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Abstract
Shared memory multiprocessors play an increasingly im-

portant role in enterprise and scientific computing facilities.
Remote misses limit the performance of shared memory appli-
cations , and their significance is growing as network latency
increases relative to processor speeds.

This paper proposes two mechanisms that improve shared
memory performance by eliminating remote misses and/or re-
ducing the amount of communication required to maintain
coherence. We focus on improving the performance of ap-
plications that exhibit producer-consumer sharing. We first
present a simple hardware mechanism for detecting producer-
consumer sharing. We then describe a directory delegation
mechanism whereby the “home node” of a cache line can be
delegated to a producer node, thereby converting 3-hop co-
herence operations into 2-hop operations. We then extend the
delegation mechanism to support speculative updates for data
accessed in a producer-consumer pattern, which can convert
2-hop misses into local misses, thereby eliminating the remote
memory latency. Both mechanisms can be implemented with-
out changes to the processor.

We evaluate our directory delegation and speculative up-
date mechanisms on seven benchmark programs that exhibit
producer-consumer sharing using a cycle-accurate execution-
driven simulator of a future 16-node SGI multiprocessor. We
find that the mechanisms proposed in this paper reduce the av-
erage remote miss rate by 40%, reduce network traffic by 15%,
and improve performance by 21%. Finally, we use Murphi to
verify that each mechanism is error-free and does not violate
sequential consistency.

1 Introduction

Most enterprise servers and many of the Top500 su-
percomputers are shared memory multiprocessors [1].
Remote misses have a significant impact on shared
memory performance, and their significance is growing
as network hop latency increases as measured in pro-
cessor cycles [9, 13, 14, 16, 26, 33]. The performance
impact of remote memory accesses can be mitigated in a
number of ways, including higher performance intercon-
nects, sophisticated processor-level latency hiding tech-

niques, and more effective caching and coherence mech-
anisms. This paper focuses on the latter.

Previous research has demonstrated the value of
adaptive protocols that identify and optimize for mi-
gratory sharing [10, 32]. In this paper, we present a
novel adaptive mechanism that identifies and optimizes
for producer-consumer sharing. An important feature
of the mechanisms described herein is that they require
no changes to the processor core or system bus inter-
face and can be implemented entirely within an external
directory controller. In addition, our optimizations are
sequentially consistent. Further, we identify producer-
consumer sharing with a very simple mechanism that
does not require large history tables or similar expensive
structures.

Typical cc-NUMA systems maintain coherence us-
ing directory-based distributed write-invalidate proto-
cols. Each cache line of data has a “home node” that
tracks the global coherence state of the cache line, e.g.,
which nodes have a cached copy of the data, via a di-
rectory structure [23]. Before a processor can modify
a cache line of data, it must invalidate all remote copies
and be designated as its owner. Thus, only the first write
in a sequence of writes to a cache line with no inter-
vening read operations from other nodes causes global
actions. This behavior leads to good performance for
situations where data is used exclusively by a single pro-
cessor or mostly read-shared.

However, write invalidate protocols are inefficient for
some sharing patterns. For example, consider producer-
consumer sharing, where a subset of threads access a
shared data item, one of which modifies the data while
the others read each modification. Figure 1 illustrates
the communication induced by producer-consumer shar-
ing involving one producer (P) and two consumer nodes
(C1 and C2), where data is initially cached in read-
only mode on each node. Solid lines represent request
messages, dashed lines represent intervention messages
(e.g., an invalidation message), and dotted lines repre-
sent intervention replies.

Unless the producer is located on the home node,
a conventional directory-based write-invalidate protocol
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Figure 1. Traditional Producer-Consumer

requires at least three network latencies whenever a pro-
ducer wishes to modify data: (1) a message from the
producer to the home node requesting exclusive access,
(2) a message from the home node to the consumer(s)
requesting that they invalidate their copy of the data,
and (3) acknowledgments from the home node and con-
sumers to the producer. The top half of Figure 1 illus-
trates this scenario. Similarly, when the first consumer
accesses the data after its copy has been invalidated, it
incurs a 3-hop miss unless it or the producer is located
on the home node: (1) a message from the consumer
to the home node requesting a read-only copy of the
data, (2) a message from the home node to the pro-
ducer requesting that the producer downgrade its copy
to SHARED mode and write back the new contents of
the cache line, and (3) a message from the producer to
the consumer providing the new contents of the data and
the right to read. The bottom of Figure 1 illustrates this
scenario.

