number of non-local
writes (including those that are satisfied by disk accesses) in Section 5.1.6.1. As

we pointed out in Section 5.1.6.1, the total number of non-local write accesses does
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decrease dightly at small block sizes. With large blocks, it is more likely that the
block is shared by other nodes. Since writes require exclusive access to the block,

more writes require remote access to invalidate these copies at larger block sizes.

5.1.6.4. Breakdown of Non-L ocal Request L atency

The latency of a non-local access depends on the network latency of the
messages exchanged for the access and the access latency of coherency tables
accessed at nodes involved in the access. We have investigated the contributions
of message latency and table access latency to the latency of non-local accesses.

We describe our investigation and its results below.

The most direct way to analyze the latency of non-local accesses is to trace
the progress of each non-local access. To accomplish this trace, the simulator must
be instrumented to follow the protocol flow’s progress through different nodes. At
each stage of the protocol flow, the latency of the messages exchanged and tables
accessed must be measured and accumulated by the simulator. For these
capabilities, the messages must be tagged with data structures that identify the
source non-local access which caused the generation of the message and track the
latencies accumulated until that stage of the protocol flow. The data collection
mechanisms must also address the issue that asynchronous replacement of data can
prematurely satisfy the non-local access before the completion of the protocol
flow. To illustrate this issue, consider the case of an asynchronous writeback of
data when a write request is in progress for the same block. Suppose that the
protocol flow for the write request is at the stage when the page owner sends a

write back reguest to the current block owner. If the block is written back by the
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block owner to the page owner before the write-back request is received (due to
asynchronous replacement of the data), the message carrying the block back
(BLKBCK) will not contain any information regarding the non-local write access.
Additional data structures must be maintained in the page owner to handle these

situations.

Our simulator does not support the functionality to trace individual non-local
accesses. However, the ssmulator traces the progress of individual messages
through the network to measure the transmission latency of messages through the
network links and the network queuing delay encountered by messages. We use
these measurements and the measurements we have taken to characterize the
occurrence of protocol flows with different hop-sequence types (Section 5.1.6.3) to
study the breakdown of remote access latency. This alows us to indirectly (and
less precisely) break down remote access latency into message latency and table

access latency components. We describe our methodology and results below.

During application execution, the simulator measures the link latency and
gueuing delay of each message that is exchanged. The link latency of a message
measures the latency of the message from source to destination in the absence of
any contention in the network. The link latency of a message is determined by the
bandwidth of the links, the size of the message and the number of links traversed to
reach the destination from the source. The queueing delay of a message measures
the additional delay caused by buffering within the network during network
contention. The overall latency incurred by a message is the sum of itslink latency
and queuing delay components. The ssimulator computes the average link latency

and average queuing delay independently for control messages and block data
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messages. These averages are computed as the arithmetic mean of the measures
collected for each individual message. Table 5.12 lists the average link latency and
average queuing delay of control messages and block data messages measured by
the simulator in simulation runs with network link bandwidth of 8PMB/s. The
averages are listed for smulation runs with block sizes of 64 bytes and 256 bytes

both for the one-level scheme and the hierarchical scheme.

In Tables 5.8 through 5.11 (Section 5.1.6.2), we have previously presented
nominal cases of protocol flows for each of hop-sequence types O through 5. In
each case, the tables identify the latency of tables accessed during the protocol
flow. The tables aso identify the messages that are exchanged during the protocol
flow. We calculate the average link latency and average queuing delay of these
messages using the average end-to-end link latency per message and the average
end-to-end queuing delay per message measured (independently for control and
block data messages) during the simulation. This allows us to identify the table
access, message link latency and message queueing delay components of each
hop-sequence type of protocol flow listed in Tables5.8 through 5.11. As
previously presented (Section 5.1.6.3), our simulator measures the number of
occurrences of each hop-sequence type of protocol flow during the entire
execution. The average cost breakdown of non-local accesses is calculated by
computing the average of the costs of individual hop-sequence types weighted by

their frequency of occurrence.

It should be noted that the breakdown of remote access latency into table
access and network latencies is based on the tables accessed and messages

exchanged in the specific protocol flows listed in Tables5.8 through 5.11
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Network Measuresfor | Network Measures for
Control Packets Block Data Packets
I Block Size | . . 3
Application Scheme (oyted) (in processor cycles) (in processor cycles)
ytes
Link Queuing Link Queuing
Latency Delay Latency Delay
64 8.561 2.429 16.923 7.539
Onelevel
256 8.841 19.688 40.835 49.946
Cholesky
64 9.139 3.013 17.119 4.096
Hierarchical
256 9.056 17.659 41.102 44.590
64 8.538 2.227 16.482 1.694
Onelevel
256 8.584 16.344 40.528 9.633
LU
64 7.939 1.321 15.837 0.812
Hierarchical
256 8.801 11.789 40.784 6.588
64 9.074 2.480 17.087 2.819
Onelevel
256 9.066 17.416 41.105 17.290
Radix
64 9.063 7.892 17.062 6.627
Hierarchical
256 9.080 15.316 41.068 12.417

Table 5.12: Average Link Latency and Queuing Delay of Network Mes-
sages. The measures are listed from simulation runs with 8P MB/s
links. The average link latency is the average latency of the message
through the links in the absence of network contention. The average
queuing delay is the average additional delay due to buffering in the
network when there is network contention.

(Section 5.1.6.2). As we have mentioned earlier, aternative protocol flows are
possible during application execution. These protocol flows can have a different
hop-sequence type number than our example protocol flows. Even when protocol
flows have the same hop-sequence type numbers as one of our example protocol
flows, they can access different tables incurring a different total table access

latency. Our analysis does not account for these alternative protocol flows. We
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report the measured average latency of remote accesses along with the results of
our analysis. The inaccuracy in the analysis can be estimated by comparing the
measured average remote access latency with the average remote access latency

computed by our analysis.

Comparison of Cost of Hop-sequences of Protocol for Read Accesses
Scheme Type of Total Number of | Number of
hop-sequence | Table Control Block Data
of protocol Access Messages Messages
Latency
(cycles)
One-level | Typel 11 1 1
One-level | Type2 54 2 1
One-level | Type3 57 3 1
One-level | Type4 100 4 1
One-level | Type5 146 6 1
Two-level | Typel 15 1 1
Two-level | Type2 29 2 1
Two-level | Type3 21 3 1
Two-level | Type4 35 4 1
Two-level | Type5 50 5 1

Table 5.13: Summary of cost of hop-sequences of protocol for read
accesses.

For clarity, the cost components (table access latency, number of control
messages and number of data messages) of each hop-sequence type of protocol
flow are summarized in Table 5.13 and Table 5.14 (from Tables 5.8 through 5.11).
Table 5.13 summarizes the costs of protocol flows for read accesses both on the
one-level and on the hierarchical scheme. The message link latency for a protocol

flow is the sum of the message link latencies for the control messages and the
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message link latencies for the block data messages exchanged in the hop-sequence
type of the protocol flow. The message queuing delay in the protocol flow can be

calculated similarly.

Comparison of Cost of Hop-sequences of Protocol for Write Accesses
Scheme Type of Total Number of Number of
hop-sequence | Table Control Block Data
of protocol Access Messages Messages
Latency | (cisnumber
(cycles) | of copies)
One-level | TypeO 22 2+2*(c-1) 0
One-level | Typel 72 3+2*(c-1) 1
One-level | Type2 86 4+2*(c-1) 2
Two-level | TypeO 22 2+2*(c-1) 0
Two-level | Typel 36 3+2*(c-1) 1
Two-level | Type2 57 4+2*(c-1) 2
Two-level | Type3 42 5+2*(c-1) 1
Two-level | Type4d 63 6+2*(c-1) 2
Two-level | Typeb 66 7+2*(c-1) 2

Table 5.14: Summary of cost of hop-sequences of protocol for write
acCcesses.

Table 5.14 summarizes the costs of protocol flows for write accesses on the
one-level and hierarchical schemes. The average number of copies invalidated
during a write access — ‘c’ in Table 5.14 — is measured during simulation. We
estimate the cost associated with invalidating multiple copies (c > 1) based on a
model in which the node sending the invalidate messages sends them in a pipelined
manner and the nodes receiving invalidate requests process their invalidate

concurrently. With this model, the total latency of invalidating multiple copies is
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the latency of invalidating the last copy. Also, the additional latency incurred by
the write access due to the invalidation of multiple copies is the pipeline delay
encountered by the last invalidate message at the node issuing the invalidations.
We account for this additional delay by including a pipeline delay equal to the
latency of one control message through one link for each extra (greater than one)
copy that must be invalidated. We report this additional delay as part of the table
access latency component of the write access protocol flow. The method of
calculating the message link latency and message queuing delay for write protocol

flows s the same as the method described for read protocol flows.

The methodology that we described above allows us to identify the
contributions of coherency table access, network link latency and network queuing
to the overall latency of remote accesses. As we have shown earlier, due to the
multiple levels of ownership, protocol flows with higher hop-sequence type
numbers are more likely in the hierarchically managed system. As described
below, in order to account for the overhead associated with complicated protocol
flows, we report separately the latency for the simplest remote accesses and the

added latency for protocol flows with higher hop counts.

Using simple protocol flow for remote accesses, we define the base hop-
sequence for read accesses and the base hop-sequence for write accesses. The cost
overhead (in table access, in message link latency and message queuing) associated
with complicated protocol flows can be estimated by comparison with the cost of
this base hop-sequence. Our base hop-sequences are shown in Table5.15. The
base hop-sequence for read accesses is the same as the example hop-sequence of

type 1 for reads in the one-level scheme (example in Table 5.8). The base hop-
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sequence for write accesses is a hop-sequence of type 1 in the hierarchical scheme.
In the protocol flow of the base hop-sequence, the default owner is aso the page
owner and the block owner. The default owner services the write request after
invalidating all copies of the block. We use the same base hop-sequences in our
analysis of protocol flowsin both the one-level and hierarchical schemesto provide

acommon basis to compare the protocol flowsin the two schemes.

Hop-sequence used as Base type in Access Latency Breakdown Analysis
Type of Nodes Messages Tables Table Comments
Access (Sequence) (Sequence) Accessed Access
at Node Latency
(cycles)
Read Reguestor - RREQ PPT 3 Same as One-level Type 1 hop-sequence
Default Owner — | RDCPY PPT+SPT 7 11 cyclestable access;
Requestor Cache 1 1 control message, 1 block data message
Write Reguestor - WREQ PPT 3 Modified Two-level Type 1 hop-sequence
Default Owner - | INV PPT+SPT+CoD 14 32 cyclestable access,
Sharing Node - ACK PPT+SPT 7 3+2*(num of copies - 1) control messages,
Default Owner — | WDATA PPT+SPT 7 1 block data message
Requestor Cache 1

Table 5.15: Hop-sequence used as base type in access latency breakdown
analysis.

The base hop-sequence for read accesses incurs 11 cycles of table access
latency and uses one control message and one data message. The base hop-
sequence for write accesses incurs 32 cycles of table access latency. It uses one
control message for the initial request and two control messages for each shared
copy (invalidate and an acknowledgement) that is present during the write. One

data message is used to return the data to the requester.

The following access scenarios illustrate the additional cost incurred by
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protocol flows with higher hop-sequence type numbers than the base hop-
sequences. Consider the hop-sequence type 4 read access protocol on the
hierarchical scheme shown in Table5.9 (Section5.1.6.2). The cost for this
protocol flow is summarized in Table 5.13: 35 cycles of table access, 4 control
messages and 1 data message. This protocol flow has an additional cost of 24
cycles of table access and 3 control messages over the cost of the base hop-
sequence for read accesses. Similarly, consider the hop-sequence type 2 write
access protocol flow on the one-level scheme illustrated in Table5.10. This
protocol flow has an additional cost of 54 cycles of table access, one control
message and one data message over the cost of the base hop-sequence for write

accesses.