One performance problem illustrated in Figure 1 is
the third network hop required when the producer does
not reside on the home node. To address this prob-
lem, we propose a novel directory delegation mecha-
nism whereby the “home node” of a particular cache line
of data can be delegated to another node. During the pe-
riod in which the directory ownership is delegated, the
home node forwards requests for the cache line to the
delegated home node. Other nodes that learn of the del-

egation can send requests directly to the delegated node,
bypassing the home node as long as the delegation per-
sists. When used appropriately, directory delegation can
convert a number of 3-hop coherence operations into 2-
hop operations.

To improve producer-consumer sharing performance,
we extend the delegation mechanism to enable the pro-
ducer (delegated home node) to speculatively forward
newly written data to the nodes that it believes are likely
to consume it in the near future. Our update mecha-
nism is a performance optimization on top of a conven-
tional write invalidate protocol, analogous to prefetch-
ing or last write prediction [21], and thus does not affect
the (sequential) consistency semantics of the underlying
coherence protocol. When the producer correctly pre-
dicts when and where to send updates, 2-hop misses be-
come local misses, effectively eliminating the impact of
remote memory latency.

Although update protocols have the potential to elim-
inate remote misses by pre-pushing data to where it will
soon be consumed, they have a tendency to generate ex-
cessive amounts of coherence traffic [7, 15]. These ex-
tra coherence messages are typically due to sending up-
dates to nodes that no longer are consuming the data.
This extra coherence traffic can lead to serious perfor-
mance problems by consuming precious interconnect
bandwidth and memory controller occupancy. To mit-
igate this problem, we only perform speculative updates
when the producer has been delegated control of a cache
line and a stable producer-consumer sharing pattern has
been observed. For the benchmarks we examine, the
speculative push mechanism generates less network traf-
fic than even a tuned write invalidate protocol.

A goal of our work is to design mechanisms that can
be implemented in near future systems. We concentrate
on mechanisms that require only modest hardware over-
head, require no changes to the processor, do not add
significant pressure to the interconnect, and do not sig-
nificantly increase directory controller occupancy. We
do not consider designs that require large history tables,
assume the ability to “push” data into processor caches,
perform updates that are not highly likely to be con-
sumed, or make other assumptions that make it difficult
to apply our ideas to commercial systems. In Section 5
we discuss ways that our work can be extended by re-
laxing some of these restrictions.

Using a cycle-accurate execution-driven simulator of
a future-generation 16-node SGI multiprocessor, we ex-
amine the performance of seven benchmarks that ex-
hibit varying degrees of producer-consumer sharing. We
find that our proposed mechanisms eliminate a signifi-
cant fraction of remote misses (40%) and interconnect
traffic (15%), leading to a mean performance improve-
ment of 21%. The reduction in both coherence traffic
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Figure 2. Modeled node architecture (mod-
ified/new components are highlighted)

and remote misses plays a significant role in the ob-
served performance improvements. The hardware over-
head required for the optimizations described above is
less than the equivalent of 40KB of SRAM per node, in-
cluding the area required for the delegate cache, remote
access cache, and directory cache extensions used to de-
tect producer-consumer sharing.

2 Protocol Implementation

In this section we describe the design of our var-
ious novel coherence mechanisms (producer-consumer
sharing predictor, directory delegation mechanism, and
speculative update mechanism). We begin with a brief
discussion of remote access caches and their value in our
work (Section 2.1). We then describe the simple hard-
ware mechanism that we employ to identify producer-
consumer sharing patterns. Then, in Section 2.3 we
describe the protocol extensions and hardware needed
to support directory delegation. In Section 2.4 we de-
scribe the protocol extensions and hardware required to
implement our speculative update mechanism. Finally,
in Section 2.5, we describe how we verified the correct-
ness of our protocol extensions using the Murphi model
checker.

2.1 Remote Access Cache

Traditional CC-NUMA machines can only store re-
mote data in their processor caches. Remote access
caches (RACs) eliminate unnecessary remote misses in-
duced by the small size and associativity of processor
caches by acting as victim caches for remote data [23].
However, the large caches in modern processors have
largely eliminated remote conflict and capacity misses,
so modern shared memory multiprocessors do not in-
clude RACs.