Note that the protocol flow with hop-sequence type O for write accesses
(Table 5.14) incurs lower table access latency and requires fewer messages than the
base hop-sequence for write accesses. We account for the negative added overhead
of this write protocol flow relative to the base write protocol flow by reducing the
additional overhead due to protocol flows more complicated than the base protocol
flow. The total negative overhead due to write protocol flows with hop-sequence
type O is calculated from the number of occurrences of such flows during
execution. The net overhead due to write protocol flows different than the base
hop-sequence type is calculated by subtracting this total negative overhead from
the additional overhead due to write protocol flows more complicated than the base

protocol flow.

We have analyzed the breakdown of remote read and write access latency in

all three applications for both the one-level and the hierarchical schemes. We
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Figure 5.19: Access Latency Breakdown (Cholesky).

present and discuss the breakdown for simulation runs with a block size of 64
bytes. This block size represents a reasonable design point where our method of
analysis is most meaningful. Our analysis is based on arithmetic means of the
various latency components. As such, its accuracy is likely to be poor when the
system behavior is bursty. With blocks significantly larger than 64 bytes, bursty
system behavior is expected due to network traffic and hot spot contention for
shared resources. Specifically, large blocks require large messages for moving
blocks between nodes. Our simulations assume that messages cannot be
partitioned into multiple packets. Hence, large blocks lead to large packets being
transmitted across the network. Large packets occupy network links for long
periods of time, blocking other packets which need the link. For small messages
(e.g. control messages), the total latency through the network may be increased
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dramatically by the time spent waiting in queues for large packets to clear required
links. As discussed earlier, larger blocks lead to higher false sharing. Thus, it is
more likely that different processors contend for access to the same block (to
access different shared variables) when large blocks are used. At various intervals
during execution the owners of such blocks must service alarge number of requests
and can become hot spots[Pfis85] in the system. During those intervas, the
latency of messages to the hot spots can be much higher than the average message
latency. Furthermore, many nodesin the system may be blocked due to the limited

rate at which requests are handled by the shared block owners.

Figure 5.19 shows the breakdown of remote read and write access latency in
the Cholesky application. The breakdown is shown for both the one-level and
hierarchical schemes (block size of 64 bytes). The height of the segments of the
bar corresponding to the base table access, link latency and queuing delay (labeled
‘“Base..””) show the latencies if all remote accesses in the execution were satisfied
by protocol flows of the base hop-sequence type. The height of the other segments
of the bar (labeled ‘*Add .."”) show the additional latencies due to protocol flows
with hop-sequence different than the base. This is easily computed since the
difference in cost of each hop-sequence from the cost of the base hop-sequence is
known. The overall height of the bar shows the overall average remote access
latency computed using our analysis. The horizontal line marks the average remote

access latency that was directly measured in the simulation.

The discrepancy between the computed and measured average access latency
is expected due to our indirect analysis. We have used the average message link

latency and queuing delays measured by the simulator. Any burstiness in the
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network traffic during the simulation is not captured by these numbers. In
addition, we have based our analysis on specific hop-sequences. As we have
mentioned earlier, other hop-sequences as well as different table lookups for the
hop-sequences are possible. The difference between the computed average access
latency and the measured average access latency can be attributed to the
differences in the protocol flows and to the dynamic variations in the network

behavior.

Figure 5.19 shows that table access latency and the message link latency are
the main contributors to the access latency (with 64 byte blocks). Although the
hierarchical scheme uses protocol flows with higher hop-sequence type numbers
(Section 5.1.6.3), the one-level scheme incurs a much higher cost in table access
than the hierarchical scheme. This is primarily due to frequent access to the
Migrated Block Table (MBT) in the one-level scheme. In the one-level scheme,
the MBT must be updated on every write access and must be looked up at the
default owner on many read accesses. The effect of MPT access on the latency of
remote accesses in the one-level scheme may be largely artificial since the latency
of accessing the MBT in our simulations (40 cycles) may be excessive. A realistic
implementation of the one-level scheme must minimize access to the MBT as well
as speed up accesses to the MBT. To perform afair comparison, the remote access
latencies on the one-level and the hierarchical schemes must be compared with an

optimized MBT.

We have run additional simulations to study the one-level and hierarchical
schemes when the latency of accessing the Migrated Block (Page) Table is only 4

cycles. Figure 5.20 shows the breakdown of remote access latency in the Cholesky
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Figure 5.20: Access Latency Breakdown (Cholesky) with MBT access
latency of 4 cycles.

application kernel with the optimized MBT (MPT) access for a block size of 64
bytes. As expected, the latency incurred in mapping table lookup in the one-level
scheme is smaller when the MBT access latency is only 4 cycles. By comparison
with the access latency breakdown shown in Figure5.19 for an MBT access
latency of 40 cycles, it can be seen that the measured and the computed overall
latency of remote accesses decrease when the MBT access latency is reduced, both
with the one-level scheme and with the hierarchical scheme. The benefit from an
optimized MBT is more significant for the one-level scheme because the MBT is
more frequently accessed in the one-level scheme. The figures also show that write
accesses appear to benefit more from the optimized MBT than read accesses (the

measured latency of remote write accesses drops by about 36% while the measured
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latency of remote read accesses drops by about 27%). Thisis expected since write
accesses must always update the information in the MBT while read accesses may

not always need to access the MBT.
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Figure 5.21: Access Latency Breakdown (LU).

Figure 5.21 shows the breakdown of the latency of read and write accesses in
LU with the unoptimized MBT (MPT) access (40 cycles). The breakdown of
remote access latency in LU has the same character as the breakdown of remote
access latency in Cholesky. The latency incurred in accessing mapping tables and
the message link latency constitute the major fraction of the remote access latency
on both the one-level and hierarchical schemes. Also, the one-level scheme incurs

significantly higher mapping table overhead due to the high cost of MBT access.

Figure 5.22 shows the breakdown of remote access latency in LU when the
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Figure 5.22: Access Latency Breakdown (LU) with MBT access latency
of 4 cycles.

MBT (MPT) access has a latency of 4 cycles. Reducing the latency of MBT
accesses significantly improves the performance of remote accesses on the one-
level managed DSM system. The latency incurred in mapping table lookup in the
one-level scheme is much smaller. As we mentioned earlier, the optimized MBT
access benefits the one-level scheme much more than it benefits the hierarchical
scheme. As a result, the average latency of remote accesses is lower in the one-
level scheme than in the hierarchical scheme. The optimized MBT access benefits
write and read accesses nearly equally (the measured latencies remote writes and

remote reads drop by about 47%).

Figure 5.23 shows the breakdown of the latency of remote accesses in the

Radix application when the MBT access latency is 40 cycles. In the Radix
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Figure 5.23: AccessLatency Breakdown (Radix).

application, mapping table access latency and message link latency are the major
components of remote access latency in the one-level scheme. However, the
message queueing delay appears to be a significant part of the access latency in the
hierarchical scheme. As we have mentioned earlier (in Section 5.1.6.1), in the
Radix sorting application, processes may need to access data from disk when the
keys being sorted are written to their new locations after each phase of sorting.
With the hierarchical scheme, the data is accessed from disk in large pages. Since
all processes concurrently attempt to update the array locations and also contend
for synchronization locks, the large page-size messages can increase contention
and queuing delay in the network. The latency of accessing mapping tables is
higher in the one-level scheme than on the hierarchical scheme due to the long

latency of MBT accesses, as was the case with the other two applications.
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Figure 5.24: Access Latency Breskdown (Radix) with MBT access la-
tency of 4 cycles.

When the MBT (MPT) access latency is reduced to 4 cycles, the latency
incurred in mapping table accesses and the overall remote access latency (shown in
Figure 5.24) improve significantly. The impact of the optimized MBT accessisthe
same in Radix as in the other two applications: the one-level scheme benefits more
than the hierarchical scheme and write accesses benefit more than read accesses.
The measured latency of remote writes drops by about 50% while the measured

latency of remote writes drops by about 37%.

In Figure5.24, it can be seen that our analysis overestimated the average
latency of a write access (difference between the measured and computed
latencies) by over 40 cycles, for an error of over 50%. In Radix, processes

concurrently attempt to update the array locations and acquire synchronization
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locks after each phase of sorting. Hence, network traffic is likely to be bursty and
some shared blocks (blocks with locks and blocks which map array locations
modified by different processors) are likely to be hot spots. These problems are
likely to be aggravated in the case of the hierarchica scheme due to page-sized
transfers from disk. As we discussed earlier, such burstiness and hot spots can

affect the accuracy of our breakdown analysis.

5.1.7. Profile of Execution Time

During application execution, a processor can be in one of three states. The
processor can be executing instructions, can be performing an access to the shared
address space, or can be idle waiting for some synchronization event. A
processor’s access to the shared address space can be satisfied in several ways:
locally (hits), by accessing the data from disk, or by obtaining the data from other
nodes in the system. In order to understand the behavior of the system and the
applications, it is useful to measure the fraction of application execution time
processors spend in each of the three states described above. It is aso important to
identify the contributions to the average shared access time from hits, disk accesses

and remote accesses.

In the following discussion, we analyze application execution by
characterizing the behavior of an ‘‘average’’ processor, by assuming that all
processors behave uniformly. However, it must be noted that, as we discussed
previously in Section 5.1.2, the behavior of processors is not uniform in all
applications (Figures5.4 through 5.6). With the Cholesky application, all

processors in the system execute nearly the same number of instructions and total
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accesses to shared data. The distribution of instructions and shared read accesses
amongst the processors is less uniform in LU. In the case of Radix, instructions
and shared accesses are unevenly distributed amongst the processors due to the

uneven distribution of workload in the application.

The simulator measures the fraction of cycles that each processor spends
executing instructions and the fraction of cycles during which each processor is
idle. The behavior of the ‘*average’’ processor is characterized by computing the
arithmetic mean of these quantities over all the processors in the system (assuming
the behavior of processors is uniform). The total number of cycles that the
‘‘average’’ processor spends executing instructions is calculated as the product of
the fraction of cycles the ‘*average’’ processor spends executing instructions and
the measured application execution time (in cycles). The total number of cycles

during which the ‘*average’’ processor isidleiscalculated similarly.

The time spent by the processor accessing shared space is characterized using
several other measures taken during ssimulation: the total number of shared address
space accesses that were hits, the average latency of such hits, and the total number
of accesses to disk. The total number of cycles spent by all processors in shared
access hits is the product of the total number of shared access hits and the
measured average latency of a shared access hit. The total number of cycles spent
by al processorsin disk accesses is computed as the product of the total number of
disk accesses and the disk access latency (1000 cycles). Thetotal number of cycles
spent by the ‘*average’’ processor in shared access hits is calculated (assuming all
processors behave uniformly) as the ratio of the total number of cycles spent by all

processors in shared access hits to the total number of processors in the system
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(64). Similarly, the number of cycles spent by the ‘‘average’’ processor in disk
accesses is calculated (assuming all processors behave uniformly) as the ratio of
the total number of cycles spent by all processors in disk accesses to the total

number of processors in the system (64).

We use the measurements taken to profile the latency of non-local accesses
(Section 5.1.6.4) to estimate the number of cycles spent performing non-local
shared address space accesses. The total number of cycles spent in non-local
shared accesses is calculated from the occurrence counts of individua hop-
sequence types and their individual component costs (calculated using the network
performance measures as discussed in Section 5.1.6.4). We again assume that the
total number of cycles spent in non-local shared address space accesses is

uniformly distributed amongst all processors.

In Figure 5.25, we show the breakdown of execution cycles in the application
kernel LU. The figure shows the profile of execution time for two different block
sizes (64 bytes and 256 bytes) for both the one-level and hierarchical schemes.
The time spent in non-local shared accesses is broken down into its table access,
message link latency and message queuing components along the lines discussed
earlier in Section 5.1.6.4. The horizontal line marks the actual number of
application execution cycles measured by the smulation. The measured and
computed execution times differ due to the indirect computation of the time spent

in non-local shared accesses (see Section 5.1.6.4).