We propose to augment each node’s “hub” with a
RAC for three reasons. First, the RAC can be used as
a traditional victim cache for remote data. Second, the

RAC gives us a location into which we can push data
at a remote node; researchers often assume the ability
to push data into processor caches, but this capability is
not supported by modern processors. Third, we employ
a portion of the RAC as a surrogate “main memory” for
cache lines that have been delegated to the local node.
In particular, for each cache line delegated to the local
node, we pin the corresponding cache line in the local
RAC.

2.2 Sharing Pattern Detection

To exploit delegation and speculative updates, we
first must identify cache lines that exhibit a stable
producer-consumer sharing pattern. In this section we
describe the producer-consumer pattern detector that we
employ.

We define producer-consumer sharing as a repeti-
tive pattern wherein one processor updates a block (pro-
ducer) and then an arbitrary number of processors read
the block (consumer(s)), which corresponds to the fol-
lowing regular expression:

...(Wi)(R∀j:j 6=i)
+(Wi)(R∀k:k 6=i)

+
... (1)

In the expression above, Ri and Wi represent read and
write operations by processor i, respectively.

Coherence predictors can be classified into two cate-
gories: instruction-based [18] and address-based [29].
Instruction-based mechanisms require less hardware
overhead, but require tight integration into the proces-
sor core. Since one of our goals is to require no changes
to the processor core, we focus on address-based pre-
dictors. A problem with address-based predictors im-
plemented outside of the core is they can only observe
addresses of accesses that miss in the processor caches.
Also, they typically require extensive storage to track
access histories, e.g., Lai et al. [20] add one history en-
try per memory block to trace sharing patterns, which is
roughly a 10% storage overhead.

To address these problems, we extend each node’s di-
rectory controller to track block access histories. Since
the directory controller coordinates all accesses to mem-
ory blocks homed by that node, it has access to the
global access history of each block that it manages. To
minimize space overhead, we only track the access his-
tories of blocks whose directory entries reside in the di-
rectory cache, not all blocks homed by a node. Typi-
cally, a directory cache only contains a small number of
entries, e.g., 8k entries on SGI Altix systems, which cor-
responds to only a fraction of the total memory homed
on a particular node. However, the blocks with en-
tries in the directory cache are the most recently shared
blocks homed on that node. We found that tracking only
their access histories detects the majority of the available



producer-consumer sharing patterns, which corroborates
results reported by Martin et al. [24].

To detect producer-consumer sharing, we augment
each directory cache entry with three fields: last writer,
reader count, and a write-repeat counter. The last writer
field (4 bits) tracks the last node to perform a write op-
eration. The reader count (2 bits, saturating) remembers
the number of read requests from unique nodes since
the last write operation. The write-repeat counter (2
bits, saturating) is incremented each time two consec-
utive write operations are performed by the same node
with at least one intervening read. Our detector marks
a memory block as being producer-consumer whenever
the write-repeat counter saturates. These extra 8 bits,
which increase the size of each directory cache entry by
25%, are not saved if the directory entry is flushed from
the directory cache.

The detector logic we employ is very simple, which
limits its space overhead but results in a conservative
predictor that misses some opportunities for optimiza-
tion, e.g., when more than one node writes to a cache
line. An important area of future work is to experiment
with more sophisticated producer-consumer sharing de-
tectors. However, as discussed in Section 3, even this
simple detector identifies ample opportunities for opti-
mization.

2.3 Directory Delegation

Once the predictor identifies a stable producer-
consumer sharing pattern, we delegate directory man-
agement to the producer node, thereby converting 3-
hop misses into 2-hop misses. To support delegation,
we augment the directory controller on each node with
a delegate cache. The delegate cache consists of two
tables: a producer table that tracks the directory state
of cache lines delegated to the local node and a con-
sumer table that tracks the delegated home node of cache
lines being accessed by the local node. The producer
table is used to implement delegated directory opera-
tions. Its entries include the directory information nor-
mally tracked by the home node (DirEntry), a valid bit,
a tag, and an age field. The number of cache lines that
can be delegated to a particular node at a time is limited
by the size of the producer table. The consumer table
allows consumers to send requests directly to the dele-
gated (producer) node, bypassing the default home node.
Its entries consist of a valid bit, a tag, and the identity
of the new delegated home node for the corresponding
cache line. The number of cache lines that a node will
recognize as having a new (remote) home node is lim-
ited by the size of the consumer table. The format of
delegate cache entries are shown in Figure 3.