With both the one-level and hierarchical schemes, at the higher block size
(256 bytes), more time is spent in sending messages through the network (message
link latency and message queuing delay components are higher). With larger
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Figure 5.25: Execution cycles breakdown (LU).

blocks, block data messages are larger. For a given link bandwidth, larger block
data messages incur higher link latency. Hence, the average link latency of
messages is higher at larger block sizes. Larger block data messages also occupy
network links for longer duration which increases queuing delays in the network.
Due to these effects, the total time spent in remote accesses (sum of the “*Map Thl
Access’, “*‘Msg Link Lat”” and **Msg Queue Del’” components) is higher at larger

block sizes.

Larger blocks can also increase contention for shared data due to higher false
sharing. Since the contention for network bandwidth and shared data is higher with
larger blocks, processes that acquire these resources first can complete their task

much earlier than processes that acquire these resources later. As a result, with
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larger blocks, processes that complete their task early may need to remain idle for
longer length of time waiting for the later processes to complete their task (at a
barrier synchronization, for example). This can increase the processor idle time
when blocks are larger (Figure 5.25). The increase in idle time and the time spent

in remote accesses lead to higher overall application execution time and lower

processor utilization at larger block sizes.
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Figure 5.26: Execution cycles breakdown (Cholesky).

Figure5.26 shows the breakdown of execution cycles in the Cholesky
application. As discussed earlier, the message link latency and message queueing
delay components are higher at the larger block size (256 bytes). However, the
figure shows that the overall execution time of the Cholesky application was higher

at the smaller block size (64 bytes) in the one-level scheme. It can be noted from
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the figure that this is because more time is spent in disk accesses (the segment of
the bar labeled ‘‘Disk Access’) at the small block size. As we have discussed
earlier (Section 5.1), thisis an artifact in our implementation where disk accesses
in the one-level scheme are at the granularity of blocks. With smaller blocks, more
disk accesses are needed to fetch the data from disk increasing the overal time

spent in disk accesses.

It is interesting to compare the behavior of Cholesky (Figure 5.26) with the
behavior of LU (Figure 5.25). The time spent in shared hits is significantly higher
in Cholesky than in LU. This matches our earlier results on the miss rate of shared
accesses (see Figure5.14 in Section 5.1.6.1) where Cholesky demonstrated a
higher hit rate than LU. Since the Cholesky application has a higher hit rate for
shared accesses than LU, the time spent in remote accesses is lower. As a result,

processor utilization is higher in Cholesky.

The breakdown of execution cycles in Radix is shown in Figure 5.27. Radix
demonstrates behavior similar to that shown by LU and Cholesky. The message
link latency and message queuing delay are higher at the larger block size (256
bytes) increasing the time spent in remote accesses. As we discussed with
Cholesky, more time is spent in accessing disks with 64-byte blocks than with
256-byte blocks in the one-level scheme due to the fact that we implement disk
accesses at the granularity of blocks in the one-level scheme. With a block size of
64 bytes, the message link latency and message queuing delay components of
execution time are higher in the hierarchical scheme than in the one-level scheme.
As we explained earlier in Section 5.1.6.4, this is most likely due to the large

page-sized transfers from disk in the hierarchical scheme.

220



Radix: 8PMB/slinks Radix: 8P MB/slinks
14 14
B9 de B39 1de
12 - EEJ Msg Queue Del 12 - EE Msg Queue Del
Bresk. 11 |1 MsgLink Lat 11 |1 MsgLink Lat
1 Map Thl Access 1 Map Thl Access
down 10— 7 pjgk Access 10 7 pisk Access
of 9| 7 shared Hits 9 1 1 Shared Hits
Exec Proc Active Proc Active
uion 74 Measured 75 Measured
cycles 6 6
(106 5 5
cycles) 4 4
34 3
24 24
1 ONELEVEL 1 HIERARCHICAL
64 256 64 256
Block Size (in bytes) Block Size (in bytes)

Figure 5.27: Execution cycles breakdown (Radix).
5.2. Evaluation based on Trace-driven Simulation

Our initial evaluations of the hierarchical scheme were based on our trace-
driven smulator. As we described in Section4.4.1, our simple trace-driven
simulator does not model the latencies associated with the network or table

lookups. Hence, all coherence transactions are completed atomically.

The address traces used to drive our trace-driven simulations were obtained
from the simulation of another 64 node multiprocessor architecture on a single
processor system. The address traces represent possible executions of three
paralel applications. Weather, Speech, and FFT. The Weather application
partitions the atmosphere into a three dimensional grid and uses finite difference

methods to solve a set of partial differential equations describing the state of the
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system. The Speech application comprises the lexical decoding stage of a
phonetically-based spoken language understanding system. The application uses a
modified Viterbi search algorithm to find the best match between paths through a
directed graph representing a dictionary and another directed graph representing

theinput. FFT isaradix-2 fast Fourier transform.

The basic characteristics of the traces are summarized in Table5.16. The
number of instruction references, data references and shared data references in the
trace are listed in the table. We performed a static analysis of the trace (without
executing the simulator) to identify the size of the shared address space. The total
number of 1 KB pages that were shared in the trace was measured and is reported

in Table5.16. More details about the applications and the traces can be found

in[Chai90].
Number of Number of | Max data | Shared foot print (KB)
Trace Instructi Number of Shared foot brint
nstruction ar oot prin
Application | length Datarefs P Average of system
5 refs 5 datarefs (KB) per per
(10° refs) 5 (10° refs) 5
(10° refs) (10° refs) Processor | processor
Weather 31.76 13.64 18.12 5.02 5346 5192 5330
Speech 11.77 10.78 11.77 11.77 510 434 596
FFT 7.44 311 4.33 1.05 164 130 130

Table 5.16: Trace characteristics. The system shared footprint is the
number of 1 KB pages accessed by more than one processor during the
execution of the application. The per-processor shared footprint is the
average number of pages, out of the system shared footprint, that were
accessed by individual processors.

In our simulations the size of the Present Pages Table (PPT) is chosen to

accommodate most of the process footprint to ensure that the number of misses due
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to PPT overflows will be negligible. Specifically, the PPT size for Weather,
Speech, and FFT, was 2048, 1024, and 256 pages, respectively. When there are no
free entries in the PPT, LRU replacement is used to evict pages. The number of
entries in the Shared Pages Table (SPT) and the number of entries in the copy
directory were varied in the ssmulations. The replacement mechanism for the SPT
is biased to evict pages that are not owned locally (to minimize traffic). Pseudo-
random replacement is used to pick a victim copy directory entry when eviction is

necessary.

The simulator determines the state of the PPT, SPT, and the copy directory
after each memory reference and builds statistics on miss ratios, network traffic,
and the number of SPT and PPT replacements. Simulations were performed for
both 1 KB and 4 KB pages for arange of block sizes, SPT sizes and copy directory
Sizes.

The miss ratio on accesses to the data address space and the total network
traffic are good indicators of the potential system performance and are used to
present the results of the smulation. The network traffic is calculated assuming
that each control message is 16 bytes long, while the size of data messages (Block
or Page) is 16 bytes plus the data being transmitted.

Figures 5.28 and 5.29 show the data access miss ratios, for al three
applications with various SPT and block sizes. The size of apageis4KB in Figure
5.28 and the page size is 1 KB in Figure 5.29. The corresponding network traffic is
shown in Figures 530 and 5.31. The advantage of a small block size is
demonstrated by the decrease in network traffic with decreasing block size. For

Speech and FFT, decreasing block size also results in a decrease in false sharing,
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Figure 5.28: Data miss percentage versus SPT size. 4KB pages. 32 BMpP copy
directory entries.

leading to a decrease in missratio.

An important result of the simulations is that, with the hierarchical scheme,
performance is dependent on block size rather than page size. Specificaly, for a
page-level scheme (block size equal page size), 4 KB pages lead to significantly
higher miss ratios and network traffic than 1 KB pages (Figures 5.30 and 5.31).
However, for equal block size (128 bytes), performance of the system with 4KB
pages is amost identical to the system with 1 KB pages. Since larger pages result

in smaller tables, this is a clear demonstration of the advantage of our multi-level

coherency scheme.

For very small SPTs, significant reductions in miss ratio and network traffic
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Figure 5.29: Data miss percentage versus SPT size. 1KB pages. 32 BMpP copy
directory entries.

are obtained by increasing the SPT size. However, once the knee of the curvesis
reached (in this case, at around 32 entries), further increases in the SPT size do not
provide significant performance improvement. These results confirm that a small
SPT (about 10% of the total working set) would be capable of accommodating the
“*shared working set’’ and provide good performance. The knee occurs at a higher
SPT size for 1KB pages than for 4KB pages. This indicates that, for these
applications, in our two-level scheme, for a fixed block size, a smaller page size

will actually reduce performance unless alarger SPT is used.

Figure 5.32 shows the miss ratio and network traffic for various sizes of the

Block Map per Processor (BMpP) copy directory. As expected, performance is
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Figure 5.30: Network traffic versus SPT size. 4KB pages. 32 BMpP copy
directory entries.

reduced if the directory is too small. For Weather and FFT, the reduction in miss
ratio and network traffic with increasing directory size levels off for a BMpP copy
directory with 32 entries or more. This agrees with the expectation, based on the
access burst model (Section 3.1.2 in Chapter 3), that there is little performance
advantage in maintaining full copy directories for shared blocks. The different
behavior for Speech is due to the high read-only sharing of a dictionary. A policy
of eviction, such as we have employed, will fair poorly in the presence of
significant read sharing by a large number of processors. Better support for read-
shared pages can be provided with a broadcast policy [Agar88], with a policy that
alows a small, dynamically determined, set of pages to have larger copy

tables[O’Kr90], or with support for maintaining full copy directories in
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Figure 5.31: Network traffic versus SPT size. 1KB pages. 32 BMpP copy
directory entries.

software[Chai91].

Figure 5.33 compares the performance of the Block Map per Processor
(BMpP) and the Processor List per Block (PLpB) copy directory organizations.
The graphs show the data miss percentage and the network traffic as a function of
the size of the copy directory per shared page, for both organizations. The data
points for the BMpP organization correspond to 8, 16, 32 and 64 entries per page.
The data points for the PLpB organization correspond to 4, 8, 16 and 32 entries per
block. As mentioned earlier, the storage overhead of the BMpP organization is
smaller than the overhead of the PLpB organization. Assuming that table entries
are byte aligned in memory, a BMpP copy directory with 32 entries requires 192
bytes per page. With the PLpB directory organization, 256 bytes per page support
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Figure 5.32: Data miss percentage and network traffic versus number of
entriesin BMpP copy directory for page sizes 1KB and 4KB. SPT size
is64. Block sizeis 128 bytes.

directories with four entries per block. In our simulations, for comparable
performance, the copy directory in the PLpB organization had to be several times

larger than in the BMpP organization.

Since our trace-driven simulator models accesses to the shared address space
atomically and is based on address traces that provide no timing information, the
results from our trace-driven simulations do not provide any estimate of application
execution time. The improvement in data miss percentage and network traffic per
data reference with the hierarchical scheme may not directly trandate into
improvement in overall application performance. However, they provide sufficient
validation of the basic ideas of the hierarchical scheme to justify detailed

evaluation of the hierarchical scheme. As we have described earlier (in
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Figure 5.33; Data miss percentage and network traffic versus copy
directory size per page for BMpP and PLpB organizations. Page sizeis
4KB. SPT sizeis64. Block sizeis 128 bytes.

Section 5.1), we have evaluated the hierarchical scheme in more detail using

execution-driven simulations.