When a node needs to send a message to a cache
line’s home, e.g., to acquire a copy or request owner-

Valid
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 Directory Entry
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 32b


Producer delegate cache entry (10 bytes)


Figure 3. Format of delegate cache entries

ship, it first checks the local delegate cache. If it finds
a corresponding entry in the producer table, it handles
the request locally. If it finds an entry in the consumer
table, it forwards the request to the delegated home node
recorded in the entry. Otherwise, it sends the request to
the default home node.

The following subsections describe how we initiate
directory delegation (Section 2.3.1), how coherence re-
quests are forwarded during delegation (Section 2.3.2),
and how we un-delegate nodes (Section 2.3.3).

2.3.1 Delegation

After the home detects a stable producer-consumer shar-
ing pattern, it marks the producer as the new owner of
the cache line, changes the directory state to DELE, and
sends the producer a DELEGATE message that includes
the current directory information. Upon receiving this
message, the producer adds an entry to its producer del-
egate table, treats the message as an exclusive reply mes-
sage, and pins the corresponding RAC entry so that there
is a place to put the data should it be flushed from the
processor caches.

2.3.2 Request Forwarding

While the cache line is in the DELE state on the origi-
nal home node, coherence messages sent to the original
home node are forwarded to the delegated home node.
The original home node also replies to the requester to
notify it that the producer is acting as the home node
until further notice, in response to which the requesting
node adds an entry in its consumer table in the delegate
cache. Subsequent coherence requests from this node
are sent directly to the delegated home node until the
line is undelegated.

Entries in the consumer table are hints as to which
node is acting as the home node for a particular cache
line, so it can be managed with any replacement policy.
If a consumer table entry becomes stale or is evicted,
the consumer can still locate the acting home node, but
will require extra messages to do so. In our design, the
consumer table is 4-way set associative and uses random
replacement.
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2.3.3 Undelegation
In our current design, a node undelegates control over a
cache line for three reasons:

1. the delegated home node runs out of space in its
producer table and needs to replace an entry,

2. the delegated home node flushes the corresponding
cache line from its local caches, or

3. another node requests an exclusive copy.
To undelegate a cache line, the producer node invalidates
the corresponding entry in its producer table and sends
an UNDELE message to the original home node, in-
cluding the current directory state (DirEntry) and cache
block contents (if dirty). When the original home node
receives the UNDELE message, it changes the local
state of the cache line from DELE to UNOWNED or
SHARED, depending on the contents of DirEntry. If the
reason for undelegation is a request for exclusive own-
ership by another node, the UNDELE message includes
the identity of this node and the original home node can
handle the request.

2.3.4 Discussion
There are a number of race conditions and corner cases
that need to be handled carefully to make delegation,
forwarding, and undelegation work correctly. For exam-
ple, it is possible for a request by the producer to arrive at
the original home node while it is in the process of del-
egating responsibility to the producer. Or, the producer
may receive a coherence request for a line for which it
has undelegated responsibility and for which it no longer
has any information in its producer table. To handle
these kinds of races, we employ the mechanism used by
SGI to simplify its coherence protocol implementations:
NACK and retry. In the first case the original home node
NACKs the request from the producer, causing it to retry

the operation. When the producer retries the operation it
will most likely find that it has become the acting home
node, otherwise its requests will be NACKed until the
delegation operation succeeds. Similarly, if the producer
receives a coherence operation for a line that it undele-
gated, it NACKs and indicates that it is no longer the
acting home node, which causes the requesting node to
remove the corresponding entry from its consumer ta-
ble and re-send the request to the default home node. In
Section 2.5, we describe how we formally verify the cor-
rectness of our delegation, forwarding, and undelegation
protocols.

2.4 Speculative updates

On conventional cc-NUMA systems, applications
with significant producer-consumer sharing suffer from
frequent remote read misses induced by the invalidations
used to ensure consistency. To reduce or eliminate these
remote read misses, we extend our directory delegation
mechanism to support selective updates. To ensure se-
quential consistency and simplify verification, we im-
plement our update mechanism as an optimization ap-
plied to a conventional write invalidate protocol, rather
than replacing the base coherence protocol with an up-
date protocol. Reads and writes continue to be handled
via a conventional directory-based write invalidate pro-
tocol. However, after a cache line has been identified
as exhibiting producer-consumer sharing and been del-
egated, producers send speculative update messages to
the identified consumers shortly after each invalidation.
In essence, we support a producer-driven “speculative
push”, analogous to a consumer-driven prefetch mecha-
nism. These pushes are a performance optimization and
do not impact correctness or violate sequential consis-
tency.