Our measurement of the shared working set size of applications with the
execution-driven simulation (Section 5.1.3) confirm the results about shared
working set size from our trace-driven simulations. The results from both our
evaluations (Figure 5.7 from execution-driven simulations and Figure 5.31 from
trace-driven simulations) indicate that a Shared Pages Table (SPT) which has much
fewer entries than the PPT can be used with negligible impact on application

performance.

The evaluation based on trace-driven simulation has demonstrated that
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network traffic is very high with page granularity one-level schemes and decreases
with decreasing block size (Figure 5.31). Our execution-driven simulations verify
that remote access latency (Figure5.12) and application execution time
(Figure 5.10) are both very high with page granularity one-level schemes. The
figures also show that the decrease in network traffic with decreasing block size
leads to lower latency for remote accesses and lower application execution time at
smaller block sizes. At small block sizes, the overall time spent by the application
in performing remote accesses is smaler (Section5.1.7) leading to higher

processor utilization.

We have studied the size of the copy directory and the effectiveness of our
Block Map per Processor (BMpP) copy directory organization using both our
trace-driven and execution-driven simulations. Our study based on trace-driven
simulations was conducted by varying the size of the copy directory. In our study
using execution-driven simulations, we have measured the average size of the copy
directory used by the applications. Both studies indicate (Figure5.9 and
Figure5.32) that copy directories with few entries are typically sufficient.
However, in our study using trace-driven simulations, we have observed
(Figure 5.32) that small copy directories may be inadequate when there is high
read-only sharing of data. The applications we have used in our execution-driven
simulations do not demonstrate significant read-only sharing. Figure 5.8 (from
execution-driven simulation) and Figure 5.33 (from trace-driven simulation) both
agree that the BMpP copy directory organization maintains the copy directory
information more efficiently than the Processor List per Block (PLpB)

organization).
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Chapter Sx

Error Recovery for
Distributed Shared Memory Systems

The reliability requirements of large DSM multicomputers, consisting of
thousands of VLSl chips, can only be met by using fault tolerance
techniques[Tami84]. Application-transparent error recovery in message-passing
systems can be achieved using message logging or based on coordinated
checkpointing. These schemes do not require checkpointing at every interprocess
communication and yet are not susceptible to the domino effect [Rand78].
Message logging [Stro85, John87] involves the logging of interprocess messages as
well as periodic process checkpoints. The message logs are used to restore a
recovering process to a state consistent[Rand78, Chan85] with the rest of the
system. Coordinated checkpointing [Bari83, Tami84, Koo87, Tami89] is based on
checkpointing ‘‘together’” consistent states of all the processes that have interacted
since their last checkpoint. Recovery requires rolling back the entire interacting set
of processes containing the failed process. In multicomputers, message logging
requires significantly higher overhead than coordinated checkpointing during
normal operation due to the need to log all communication as well as to generate
and process for each message information for tracking dependencies[Fraz89,

Fraz95].

Recovery schemes for DSM multicomputers must address the same issues as
messages-passing multicomputers. Some proposed schemes use the simple but

costly approach of checkpointing prior to every ‘‘communication”” with another
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process[Wu90a, Tam90, Stum90] (see Section 6.5). Based on message logging, it
has also been proposed to use independent process checkpoints together with logs
of remote page accesses[Rich93]. Asmentioned earlier, these schemes suffer from

unacceptably high overhead during normal operation.

This chapter presents an error recovery scheme for DSM multicomputers
based on coordinated checkpointing [Jana94]. Coordinated checkpointing schemes
minimize the overhead during normal operation since they require little or no
specia recovery-related actions for interprocess communication. There is no need
to log messages or process complex dependency-tracking information. Recovery
may be more expensive than with message logging. However, the overall cost
(overhead) of checkpointing will usually be lower. Far fewer checkpoints may be
taken since the frequency of checkpointing can be tuned to the needs of the
application instead of being determined by the frequency of interprocess
communication. Thus, for communication-intensive applications, recovery
schemes based on coordinated checkpointing are preferable over other

schemes[Tami84, Fraz89, Fraz95].

Our error recovery scheme is an adaptation of coordinated checkpointing and
rollback for message-passing systems. This adaptation efficiently solves several
potential difficulties with DSM systems which are due to the lack of explicit
messages, the presence of a shared replicated address space, and the distributed
coherency directory. We have developed mechanisms to identify and track read-
write communication in the DSM system, to terminate read and write transactions
that are in progress at checkpoint or recovery, and to checkpoint and recover the

shared replicated address space. Our scheme does not checkpoint and rollback the
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coherency directory. Instead, at recovery, the distributed coherency directory is

““repaired’’ to restoreit to a correct state.

The following section is a brief summary of coordinated checkpointing for
message-passing systems. Section 6.2 describes our system model and
assumptions. Our checkpointing and rollback scheme is presented for the one-level
managed DSM system in Section 6.3. We extend this scheme to the hierarchical
DSM system in Section 6.4. Section 6.5 is an overview of prior research on DSM
system recovery. Performance evaluation based on trace-driven simulations is
presented in Section 5, where we compare our schemes (for the block-level DSM
system and for the hierarchical DSM system) to previously proposed schemes for
DSM recovery.

6.1. Coordinated Checkpointing and Rollback

In a system where processes interact with each other, the states of two
processes are consistent if they agree on what messages have been exchanged
between them. Coordinated checkpointing and rollback schemes require that the
most recent checkpointed state of every process is consistent with the most recent
checkpointed state of every other process[Bari83, Tami84, Koo87, Tami89].
Hence, the set of all the committed checkpoints in stable storage is always a

consistent snapshot [Chan85] of the entire system.

One approach to coordinated checkpointing and rollback isto save and restore
a consistent snapshot of the entire system state[Tami84]. This approach may be
undesirable since for large systems it may take an unacceptably long time to

checkpoint or roll back. Furthermore, the overhead on the system for
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checkpointing will be highly ‘*bursty’’ instead of being evenly spread over time.
Finally, global checkpointing and rollback does not allow tuning the overhead and
the recovery latencies to the different needs of different applications which may be

executing on the system simultaneoudly.

In order to overcome the disadvantages of global checkpointing, it is possible
to keep track of which processes have communicated with each other since their
last checkpoint and coordinate the checkpointing of only the interacting set of
processes as opposed to all processes[Bari83, Koo87, Tami89]. For each process,
the system maintains the set of processes with which it has interacted directly since
its last checkpoint. When a process initiates a checkpointing session, this
communication information is used to build a communication tree consisting of all
the processes with which the first process has communicated directly or indirectly
since the last checkpoint[Tami89]. The initiator of the session coordinates the
consistent checkpoint of all members of the communication tree[Bari83, Koo87,
Tami89] using a two-phase commit protocol [Gray78]. All participants in the
checkpointing session suspend their execution and all messages in transit between
them are flushed to their destinations and become part of the destinations' state.
Recovery is similar to the checkpoint session, except that the flushed messages are

discarded and the process states are restored from stable storage.
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6.2. System Model and Assumptions

We develop the error recovery scheme for a DSM multicomputer whose
design was introduced in Chapter 3. We summarize the salient features of this
system below. The DSM multicomputer system consists of several nodes
interconnected by point-to-point links (Figure 1.1 in Chapter 1). Each node in the
system includes (Figure 3.1 in Chapter 3) an application processor, local memory,
cache memory, and coprocessors to assist in the coherency management and
interprocessor communication [Kusk94]. Each node may be time-shared between
multiple processes. A set of processes that share their address space form a task.
The system can execute multiple tasks simultaneously. Unique task identifiers
partition the total virtual system space into digoint task virtual spaces. Processes
belonging to different tasks execute in digoint address spaces and cannot share

data.

DSM is implemented on the system using a distributed directory-based
coherence protocol [Chai90, Leno90]. Ownership[Katz85] is managed a a
granularity of blocks (tens of bytes). Multiple read-only copies can be distributed
through the system. A node must obtain exclusive ownership of a block prior to
modifying it, by invalidating all other copies. To identify the current owner of any
block, the scheme uses the fixed distributed manager algorithm [Li89b]. Each node
is statically assigned to be the default owner of a set of blocks using a hash

function. The default owner keeps track of who is the current owner of the block.

Each node maintains part of the distributed directory which indicates, for
each block present locally, the access permission and the identity of the block

owner. The block owner maintains, in addition, the location of read-only copies.
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Each node a'so maintains a Migrated Block Table (MBT), in which it identifies the
current owner of all its default owned blocks that have been migrated away from
the node. A node that does not know the identity of the block owner can request
access through the default owner of the block. (The meaning of ‘‘ownership’” and
the structure of the directory tables will be extended for the hierarchical DSM

system in Section 6.4.)

We assume that the underlying network guarantees reliable FIFO delivery of
messages between any pair of nodes. Each node on the system is assumed to be
self-checking and fail-stop [ Tami83, Schn84]. A subset of the nodes in the system
are connected to disks, and checkpoints are saved onto these disks. These disks are
assumed to be stable storage; adisk failure will lead to a crash of the system. Upon
node failure, all the contents of the node memory and the node directory are
considered lost. The neighbors of afailed node detect the failure and broadcast the

identity of the failed node to all the other nodes in the system.

6.3. Coordinated Checkpointing and Rollback for DSM Systems

In DSM multicomputers, memory accesses that result in a miss on the local
node can require multiple message exchanges between the nodes to transmit the
data and update the directories[Chai90, Leno90, Li89a). It is possible to
implement coordinated checkpointing and rollback on DSM multicomputers by
treating each one of these messages as an *‘interaction’’ between processes. With
this approach, since the directories modified by these *‘messages’ are accessed by
all tasks, processes of different tasks (which do not communicate) become part of

the same interacting set and must be checkpointed and rolled back together.
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Hence, this naive approach to implementing coordinated checkpointing would
result in al the processes in the system and all the cache directories quickly
becoming part of one interacting set. Thus, virtually all checkpoints and rollbacks
would have to be of the entire system. In our coordinated checkpointing and
rollback scheme for DSM multicomputers, we take into account the fact that not all
messages exchanged on behalf of a process need to be considered in determining

the interacting set of processes that are checkpointed and rolled back together.

In order to adapt coordinated checkpointing and rollback to DSM
multicomputers, we must examine the unique characteristics of DSM systems:
1) processes communicate by reading from and writing to a shared address space,
2) asingle communication event at the application level (load or store) may trigger
a complex transaction, involving multiple internode messages, 3) the address space
of each process is distributed among multiple nodes, 4) multiple copies of memory
blocks are allowed, and 5) there is a distributed directory which is common to all

tasks but is not part of the state of any process.

6.3.1. Tracking Interprocess Communication

A key requirement for coordinated checkpointing is the ability to identify
interacting sets of processes. For this purpose, an ‘‘interaction’” is any operation
that may cause the state of one process to depend on the state of another process.
In message passing systems any transmission of information from one process to
another, i.e, any message exchange between processes may result in such
dependency. Hence, in message passing systems a message exchange causes the

participating processes to be included in the same interacting set.
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In a DSM system, processes communicate by reading from and writing to a
shared address space. However, not all accesses to the shared address space imply
dependency. Even accesses that result in transmission of information from one
processor to another do not necessarily imply dependency between the processes
running on the different processors. Assuming that all accesses to the shared
address space imply dependencies would unnecessarily enlarge the interacting set.
For example, consider a load that is satisfied by accessing a block on a remote
node. If the block has not been modified since the last checkpoints of all the
processes in the system, the load does not cause a dependency between the state of
the process executing the load and the state of any other process in the system.
Hence, this remote access should be ignored when determining the interacting set
of processes that must be checkpointed together. An efficient checkpointing
scheme must identify which accesses to the shared address space cause

dependencies that must be taken into account in determining the interacting set.

Processes of atask that run on the same node communicate by direct accessto
locations in local memory. These intra-node interactions can be identified with
some architectural support in the local memory access mechanism [Wu90a], but the
cost of providing this support is likely to be too high for the benefits gained.
Hence, we view all processes of a task that run on the same node as having
interdependent states. We label the set of processes that belong to the same task
and run on the same node a process-cluster. Processes of a process-cluster are

always checkpointed and rolled back together.