To support speculative updates, we must overcome
two challenges. The first is determining when to send
updates and what data to send without modifying the pro-
cessor. The second is limiting the use of updates to sit-
uations where we have high confidence that the updates
will be consumed. We address these challenges in the
following subsections.



2.4.1 Delayed intervention

Modern processors directly support only invalidate pro-
tocols. Before performing a write, processor requests
exclusive access to a cache line. After becoming the ex-
clusive owner, a processor is free to modify it as many
times as it likes and can refrain from flushing those
changes until another processor attempts to access the
cache line.

To generate updates without modifying the processor,
we employ a delayed intervention mechanism. When
the producer wishes to modify a cache line, it requests
exclusive access to the line. As in a normal write inval-
idate protocol, we invalidate all other nodes that have a
shared copy. After the producer’s hub grants the pro-
ducer exclusive access to the data, it delays for a short
period and then sends an intervention request to the pro-
cessor, requesting that it downgrade the cache line to
SHARED mode. In response to this intervention, the
processor flushes the dirty contents of the cache line.
The producer’s hub writes the flushed data into the local
RAC and then sends update messages to the predicted
consumers. The mechanism via which we predict the
consumer set is described below.

Our delayed intervention mechanism could be
thought of as an extremely simple last write predictor,
analogous to Lai et al.’s last touch predictor [21]. To
avoid modifying the processor, we simply wait a short
time and then predict that the current write burst has
completed, rather than employing large tables to track
past access histories. Lai et al. used last touch predic-
tion to dynamically self-invalidate cache lines, whereas
we employ last write prediction to dynamically down-
grade from EXCL to SHARED mode and generate spec-
ulative updates. By self-invalidating, Lai et al. con-
vert read misses from 3-hop misses to 2-hop misses,
whereas we use updates to convert 3-hop misses into 0-
hop (local) misses. The downside of an overly aggres-
sive downgrade decision has less impact in our design,
since the producer retains a SHARED copy of the block.
For these reasons, a less accurate predictor suffices to
achieve good performance improvements.

It is important that delayed intervention not occur too
soon or too long after data is supplied to the processor.
If too short of an interval is used, the processor may not
have completed the current write burst and will suffer
another write miss. Overly long intervals result in the
data not arriving at consumers in time for them to avoid
suffering read misses. For simplicity, we use a fixed
(configurable) intervention delay of 50 processor cycles.
In Section 3.3 we show that performance is largely in-
sensitive to delay intervals between 5 and 5000 cycles.
Developing a more adaptive intervention mechanism is
part of our future plans.

Read exclusive request
hits in a producer entry

Get directory info and send
invalidations to all consumers

Receive all inval ack, 
change state to EXCL, 
and keep sharing vector

Send delayed intervention
(to local processor)

Receive 
downgrade

reply?

Hits a valid
producer 

entry?

Push (downgraded) data 
to consumers’RACs

End

Yes

Yes

No

No

Figure 6. Flow of speculative updates

2.4.2 Selective updates
To achieve good performance, we must accurately pre-
dict which nodes will read an update before the cache
line is modified again. An overly aggressive mechanism
will generate many useless updates, while an overly con-
servative mechanism will not eliminate avoidable re-
mote read misses. To limit the number of unnecessary
updates, we only send updates for cache lines that ex-
hibit producer-consumer behavior and only send updates
to nodes that were part of the sharing vector, i.e., the
nodes that consumed the last update. Due to the way
producer-consumer sharing works, these are the nodes
most likely to consume the newly written data. We track
these nodes as follows.

In a traditional invalidated-based protocol, when the
state changes from SHARED to EXCL, the sharing vec-
tor in the corresponding directory is replaced by the
NodeID of the exclusive owner. To track the most re-
cent consumer set, we add an ownerID field to the di-
rectory entry and use the old sharing vector to track the
nodes to send updates, only overwriting it when a new
read request is received.