Processes of a task that run on different nodes communicate by read-write

sharing of memory blocks across the network under the control of the coherency
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protocol. To identify these interactions, we extend the functionality of the
coherency protocol. With each block in local memory there is an associated dirty-
since-checkpoint (dsc) bit in the local directory. The dsc bit indicates whether the
block has been modified since the last time it was checkpointed. Every block

transfer is tagged with the block’ s dsc bit.

The transfer of ablock whose dsc bit is set implies that the state of the process
requesting the block may become dependent on the non-checkpointed state of the
process that modified the block. Hence, the transfer of a block with the dsc bit set
implies a possible dependency and is used for determining the interacting sets of

jprocesses.

Using the dsc bit mechanism, each node maintains for each process-cluster on
the node a list of all process-clusters with which there has been direct
communication since the last checkpoint (similar information is maintained for
each process in message-passing systemgBari83, Koo87, Tami89]). The
dependency between process clusters on two nodes, P and Q, is established when a
block of a the task to which both process clusters belong is transmitted from
node Q to node P, with the block’s dsc bit set. This dependency is recorded

independently in both nodes.

6.3.2. Transactionsin Progress when Checkpointing or Rollback are Initiated

In order to save a consistent snapshot of an interacting set of processes in a
message-passing system, messages in transit between the processes when
checkpointing is initiated must also be saved. This can be done by *‘flushing”’

messages to their destination and saving them with the destination process
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checkpoint [Tami84, Tami89]. Messages in transit between the processes when
rollback is initiated are discarded[Tami84, Tami89]. In a DSM multicomputer,
process interaction takes place through read and write *‘transactions’ which are
not necessarily atomic. Each transaction involves the exchange of several network
messages. When checkpointing or rollback are initiated, transactions may be
pending, with the processor waiting for a response from one of the other processors

participating in the transaction.

The handling of transactions which are pending when checkpointing or
rollback are initiated is a critical issue. There are four aternatives to be
considered: 1) abort the transaction, 2) suspend the transaction, 3) continue the
transactions while the checkpointing or recovery session proceeds, or 4) attempt to
complete the transaction before proceeding with the checkpointing or recovery
session. This is more complicated than flushing messages since it involves

multiple nodes and interactions with the coherency management protocols.

When rollback is initiated, pending transactions associated with processes
being rolled back are orphans[Lisk87] and should be aborted. However, always
aborting pending transactions when checkpointing is initiated results in
unnecessary performance loss. In many cases it may be possible to complete
transactions which are pending when checkpointing is initiated, thus avoiding the
performance cost of redoing them later.

It may be possible to always suspend pending transactions when
checkpointing isinitiated. However, this would add significantly to the complexity
of checkpointing since it would require saving the state of partially executed

transactions. Depending on how thisis done, some of this **transaction state’” may
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involve nodes that would otherwise not participate in the checkpointing session.

For performance reasons, it might be desirable to allow pending transactions
to proceed in paralel with a checkpointing session (so that the transactions and
checkpointing are not delayed). This results in a situation similar to the handling
of dynamic interacting sets in a message-passing system with asynchronous
coordinated checkpointing[Tami9l]. Specifically, the size of the interacting set
may increase while the checkpointing session is already in progress. Whether or
not a block transmitted as part of a pending transaction should be part of the
checkpoint depends on the status of al the participants in the transaction. The
complexity of special handling needed to manage this situation presents sufficient

reason to look at alternative approaches.

The approach we adopt is to wait for the completion (successfully or
unsuccessfully) of pending transactions before proceeding with checkpointing or
recovery. It is necessary to ensure that checkpointing or recovery sessions do not
wait endlessly for the transactions to complete. Hence, the coherency protocols
must be extended to provide a negative acknowledgment terminating

(unsuccessfully) the transaction when service cannot be provided.

When a failure occurs, the system must ensure that nodes do not end up
waiting indefinitely for the completion of transactions that cannot be completed
due to the failure. Every participant in a transaction must be capable of identifying
the situation when the transaction cannot progress due to the failure of another
participant. In this case, the node identifying the situation must terminate the

transaction.

In order to facilitate the detection of transactions that must be aborted, a node

241



failure is broadcast to all other nodes (Section6.2). However, with many
coherency protocols[Li89b, Leno90] the node initiating the transaction is not
aways aware of the identity of the node servicing the transaction. With these
protocols, there is no simple way for the initiator to determine that the transaction
cannot progress due to the failure of the node servicing the transaction. For
example, a node requesting a read copy of a block may send the request to the
block’s default owner which, in turn, forwards the request to the current block
owner. In this situation, the initiator of the transaction does not know the identity
of the block owner, and, hence, cannot associate the failure of the block owner with
the failure of the transaction. At the same time, the default owner is not expecting
areply from the current owner (the reply is sent directly to the requester) and thus
will not react to the failure of the block owner. The coherency protocols can be
modified to solve this problem. For example, the response from the block owner
could be always propagated through the default owner. The default owner will
thus be able to alert the requester if it determines that the owner failed before

responding to the request.

6.3.3. Checkpointing

A checkpointing session is initiated by a checkpoint *‘timer’’ associated with
each process-cluster, or when a process-cluster needs to write a dirty block to
stable storage. All process-clusters that have communicated (directly or indirectly)
with the initiating process-cluster checkpoint together using a two-phase
protocol [Gray78], exactly as in message-passing systems[Bari83, Ko087,

Tami89]. Since processes of different tasks do not communicate, each
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checkpointing session islocalized to atask.

In the first phase, the system constructs a tree of all process-clusters that have
communicated (directly or indirectly) with the process-cluster that initiates
checkpointing. This communication tree is built recursively, with each node
sending checkpoint messages to all nodes containing process clusters with which it
has communicated directly. Upon receiving a checkpoint message for a task, the
node suspends execution of al local processes of that task. No new coherency
transactions are initiated or serviced for the task until the checkpointing session is
terminated. When all the coherency transactions pending for the task have
terminated, the node begins sending the checkpoints of the local members of the
task to stable storage. In parallel, the node propagates the checkpoint message to
its children — al nodes containing process clusters with which it has
communicated directly. When a node completes saving the state of its process
cluster and receives acknowledgements from all its children, it sends an
acknowledgement to its parent. Once the checkpointing coordinator at the root of
the tree is informed that all the checkpoints have been saved to stable storage, it
commits its checkpoint and initiates the second phase by sending *‘‘commit’
messages down the tree. Upon receipt of the commit message, each node commits
its checkpoint.

With coordinated checkpointing in a message passing system, at any point in
time there is only a single, committed checkpoint of every process in stable storage
(Section 6.1). InaDSM system it is desirable to maintain this property and storein
stable storage only a single copy of each block in alocation that is independent of

the current block owner or the existence of multiple copies of the block in system
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checkpoint - {
suspend processesin process-cluster;

await termination of pending transactions;
reject al transaction requests;

begin saving local process states and dirty private blocks,
begin saving shared locally-owned blocks with dsc = 1;
propagate checkpoint messages

await acknowledgments for checkpoint messages;
await completion of locally-initiated transmission and storage of checkpoint data
acknowledge parent;
await checkpoint commit message;
propagate checkpoint commit message;
commit checkpoint;
clear al dsc bits;,  }
Figure 6.1: A checkpointing session
nodes. This simplifies the management of checkpoints in stable storage and

reduces the size of checkpoints.

Shared blocks may be replicated on multiple nodes, and may thus be saved by
any one of these nodes. In order to avoid checkpointing multiple copies of the
block, the responsibility for checkpointing the block, if needed, is assigned to the
block owner. Each node participating in the checkpointing session checkpoints the
private data of the local process cluster (registers and any other private memory)
and all the shared blocks which are owned locally and for which the dsc bit is set.
Since interprocess dependency used to construct the interacting set is determined
by the transfer of a block with the dsc bit set (Section 6.3.1), it is guaranteed that if
ablock of the task has its dsc bit set in any of the participants in the checkpointing
session, the current owner of the block will also be one of the participants. Hence,

all the blocks of this task that have been modified on the checkpointing nodes since
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their last checkpoint (for this task) will be part of the checkpointed state. The dsc

bit of all these blocks are cleared at the end of the checkpointing session.

Since the checkpoint mechanism does not change the distribution of data in
the local memories of the nodes, the coherency directory continues to be valid, and
is, hence, not altered. The key steps in a checkpointing session are summarized in

Figure 6.1.

6.3.4. Recovery

The failure of a node causes the loss of al state in that node — register state
of processes that were active on that node, sections of the address space of several
tasks that were resident in the node's loca memory, and the fragment of the
distributed coherency directory resident in the node. The most recent committed
checkpoint contains the private process states and corresponding shared memory
state from which correct execution may be restarted. However, the state of the
coherency directory is not a part of the state of any task, and is thus not implicitly
checkpointed or recovered with memory and process states. As part of the
recovery session, the system must ensure that the entire distributed directory
accurately reflects the distribution of copiesin the system. This requires modifying
(repairing) the distributed directory, possibly including directory fragments on

nodes that do not participate in any rollback.
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6.3.4.1. State Restoration

With coordinated recovery, the rollback of processes that were active on the
failed node requires the rollback of processes on other nodes that communicated
(directly or indirectly) with the failed processes[Bari83, Koo87, Tami89]. All
these processes are rolled back to their previous checkpoints in coordination,
employing the same two-phase protocol used for checkpointing. Recovery is
initiated for each process-cluster that was active on the failed node. Since
processes belonging to different tasks do not communicate with each other,
different tasks can recover independently. Hence, the two-phase protocol is
executed independently for each task that was active on the failed node. A task can
resume execution once its state is restored and the associated coherency directory
repair is completed.

The first step in recovery is to roll back to the most recent checkpoint the
private states (e.g., registers) of all the processes belonging to interacting sets that
include processes on the failed node. Next, all modifications to the task’s shared
address space performed by all these processes since their most recent checkpoints
are undone. On nodes that have not failed, all memory blocks modified since their
last checkpoint have their dsc bit set. Since interprocess dependency used to
construct the interacting set is determined by the transfer of a block with the dsc bit
set (Section 6.3.1), it is guaranteed that if a node that has modified a block since
the node's last checkpoint is a member of the interacting set, any other node
holding a copy of the block is also a member. Hence, the ‘‘unwanted”
modifications of the shared address space can be undone by each member of the

interacting set by restoring al the local blocks with the dsc bit set from their last
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recover —»  { /* in a recovering failed node */
send rollback messages down the *‘rollback tree’’
reject all transaction requests;
invalidate MBT entries;
send repair_directory (selfid) messagesto al nodes;
await ownership messages,
await acknowledgments to rollback messages;
restore processor state from checkpoint;
send rollback commit messages to children in the rollback tree;

repair_directory (nodeid) - {
I* repair coherency directory */
invalidate local copies of all blocks owned by nodeid;
eliminate nodeid from the copy directories of all locally-owned blocks;
send to nodeid owner ship messages for owned blocks that are default owned by nodeid;

Figure 6.2 (continued): A recovery session

checkpoint.

The failed node recovers with al the blocks in its local memory marked
invalid. Hence, any modifications to the shared address space performed locally
prior to rollback are automatically undone. Since the entire directory of this
recovering node is invalidated, when post-recovery execution begins, every access
by this node resultsin amiss. The required blocks will be accessed either from the
last checkpoint or from the restored memory on other nodes. Since the directory is
empty, references to a block that is not found locally are referred to the block’s
default owner. The default owner is either the current owner or can direct the
reguest to the current owner. The current owner either provides the block from its

memory or from the last checkpoint. As described later in this section, our
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rollback — {
suspend processesin process-cluster;

await for termination of pending transactions;
reject al transaction requests;

propagate rollback messages down the rollback tree;
await acknowledgments to rollback messages,
acknowledge parent;
await rollback commit message;
/* roll back task state */
restore state of process-cluster from checkpoint;
invalidate al dirty private blocks;
foral (shared blocks with block.dsc = 1)
if (readonly) invalidate block;
else{
restore block from last checkpoint;
invalidate copy directory;
block.dsc = 0;

}

propagate rollback commit messages down the recovery tree;

Figure 6.2: A recovery session

directory repair procedures ensure proper handling of recovery sessions in which a

recovering failed node is the current and/or default block owner.

Interprocessor traffic associated with restoring memory blocks can be
minimized by restoring only dirty blocks that are owned locally. As discussed
above, al the blocks with their dsc bit set are orphans. If they are un-owned
(read-only) copies, they are invalidated and, if needed, obtained incrementally
during post-recovery execution. Consistency of the directory is maintained by

restoring the owner’s copy of the block from the last checkpoint in the exclusively
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owned state (to indicate the absence of read-only copies).

6.3.4.2. Directory Repair

During the recovery session, the distributed coherency directory must be
restored to a valid state. Node failure causes three inconsistencies in the directory
state. First, the Migrated Block Table (MBT) entries that were in the local memory
of the failed node are lost. The absence of these entries in the default owner
implies that the default owner retains ownership of the blocks, leading to a conflict
of ownership with the actual current owner of these blocks. Second, read-only
copies that the coherency directory (on other nodes) indicates as present in the
failed node, are no longer present there. Third, blocks that are owned by the failed
node are no longer available in the failed node. Furthermore, the copy directories
associated with these blocks are also no longer available. The repair of the

coherency directory must resolve these inconsistencies.

Since the directory state possesses no application level semantics, it is not
necessary to restore it to a prior valid state. It is sufficient to transform it (roll
forward) to a new state that correctly represents the state of the local memories.
Our scheme restores the failed node’'s MBT by reconstruction. All the nodesin the
system update the restarting node with alist of their owned blocks that are default-
owned by the failed node. The recovering node uses this information to reconstruct

itsMBT.

Directory inconsistencies associated with the loss of read-only blocks and of
copy directories in the failed node are repaired by transforming the directory and

memory state in other nodes. While several transformations are possible, we
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Figure 6.3: Repair of the directory state during recovery. The directory
maintains the block id, the access permission, and the copy directo-
ry. A node which possesses a block in the ‘‘write’’ or ‘‘shared’’
states is the owner of the block, and maintains the location of copies.
A node that possessesa‘‘read’’ copy of ablock maintains the identi-
ty of the block owner. Node 1 owns blocks a and b, and has copies
of blocks ¢ and k. Node 1 fails and later recovers with an empty
memory state. Directory fragments on other nodes are repaired by
marking the local copy of blocks owned by node 1 (a and b) invalid,
and by eliminating references to read-only copiesin node 1 (blocks c
and k).

employ one in which each node requires only local information, thus minimizing
network traffic. To repair the inconsistency associated with the loss of read-only
copies in the failed node, each node eliminates al references to such copies from
its copy directories (recall that all the nodes know the identity of the failed node).
When a node loses its copy directories, it loses information about the location of

read-only copies of its owned blocks. As discussed previously, this problem is
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solved by each node marking invalid read-only copies of all local blocks owned by
the failed node. This allows the recovering failed node to be restored with null

copy directories for al its owned blocks.

Blocks that were owned by the failed node prior to failure are absent from its
local memory following recovery. However, these blocks continue to be owned by
the recovering node. Accesses to any of these owned blocks are satisfied, on

demand, by restoring them with exclusive ownership from their last checkpoint.

It is important to note that the directory repair requires the participation of all
nodes that hold any of the blocks that were managed or were resident in the failed
node. Thisincludes nodes that were not members of any of the recovery trees used
to coordinate rollback. The repair of directory inconsistencies is illustrated in

Figure 6.3. The key stepsin arecovery session are summarized in Figure 6.2.

6.4. Coordinated Checkpoint and Rollback for Hierarchical DSM Systems

The coordinated checkpoint and rollback scheme presented in the previous
section was designed for DSM systems in which the node memories were
maintained coherent by managing the address space at a single granularity of
blocks. Ownerships and read-only copies are granted and maintained at the level
of blocks. Such coherency management at one level of granularity suffers from
high storage overhead when the granularity is fine (small block sizes), and from
poor performance when the granularity is coarse (large block or page
sizes)[Tami92]. As we discussed in Chapter 3, an hierarchical DSM
system[Tami92], where coherency is managed at multiple levels of granularity,

can achieve the performance advantage of fine grain block-level schemes without
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their high storage overhead. The organization of the coherency directory and the
protocol associated with hierarchical management differ from those used with

single-level management.

Adapting the coordinated checkpoint-rollback recovery scheme presented in
Section 6.3 to a DSM system with hierarchical management requires key
modifications in: (i) tracking dependencies between processes, (ii) the proper
termination of coherency transactions, (iii) dealing with two levels of mapping and
with private pages in the saving and restoring of process states, and (iv) the repair

of the coherency directory. We discuss and describe these modifications below.

6.4.1. TheHierarchical DSM System

With hierarchical management (Chapter 3), ownership is maintained at both
the page (thousands of bytes) and block (tens of bytes) levels. To limit storage
overhead, pages that are dynamically private are mapped and owned only at the
page level. For shared pages, ownership is maintained at both the page and block
levels allowing data to be shared at the block level. Private and shared pages are
distinguished dynamically, based on the sharing behavior of the
application [ Tami92].

The owner of a shared page identifies the current owner of each block of that
page. A node that requires access to a block that is not available locally sends the
block request to the page owner for forwarding to the block owner. The owner of
the block provides read-only copies of the block and maintains the location of these
read-only copiesin acopy directory. To reduce storage overhead, read-only copies

of blocks are not tagged with the identity of the block owner (unlike the one level
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scheme). Instead, only the identity of the page owner is maintained. When a node
(other than the current block owner) needs to write to the block, the block owner
invalidates al read-only copies and transfers ownership of the block to the writing
node. Since the page owner identifies the owner of each block, this transfer of

block ownership is committed with the page owner.

A block owner knows which blocksit owns. The page owner isthe only other
node that is aware of the current owner of any of the blocks of the page. The
current owner of the page is tracked by the default owner of the page[Li89b].
Default ownership is assigned at the granularity of pages. A Migrated Page Table
(MPT) of each node, analogous to the MBT in the block level DSM system,
maintains the current owner of al default owned pages that have been migrated
away. At any time, any node can determine the current owner of any page through

the default owner of the page.

6.4.2. Tracking Interprocess Communication

As described earlier, in a DSM system, processes communicate by the read-
write sharing of data and dependencies can be tracked by monitoring the exchange
of dirty data. In the one-level DSM system, these dependencies were tracked by
associating a dirty-since-checkpoint (dsc) bit with each block of data. In the
hierarchical DSM system, data is mapped at both the page and block levels —
private data is mapped at the page level and shared data is mapped at both page and
block levels. Hence, there are choices to be made regarding the granularity at

which dependencies should be tracked in the hierarchical system.

To track dependencies at the page level, a dsc bit can be associated with each
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page. Since the single page-level dsc bit is associated with al blocks of the page,
processes that have accessed different blocks of the page will be treated as having
shared data. Hence, checkpoints and rollbacks will be unnecessarily propagated to
processes that do not have dependent states, forcing them to be checkpointed and
rolled back together. The resulting larger interacting sets lead to higher

performance overhead than necessary.

Dependencies can be tracked at the block level by maintaining a dsc bit for
every block in memory. This can eliminate the unnecessary checkpoint and
rollback propagation of page-level dependency tracking. However, such a scheme
incurs significant storage overhead over maintaining a dsc bit per page, and may be
wasteful. Specifically, a large fraction of the data resident in memory is
dynamically private and thus mapped only at the page level. Associating a dsc bit
with every block of these dynamically private pages may not provide much benefit
in reducing checkpoint and rollback propagation since these pages are not currently

being accessed by multiple nodes.

In order to keep both the performance and the storage overheads low, block-
level dsc bits are maintained for blocks in pages that are dynamically shared while
only page-level dsc bits are maintained for dynamically private pages. Since
shared pages are a'so mapped at the block level, integrating the dsc bits with the
block level data structure maintained for shared pages by the memory management
mechanism is simple. Since pages dynamically change between private and shared
status (depending on the pattern of accesses to the pages at execution), the system
dynamically transforms between the per-page dsc bits of private pages and the

per-block dsc bits of shared pages when a page changes status. When a private
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page with its dsc bit set becomes shared, the dsc bit is set for each of its blocks.
The dsc bit of a page that changes from shared to private status is set if the dsc bit
was previoudly set for any of the blocks of the page. The use of these dsc bits to
track dependencies is identical to the one-level scheme. The dsc bit is transferred
along with the data (block or page). When data is transferred with its dsc bit set,

the node updates its list of process clustersit has directly communicated with.

6.4.3. Handling of Pending Transactions

As discussed in Section 6.3.2, the handling of coherency transactions that are
in progress at checkpoint or recovery is akey issue. Aswith the one level scheme,
we adopt the approach of ensuring that all such transactions are completed
(successfully or unsuccessfully) before proceeding with the checkpoint or recovery.
The hierarchicd DSM system performs additional, more complex, coherency
transactions which must also meet the requirement of guaranteed completion. For
example, in the hierarchical system, a node requesting a copy of a block may send
the request to the default owner of the page to which the block belongs. This
request may be forwarded by the default owner to the current owner of the page,
which may, in turn, forward the request to the current owner of the block, who will
service the read request directly. Similar to the scenario discussed in Section 6.3.2,
the node that originated the request is unaware of the identity of the current page
owner, or the current block owner, and, hence, will be unable to associate the

failure of either of these nodes with the failure of the transaction.

Coherency transactions in the hierarchical DSM system can be restructured

exactly as in a one-level system to guarantee their completion (successfully or
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unsuccessfully) across failures. The coherency protocol is modified so that the
reply is returned through the page owner and the default owner, so that the
transaction can be aborted by the requesting node upon failure of any of these
participant nodes. The resulting transactions are similar to the transactions on the
one-level coherent system except for the presence of a page owner in addition to a

block owner, and can be guaranteed to complete before checkpoint and recovery.

6.4.4. Checkpointing and Recovery of Process States

The checkpointing and recovery mechanisms respectively checkpoint and
recover consistent states of an interacting set of process-clusters using a two-phase
protocol, exactly as with the one-level system. The only difference that must be
addressed is that in the hierarchical system some of the memory blocks are in
dynamically private pages. Fortunately, the mechanism we developed for the one-

level system extends naturally for the hierarchical system.

The checkpointing mechanism saves data that has been modified to stable
storage. In the one-level scheme, to ensure that only a single committed copy of
each memory block is maintained in stable storage, a memory block is saved only
by its owner. As we discussed earlier, the hierarchical system maintains dsc bits
for every block of shared pages and a single dsc bit for each private page. During
checkpointing, nodes checkpoint their modified private pages and modified
locally-owned blocks in shared pages. The dsc bit of private pages
(subsection 6.4.2) is used to identify private pages that need to be checkpointed.
As in the one-level scheme, during recovery the faulty computation is undone in

the recovering nodes by locally invalidating all read-only copies of blocks that
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have their dsc bit set and by restoring all modified locally-owned blocks from
stable storage. In addition, all modified private pages are restored from stable

storage.