2.4.3 Summary of Control Flow
Figure 6 shows the control flow of our speculative up-
date operation. The producer node starts with a shared
copy of the cache line that has already been delegated.
When the producer writes the data, the local coherence
engine loads the directory information from the pro-
ducer entry in to the local delegate cache. After inval-
idating all shared copies, the producer’s hub changes
the state to EXCL, without overwriting the sharing vec-
tor, and gives the requesting processor exclusive access.
Several cycles later, the hub issues a delayed interven-
tion on the local system bus, which causes the producer
processor to downgrade the cache line and write back
its new contents. After receiving the new data, the hub
sends an update to each node listed in the sharing vector.
Upon receipt of an update, a consumer places the incom-



Parameter Value

Processor 4-issue, 48-entry active list, 2GHz
L1 I-cache 2-way, 32KB, 64B lines, 1-cycle lat.
L1 D-cache 2-way, 32KB, 32B lines, 2-cycle lat.
L2 cache 4-way, 2MB, 128B lines, 10-cycle lat.
System bus 16B CPU to system, 8B system to CPU

max 16 outstanding L2C misses, 1GHZ
DRAM 4 16-byte-data DDR channels
Hub clock 500 MHz
DRAM 200 processor cycles latency
Network 100 processor cycles latency per hop

Table 1. System configuration.

ing data in the local RAC. If the consumer processor has
already requested the data, the update message is treated
as the response.

2.5 Verification

We formally verified that the mechanisms described
above do not violate sequential consistency, introduce
deadlocks or livelocks, or have other race conditions or
corner cases that violate correctness. We applied the
standard method for debugging cache coherence pro-
tocols: we built a formal model of our protocols and
performed an exhaustive reachability analysis of the
model for a small configuration size [28, 25, 8] us-
ing explicit-state model checking with the Murphi [11]
model checker. We extended the DASH protocol model
provided as part of the Murphi release, ran the result-
ing model through Murphi, and found that none of
the invariants provided in the DASH model were vio-
lated by our changes. Moreover, we applied invariant
checking to our simulator to bridge the gap between the
abstract model and the simulated implementation and
again found that no invariants are violated. More specif-
ically, we tested both Murphi’s “single writer exists” and
“consistency within the directory” invariants at the com-
pletion of each transaction that incurs a L2 miss.

3 Evaluation
3.1 Simulator Environment

We use a cycle-accurate execution-driven simula-
tor, UVSIM, in our performance study. UVSIM mod-
els a hypothetical future-generation SGI Altix architec-
ture that we are investigating along with researchers
from SGI. Table 1 summarizes the major parameters
of our simulated system. The simulated interconnect
is based on SGI’s NUMALink-4, which uses a fat-tree
structure with eight children on each non-leaf router.
The minimum-sized network packet is 32 bytes and we
model a network hop latency of 50nsecs (100 CPU cy-
cles). We do not model contention within the routers,
but do model hub port contention.

Application Problem size

Barnes 16384 nodes, 123 seed
Ocean 258*258 array, 1e-7 error tolerance
Em3D 38400 nodes, degree 5, 15% remote
LU 16*16*16 nodes, 50 testes
CG 1400 nodes, 15 iteration
MG 32*32*32 nodes, 4 steps
Appbt 16*16*16 nodes, 60 timesteps

Table 2. Applications and data sets

Application Number of Consumers (%)
1 2 3 4 4+

Barnes 13.9 6.8 9.4 8.1 61.7
Ocean 97.7 1.8 0.5 0 0
Em3D 67.8 32.2 0 0 0
LU 99.4 0 0 0.4 0.1
CG 0.1 0.2 0 0 99.7
MG 78.3 11.4 3.7 2.6 3.9
Appbt 0 0.3 6.7 1.4 91.6
Average 51.0 7.5 2.9 1.8 36.7

Table 3. Number of consumers in the
producer-consumer sharing patterns

3.2 Results

We model a 16-processor system. Table 2 presents
the input data sets of the applications we use in this
study. We consider a mix of scientific applications that
exhibit varying degrees of producer-consumer sharing.
Barnes and Ocean (contig) are from the SPLASH-2
benchmark suite [35]; EM3D is a shared-memory im-
plementation of the Split-C benchmark; LU, CG, MG
and Appbt are NAS Parallel Benchmarks [12]. We use
Omni’s OpenMP versions of the NPBs [2].

All results reported in this paper are for the parallel
phases of these applications. Data placement is done by
SGI’s first-touch policy, which tends to be very effective
in allocating data to processors that use them.