6.4.5. Directory Repair

The modifications to the directory repair mechanism address two key
differences between the organization of the directory in the hierarchical DSM
system and its organization in the one-level (block-level) system. First, in addition
to ownership at the block level, memory is also owned at the page level. The page
owner maintains an additional copy directory, which identifies the current owner of
each of the blocks of the page. The repair mechanism should address the possible
loss of this data structure maintained by the page owner. Second, nodes that
possess read-only copies of a block do not store the identity of the block owner. In
the one-level scheme, when the block owner fails, nodes that possess read-only
copies recognize the loss of the block owner’s copy directory (which maintains the
location of read-only copies) and can repair it by invalidating their read-only
copies themselves. In the hierarchical DSM system, nodes that possess read-only
copies cannot unilateraly identify the failure of the block owner. Rather, since
only the page owner can identify the owner of each block of the page, the
cooperation of this page owner is necessary to repair the loss of the copy

directories.

The distributed coherency directory in the hierarchical DSM system can incur
the following losses due to node failure: (i) loss of the MPT maintained in the

failed node, (ii) loss of read-only copies held by the failed node, (iii) loss of the
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directory which identifies the owners of blocks belonging to pages owned by the
failed node, and (iv) loss of block copies owned by the failed node and their
associated copy directories. The loss of the MPT and the loss of read-only copies
present scenarios that are identical to the equivalent cases addressed by the one-
level DSM recovery scheme and require no new solutions. As with the restoration
of the MBT in the one-level system, the Migrated Page Table (MPT) isrestored in
the failed node using update messages. As in the one-level system, the block
owner is aware of the location of read-only block copies. Hence, a block owner
can repair its directory by eliminating references to read-only copies which were

on the failed node.

The loss of the list of block owners on afailed page owner is equivalent to the
loss of the MBT in the one-level scheme. The list of block owners serves the same
function in the hierarchica DSM system as the MBT in the one-level system. It
tracks the current owners of blocks, so that requests for a block can be forwarded to
the current owner. In both cases block requests cannot be forwarded to the block
owner if there is a loss. The page owner’s directory of block owners is rebuilt
using update messages just as the MBT s rebuilt in the one-level system. Any
block whose ownership is not claimed by an update message is owned by the page

owner.

When a node fails, it loses locally owned blocks along with their copy
directories which identified the locations of read-only copies of these blocks. To
repair this loss in the one-level scheme, each node in the system invalidated its
local read-only copies of such blocks (blocks owned by the failed node). This

allowed the failed node to recover with null copy directories for its owned blocks.
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As mentioned earlier, this identical mechanism is not feasible in the hierarchical
DSM system because nodes that possess read-only copies are not aware of the
identity of the block owner. These nodes cannot unilaterally identify that the node

owning the block has failed and thus cannot unilateraly invalidate their copy.

Since the page owner is the only node that can identify the owners of that
page’s blocks, the page owner can initiate the repair of directory inconsistencies
caused by the failure of block owners. Specificaly, if the page owner has not
failed, it can determine that the block owner has failed and initiate the invalidation
of all read-only copies of the block. Since the page owner cannot identify the
location of these read-only copies, this invalidation can only be achieved by a
broadcast. The failed node can subsequently recover with a null copy directory.
(An aternative solution is to have the page owner assume exclusive ownership of
these blocks. This solution will defer the broadcast invalidate traffic to the time the

block is next written).

Solutions that rely on the directory of the page owner to recover from the
failure of the block owner are not useful if the page owner has aso failed. Hence,
if the page owner fails, the copy directories of all the blocks of the page are
invalidated (set to null). In order to permit the block owners to clear their copy
directories, all nodes in the system locally invalidate their read-only copies of all
the blocks of a page whose page owner has failed.

The directory repair mechanisms are illustrated in Figures6.4 and 6.5.
Figure 6.4 shows the repair of two types of losses — the loss of read-only copies
and the loss of the block owner’s copy directory when the block owner is distinct

from the page owner. The repair of the loss of the page owner’ s directory of block
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Figure 6.4: Repair of the coherency directory in a hierarchical DSM sys-
tem — non-page-owner failure. The directory maintains the pageid,
the page owner, block access permissions, and the copy directory for
each block. A page is comprised of two blocks (block 0 and block
1). A node which possesses a block in the ‘‘write’’ or ‘‘shared’”’
state is the block owner. If a node is a page owner, for every block
that it does not own it maintains the identity of the block’s owner
(e.g., node 2, page a, block 1). Pages a and b are present but not
owned in node 1 prior to failure. Node 1 fails and recovers with an
empty memory state. Node 3 removes node 1 from the copy directo-
ry of block O of page a to reflect the loss of node 1's copy. Node 2
owns page a, and determines that node 1 was the owner of block 1 of
page a. Hence, node 2 broadcast invalidates all copies of block 1 of
the page, and the block is restored in the exclusively owned state in
node 1. The case of block 1 of pageb is similar but here the page
owner node 3 chooses to assume exclusive ownership of the block.

owner identities and the loss of the block owner’s copy directory when it is also the

page owner is shown in Figure 6.5.
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Figure 6.5: Repair of the coherency directory in a hierarchical DSM sys-
tem — page owner failure. Nodel owns pagea prior to failure.
Hence, nodes 2 and 3 invalidate their local read-only copies of all
blocks of page a during recovery. Node 2 transfers block 0 of page a
to the exclusively owned state, and informs recovering node 1 that it
owns the block. The ownership of block 1 is unclaimed, and node 1
assumes exclusive ownership of the block.

6.5. Previous DSM Recovery Schemes

Many recovery schemes for DSM systems focus on avoiding rollback
propagation, at the cost of frequent checkpointing[Wu90a, Tam90, Stum90,
Jans93] or high overhead for maintaining logs[Rich93]. Due to the absence of
rollback propagation, these schemes have the advantage of fast recovery, at the

cost of high overhead during normal operation.

Consider a process Q that reads data modified by a process P, so that the state
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of Q depends on the state of P. Rollback propagation occurs if P fails and recovers
by rolling back, forcing Q to also roll back since P may compute a different value

for the data during re-execution.

Wu and Fuchs[Wu90a] have proposed a scheme where rollback propagation
is avoided by forcing processes to checkpoint before providing modified data to
any other process. Checkpointing a process involves the flushing of pages
modified by the process since the last checkpoint and saving the process state onto
disk. At recovery, the processes that were running on the failed node are restarted
from their checkpointed states, and re-acquire memory pages on demand. If the
state of the centralized directory is lost, the directory information is reconstructed
on demand. When a page is requested by a node, a special message is broadcast
requesting the owner and the copy holders of the page to identify themselves to the
new centralized manager. If no node claims ownership of the page, the new
centralized manager assumes ownership of the page. The requested page is
provided by the owner of the page, unless the owner is recovering, in which case
the page is fetched from stable storage. In [Jans93], this scheme is extended to
systems supporting weak consistency by checkpointing a process only when a

synchronization variable isto be read by another process.

Tam and Hsu[Tam90] propose a scheme where a modified page is permitted
to migrate only after all modified pages are logged to stable storage (as
in [Wu90a]). At recovery, the process state is restored from the checkpoint. The
key contribution of this scheme is the use of a ‘‘token database’’ that allows the
coherency directory to be repaired without consulting all the directory fragments

on the system (as required by our scheme). Stumm and Zhou [Stum90] propose a
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variation that tolerates only single faults. When a node is about to migrate
modified data to another node, al modified data from the first node is

checkpointed in the local memory of the second node.

Richard and Singhal present a recovery scheme for an environment where
checkpoints are costly [Rich93]. All pages read by a process are logged to volatile
storage. When a modified page is to be read by another process, the log is
committed to stable storage. Upon failure of a process, the process is restored from
the checkpoint, and its up-to-date state is recomputed using the logged pages. With
this scheme there is no rollback propagation and no need for frequent
checkpointing. However, there is high overhead for collecting, committing, and

storing the logs.

6.6. Evaluation

A key measure of error recovery schemes based on checkpointing and
rollback is the overhead they incur during normal operation. This overhead
includes the cost of checkpointing as well as any other special processing, such as
for keeping track of dependencies, logging messages, etc. Our evaluation is
focused on the overhead for checkpointing, specifically on the extra
interconnection network traffic due to checkpointing. We compare our coordinated

checkpointing scheme to the scheme proposed by Wu and Fuchs[Wu90al.

Our evaluation is based on trace-driven simulation, using address traces from
a possible execution on a 64 node multiprocessor of three parallel applications:
Weather, Speech, and FFT. Weather uses finite difference methods to solve a set

of partial differential equations describing the state of the atmosphere. Speech uses
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amodified Viterbi search algorithm to find the best match between paths through a
directed graph representing a dictionary and another through a directed graph
representing the input. FFT is aradix-2 fast Fourier transform. Details about the

applications and the traces can be found in [Chai90].

The simulator faithfully implements the checkpointing phase of both recovery
schemes. We have implemented the simulator both for the block-level DSM
system and the hierarchical DSM system. The interconnection network traffic
includes interprocessor traffic as well as traffic to stable storage. This traffic is
calculated assuming that the size of a control message is 16 bytes, the size of data
messages is 16 bytes plus the size of the data being transmitted, and that the size of
a process' register state is 128 bytes. Simulations were performed for a range of
block sizes to evaluate the block-level schemes. For the hierarchical DSM system,
simulations were performed for a page size of 1KB and various block sizes. For
coordinated checkpointing the impact of varying the checkpointing frequency was
measured. With the block-level scheme, the system allows a maximum of 512
blocks per node to be in a shared state, using a 512 entry Shared Blocks Table
(SBT). Similarly, with the hierarchical system, a maximum of 64 pages per node
may contain a block in a shared state, using a 64 entry Shared Pages Table
(SPT) [Tami92].
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6.6.1. Resultsfor the Block-Level DSM system
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Figure 6.6: Network traffic in a block-level system as afunction of block
size. Results for a system without checkpointing, with the Wu and
Fuchs[Wu90a] scheme, and with coordinated checkpointing. With
coordinated checkpointing, results for two checkpointing intervals:
every 1000 and every 10000 references by any one processor.

With a block-level DSM system, the simulation results for coordinated
checkpointing and for the Wu and Fuchs scheme[Wu90a] are shown in Figures 6.6
and 6.7. Figure 6.6 shows the network traffic per data reference as a function of
the block size. In &l three applications, the additional traffic due to coordinated
checkpointing is low relative to the traffic without checkpointing for a wide range
of block sizes. The Wu and Fuchs scheme[Wu90a] generates significantly higher
network traffic than the coordinated checkpointing scheme, especially with larger
blocks. Larger blocks increase false-sharing, thus increasing the frequency of

read-write sharing. With the Wu and Fuchs scheme, this forces an increase in the

frequency of checkpointing and thus increased overhead. Hence, the Wu and
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Fuchs scheme will not be a good choice for DSM systems that use large blocks

(e.g., 1KB blocksareused in [Li89a] and [Wu90a]).

550 | —A— Weather: Coord —A— Weather: Coord
-m— Speech: Coord 16000 —m- Speech: Coord
500-| = FFT: Coord —x— FFT: Coord
450 || —A- Weather: Wu and Fuchs 14000+ A~ Weather: Wu and Fuchs
-m- Speech: Wu and Fuchs -m- Speech: Wu and Fuchs
4004|  _x_ FFT: Wuand Fuchs 12000 _x_ FFT: Wuand Fuchs

10100 300 500 1000 10100 300 500 1000
Checkpoint Interval Checkpoint Interval
a) Relative traffic overhead as b) Node checkpoints per 10°
percentage of normal traffic system references

Figure 6.7: The impact of the checkpointing interval in a block-level
system with 128 byte blocks. The relative traffic overhead is the ad-
ditiona traffic due to checkpointing relative to the traffic without
checkpointing. The checkpointing interval is the maximum number
of references made by any processor between checkpoints — it is an
approximate measure of the time between checkpoints. For the Wu
and Fuchs scheme, the checkpointing interval is determined by the
behavior of the application and cannot be set by the system.

Figure 6.7 shows the impact of changing the checkpointing interval for a
system with 128 byte blocks. For coordinated checkpointing, as the checkpointing
frequency is decreased, the overhead decreases approximately linearly. Hence, if
the requirements of the application (e.g., real-time response specifications) allow,
the overhead for coordinated checkpointing can be reduced by simply lowering the

checkpointing frequency. With the Wu and Fuchs scheme, the checkpointing
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interval is a characteristic of the application and cannot be set by the system.
Hence, the checkpointing overhead is fixed and high regardiess of the needs of the
application. Thus, these results demonstrate the benefits of being able to tune the

frequency of checkpoints in an application-independent manner.

The Wu and Fuchs scheme has the advantage of checkpointing traffic which
isevenly distributed over time. With coordinated checkpointing, the checkpointing
traffic is likely to be burstier. This disadvantage of coordinated checkpointing can
be eliminated through the use of asynchronous coordinated checkpointing with a
memory system that supports copy-on-write pages[Tami9l]. In this case, volatile
checkpoints are taken locally on each node and are spooled gradualy to stable

storage once normal operation resumes.

6.6.2. Resultsfor theHierarchical DSM System

As shown in Figure 6.8, in terms of network traffic overhead, the coordinated
checkpointing scheme retains its advantage over the Wu and Fuchs scheme even on

the hierarchical DSM system.

Even without checkpointing, for the same block size, the hierarchicad DSM
system often requires higher network bandwidth than a block-level system. As
shown in Figure6.8, this disadvantage of the hierarchical system is often
exacerbated in a system with checkpointing. Both coordinated checkpointing and
the Wu and Fuchs scheme incur higher checkpointing traffic on the hierarchical
system. The additional traffic on the hierarchical DSM system is due to its support
for page-level mapping and transfers. Since private data is mapped in pages, they
must be checkpointed in pages rather than blocks. Also, when a private page that
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Figure 6.8: Theimpact of block size on network traffic for the hierarchi-
cal and the block level systems with coordinated checkpointing and
with the Wu and Fuchs scheme. The hierarchical system uses 1K
byte pages. A checkpointing interval of 1000 referencesis used with
coordinated checkpointing. For a given block size, network traffic,
with and without checkpointing, is higher in the hierarchical system
than the block-level system.

has its dsc bit set moves to the shared state, the dsc bits of all blocks are set, even if
only a few blocks were modified. In both cases, a page of blocks may be

checkpointed when only afew of the blocks actually require checkpointing.

The absence of block-level dsc bits for private pages in the hierarchical
system can lead to larger interacting sets with coordinated checkpointing and more
frequent checkpointing with the Wu and Fuchs scheme. The dsc bit of a private
page is set when it is modified. If the page is subsequently read by another
process, the page is transferred to a shared state and the dsc bits of all the blocks of
the page are set. With the Wu and Fuchs scheme, the process that modified the
page must checkpoint. With coordinated checkpointing, the process reading the
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page must be included in the interacting set. In the block-level DSM system, a
read issued from another process would necessitate these actions only if the block

being read was modified.

Figure 6.9 shows that the average size of the interacting set with coordinated
checkpointing and the checkpointing frequency with the Wu and Fuchs recovery
scheme are generally higher on the hierarchical system than on the block-level
system using the same block size. With coordinated checkpointing at an interval of
10000 processor references (Figure 6.9-a), both FFT and Weather have larger
interacting sets on the hierarchical system, especially at larger block sizes. With
the Weather application, there is the somewhat surprising phenomenon of the
interacting set size initially decreasing when the block size of the hierarchical
system is increased. Such behavior is possible when false sharing forces the
checkpoint of the sub-blocks that comprise the large block. This effectively clears
the dsc bit that would have been associated with each of the sub-blocks if the
system used smaller blocks. With smaller blocks, the dsc bits of these sub-blocks
would remain set, causing the interacting set of subsequent checkpoint sessions to
be larger than when the large blocks are used. With Speech, within the range of
block sizes studied, larger blocks do not cause significant additional false sharing.
Hence, with coordinated checkpointing, the interacting set size is not affected by
the block size or by the use of the hierarchical scheme versus the block-level
scheme. With the Wu and Fuchs scheme, the expected decrease in checkpointing
interval (increase in checkpointing frequency) on the hierarchical system is

observed only for FFT (Figure 6.9-b).

Without tracking interprocess dependencies, every checkpoint or rollback
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must be global — involving all the processes of the task. Figures 6.9-b and 6.9-c
demonstrate that with real applications tracking dependencies can reduce the size
of the set of processes that need to be checkpointed or rolled back together. As
shown in these figures, the precise beneficial impact (if any) of tracking
dependencies depends on the application, the checkpointing interval, the block

size, and whether a hierarchical or block-level scheme is used.

— Hierarchi — Hijerarchical D
1600 | 90 — Block-level DSM — - Block-level DSM
x Wuand Fuchs |00 | x Wuand Fuchs
m Coord (1000) m Coord (1000)
1400 80+
Relative 70 1000
Traffic 1200+
Overhead
(Check- 1000 | 800+
pointing
Trafficas 800 600 -
percentage
of normal 600 4
traffic) 400
400 4 " 20 |
XX oo 200 x x _
200 Nj\- 10 _ X - - - - x
\' F - - - | | | 1 ‘ —
3264 128 256 3264 128 256 3264 128 256
Block Size Block Size Block Size
Trace: Weather Trace: Speech Trace: FFT

Figure 6.10: Comparison of relative traffic overhead in the hierarchical
and block-level systems at various block sizes. The relative traffic
overhead is the additional traffic due to checkpointing expressed as a
percentage of the traffic without checkpointing. Results for the Wu
and Fuchs scheme and the the coordinated checkpointing scheme.
Coordinated checkpointing scheme results are shown at a checkpoint
interval of 1000 per-processor references. The hierarchical system
uses 1K byte pages.

Figure 6.10 compares the relative traffic overhead due to checkpointing in the
hierarchical and block-level DSM systems. The relative traffic overhead is the
additional traffic due to checkpointing expressed as a percentage of traffic without
checkpointing. For Weather and FFT, the relative traffic overhead with both
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checkpointing schemes is higher in the hierarchical system. As previously
discussed, one of the key reasons for the increase in checkpointing traffic in the
hierarchical system is that often whole pages instead of blocks are checkpointed.
Specifically, with these applications, 80-90% of the data that is checkpointed is
checkpointed as pages. With the Speech application, traffic due to checkpointing
issmall in proportion to the traffic on a system without checkpointing. The heavy
read-sharing of a dictionary in Speech causes the traffic without checkpointing to
be higher on the hierarchical system than on the block-level system. However,
since this datais not modified during most of the application, it does not need to be
checkpointed so there is little change in checkpointing traffic between the

hierarchical and block-level systems.

Figure6.7-b, shows that checkpoints occur far less frequently with
coordinated checkpointing using an interval of 1000 references than with the Wu
and Fuchs scheme. As aresult, as shown in Figure 6.10, the increase in overhead
in the hierarchical system is significantly smaller with coordinated checkpointing

than with the Wu and Fuchs scheme.

The difference between the relative traffic overhead of checkpointing on the
hierarchical system and on the block-level system decreases with increasing block
size (Figure 6.10). This is due to the fact that one of the key reasons for the
increase in checkpointing traffic in the hierarchical system is that often whole
pages instead of blocks are checkpointed. As the block size decreases, this effect
becomes more significant. Thus, for small blocks the negative impact of page-
level management in the hierarchical system is more severe on the checkpointing

performance than on the performance of the non-checkpointing system.
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Chapter Seven
Summary

For many applications that target distributed memory multicomputers for their
scalability and high-performance, it is desirable to provide transparent Distributed
Shared Memory (DSM). For such applications, the hardware and system software
must maintain coherency among the local memories. To assure sustained progress
of large applications through the failures of nodes and their associated local
memory, the system must also incorporate a mechanism that ensures the continued

availability of the entire shared address space in spite of these failures.

Most existing techniques for providing DSM on multicomputers perform the
mapping, data transfers, and ownership management at a single granularity of
blocks (or pages). If large blocks are used, these techniques suffer from long
latencies for remote requests, they require higher network bandwidth than is
inherently needed by the application, and they lead to unnecessary transfers due to
false sharing. Smaller blocks lead to a decrease in miss ratio [Dubo88], a reduction
in remote access latencies, and a reduction in the required network bandwidth.
However, for small blocks, management of DSM at the block level results in

unacceptably high storage overhead for the various mapping tables.

We have proposed the use of multiple levels of mapping and coherency
management, a new organization for the copy directory, and inverted tables as a
solution to this problem. The proposed scheme dynamically distinguishes between
shared and private pages in order to manage each class efficiently. Ownership is

maintained at both the block and page level for shared pages while ownership is

273



maintained only at the page level for private pages. In order to limit the storage
overhead for coherency management, tables that keep track of block copies are not
alowed to grow beyond a static bound. In a redistic example of a large
multicomputer, less than 4% of the total system storage will be dedicated to tables

needed for coherency management.

The design of correct distributed directory-based coherence protocols is one
of the main tasks in DSM implementation. This design is significantly more
complicated than the design of snoopy coherence protocols due to the absence of a
serializing medium such as a shared bus and the non-atomicity of accesses. These
factors introduce problems associated with deadlocks, race conditions, and the

handling replacements.

We have designed a DSM protocol for hierarchically managed DSM as well
as DSM managed at a single block level. We employ standard mechanisms,
similar to those used in[Leno093], to handle deadlocks and replacement hints.
Deadlocks are avoided by requiring that invalidate messages and reply messages
are always accepted and processed (‘‘sunk’’) at their destinations. Update
messages due to replacements are handled with additional states in the coherence
protocol. We developed the use of bilateral exchanges as opposed to forwarding
as a solution to the problem of races. Specifically, in a pairwise-FIFO network, the
race problem is avoided by restricting all protocol exchanges to be bilateral. Since
the use of bilateral exchanges involves a dight increase in message count, we have
developed a hybrid protocol, where read accesses use forwarding and write

accesses use bilateral exchanges.

Using the Proteus[Brew92b] execution-driven simulation environment, we
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have implemented detailed ssmulations of our DSM protocol for hierarchically
managed DSM as well as DSM managed at a single block level. We have
evaluated the performance of the hierarchicad management scheme using
execution-driven simualtions and trace-driven simulations. In general, the results
indicate that significant performance improvement over conventional page-level
schemes is possible with our two-level scheme, without incurring the storage
overhead that makes uniform block-level schemes impractical in large systems.
The results verify that only a small fraction of the shared address space is actually
shared at any time. This validates the benefits of a scheme, such as our
hierarchical scheme, where coherency tables (e.g., our shared pages table) can be
kept small since they maintain information only for dynamically shared data. The
results also show that our new copy directory organization is more space-efficient

than the conventional organization used in most DSM systems.

Many error recovery schemes for multiprocessors and multicomputers are
based on checkpointing a process whenever it communicates with another process
or on the use of message logging techniques. For scalable high performance
systems, used for communication-intensive applications, al of these schemes incur

unacceptably high overhead.

We have developed an error recovery scheme for DSM multicomputers based
on coordinated checkpointing and rollback. Our scheme is an adaptation of
coordinated checkpointing and rollback for message-passing systems. This
adaptation efficiently solves several potentia difficulties with DSM systems which
are due to the lack of explicit messages, the presence of a shared replicated address

space, and the distributed coherency directory. We have developed mechanisms to
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identify and track read-write communication in the DSM system and to checkpoint
and recover the shared replicated address space. Our scheme does not checkpoint
and rollback the coherency directory. Instead, at recovery, the distributed
coherency directory is ‘‘repaired’”’ to restore it to a correct state. Trace-driven
simulations have demonstrated the significant performance advantages of our
recovery scheme. By alowing lower checkpointing frequency, leading to lower
overall checkpointing traffic, our approach can result in dramatically lower
overhead than alternate schemes, leading to minimal impact on the normal

operation of the system.
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