Figure 7 presents the execution time speedup, re-
mote miss reduction, and network message reduction
for each application for a range of machine configura-
tions. All results are scaled relative to the baseline sys-
tem runs. For each application, we also show the re-
sults for a system with a 32K RAC and no delegation
or update mechanisms, a system with 32-entry delegate
tables and a 32K RAC, and a system with 1K-entry del-
egate tables and a 1M RAC. Other than the baseline and
RAC-only systems, the results include both directory
delegation and selective updates. We omit results for
delegation-only, as we found that the benefit of turning
3-hop misses into 2-hop misses roughly balanced out the
overhead of delegation, which resulted in performance
within 1% of the baseline system for most applications.

Barnes simulates the interaction of a system of bod-
ies in three dimensions using the Barnes-Hut hierarchi-
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Figure 7. Application speedup, network messages, and remote misses

cal N-body method. The main data structure is an oc-
tree with leaves containing information on each body,
and internal nodes representing space cells. During
each iteration, processors traverse the octree to calcu-
late forces between the bodies and rebuild the octree
to reflect the movement of bodies. Although the com-
munication patterns are dependent on the particle distri-
bution, which changes with time, barnes exhibits stable
producer-consumer sharing patterns during each phase.
The octree data structure inherently results in there be-
ing a significant number of consumers per producer, as
shown in Table 3. Therefore, the benefit of selective up-
dates within each phase are substantial. Even a small
delegate cache and RAC (32-entries and 32K respec-
tively) eliminates roughly 20% of the baseline version’s
remote misses, which leads to a 17% performance im-
provement. This performance improvement grows to
23% for the larger delegate cache/RAC configuration.

Ocean models large-scale ocean movements based
on eddy and boundary currents. Processors communi-
cate with their immediate neighbors, so nodes along pro-

cessor allocation boundaries exhibit single producer sin-
gle consumer sharing. The small number of consumers
per producer limits the potential benefits of our specula-
tive update mechanism, as illustrated by the modest re-
mote miss reduction and performance benefits (8% for
the small RAC/delegate cache configuration and 11%
for the larger one).

Em3d models the propagation of electromagnetic
waves through objects in three dimensions. It includes
two configuration parameters that govern the extent of
producer-consumer sharing: distribution span indicates
how many consumers each producer will have while re-
mote links controls the probability that the producer and
consumer are on the different nodes. We use a distribu-
tion span of 5 and remote links probability of 15%.

Selective updates improve performance by 33-40%
due largely to a dramatic reduction in coherence mes-
sage traffic (60%) and an even larger reduction in re-
mote misses (80-90%). The benefits of eliminating re-
mote misses are obvious, but there are several other
phenomenon at work that help eliminate network traf-



fic. First, delegating the home directory to the producer
node converts 3-hop misses in to 2-hop misses. A less
obvious source of traffic reduction comes from elimi-
nating NACKs induced when barrier synchronization is
implemented on top of a write invalidate protocol. Af-
ter a barrier is crossed, a large number of nodes often
attempt to read the same invalidated cache line simulta-
neously, which causes congestion at the data’s home di-
rectory. To avoid queueing and potential deadlocks, the
directory NACKs requests for a particular cache line if
it is BUSY performing another operation on that line. In
em3d, NACK messages caused by this “reload flurry”
phenomenon represent a nontrivial percentage of net-
work traffic and are largely removed by speculative up-
dates.

LU solves a finite difference discretization of the 3D
compressible Navier-Stokes equations through a block-
lower block-upper approximate factorization of the orig-
inal difference scheme. The LU factored form is solved
using successive over-relaxation (SOR). A 2D partition-
ing of the grid onto processors divides the grid repeat-
edly along the first two dimensions, alternately x and
then y, which results in vertical columns of data being
assigned to individual processors. Boundary data ex-
hibits stable producer-consumer sharing. Again, even a
small delegate cache and RAC are able to achieve good
performance improvements (31% speedup, 26% traf-
fic reduction, and 30% remote miss reduction), while a
larger configuration achieves a 40% speedup, 30% traf-
fic reduction, and 35% remote miss reduction.

CG uses the conjugate gradient method to compute
an approximation of the smallest eigenvalue of a large
sparse symmetric positive definite matrix. Multiple is-
sues limit the speedup of CG to 6%. First, CG exhibits
producer-consumer sharing only during some phases.
Second, the sparse matrix representation used in CG ex-
hibits a high degree of false sharing. Our simple cache
line-grained producer-consumer pattern detector avoids
designating such cache lines as good candidates for se-
lective updates, which limits the potential performance
benefits. Third, and most important, remote misses are
not a major performance bottleneck, so even removing
roughly 60% of them does not improve performance
dramatically.

MG is a simplified multigrid kernel that solves four
iterations of a V-cycle multigrid algorithm to obtain an
approximate solution to a discrete Poisson equation. The
V-cycle starts with the finest grid, proceeds through suc-
cessive levels to the coarsest grid, and then walks back
up to the finest grid. At the finest grid size, boundary
data exhibits producer-consumer sharing. At coarse grid
sizes, two pieces of dependent data are most likely on
different processors, so more data exhibits producer con-
sumer sharing. In fact, a 32-entry delegate cache is too

small to hold all cache blocks identified as exhibiting
producer-consumer sharing, which limits the number of
remote misses that can be removed to 20% and the per-
formance improvement to 9%. Increasing the delegate
cache size to include 1K-entry tables increases the per-
formance benefit to 22%, even if we leave the RAC size
at 32KB. Note that the larger configuration results in al-
most the same network traffic as the baseline system,
largely to due being overly aggressive in sending out
updates. As expected, eliminating remote misses has a
larger impact on performance than eliminating network
traffic, so the larger configuration achieves better per-
formance despite being less effective at eliminating net-
work traffic.

Appbt is a three dimensional stencil code in which
a cube is divided into subcubes that are assigned to
separate processors. Gaussian elimination is then per-
formed along all three dimensions. Like MG, Appbt ex-
hibits significant producer-consumer sharing along sub-
cube boundaries. Like MG, the small RAC/delegate
cache is able to capture only a fraction of the perfor-
mance benefit of the large configuration, 8% compared
to the 24% speedup achieved by the large configuration.
In this case, the small RAC is the performance bottle-
neck, and increasing the RAC size to 1MB while retain-
ing the 32-entry delegate cache tables achieves virtually
all of the benefit of the large configuration.

Overall, the geometric mean speedup of our spec-
ulative update mechanism across the seven benchmark
programs using the small RAC/delegate cache is 13%,
while network traffic is reduced by an arithmetic mean
of 17% and 29% of remote misses are eliminated. If we
increase the size of the delegate cache tables to 1K en-
tries and the RAC size to 1MB, mean speedup increases
to 21%, with a 15% reduction in message traffic and
40% reduction in remote misses.

In general, the primary benefit of speculative up-
dates comes from removing remote misses, especially
for em3d and MG. However, in some cases eliminating
a significant number of remote misses does not translate
directly into large runtime improvements.

3.3 Sensitivity Analysis

In this section, we evaluate how sensitive the results
are to various design choices and system parameters.

3.3.1 Delegation/updates versus larger caches
To support 32-entry delegate tables and a 32KB RAC
requires roughly 40KB of extra SRAM per node, plus
a small amount of control logic and wire area. This
estimate is derived as follows. A 32-entry delegate ta-
ble requires 320 bytes. Extending the directory cache to
support the sharing pattern predictor adds 8 bits to each
directory entry (a 4-bit last writer field, a 2-bit reader
counter, and a 2-bit write-repeat counter), which for a
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8192-entry (32KB) directory cache represents an extra
8KB of storage. We do not save these extra bits when
a directory entry is flushed, so there is no extra main
memory overhead.

In Figure 8 we present the performance of a system
with 1MB of L2 cache and no extensions, a system with
1MB of L2 cache extended with a 32-entry delegate
cache and a 32KB RAC, and an equal silicon area sys-
tem with 1.04MB of L2 cache and no extensions. Note
that a 1.04MB cache involves adding silicon to the pro-
cessor die, but we include it to compare the value of
building “smarter” versus “larger” caches.

For most benchmarks adding a 32-entry delegate
cache and a 32KB RAC yields significantly better per-
formance than simply building a larger L2 cache. The
exception is Appbt. Recall that Appbt requires a large
RAC to hold all producer-consumer data; a small RAC
such as the one modeled here suffers excessive RAC
misses, which limits the performance improvement of
delegation and updates.

3.3.2 Sensitivity to intervention delay interval
Figure 9 presents the execution time of each applica-
tion as we vary the delay interval from 5 to 500M cycles
normalized to the performance with a 5-cycle delay. A
delay interval of 5 cycles results in 1%-5% worse per-
formance than a 50-cycle delay interval, because some
write bursts last longer than 5 cycles, which causes ex-
tra write misses and updates. As we increase the de-
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lay interval beyond 50 cycles, performance degrades at
different rates for different applications. Some applica-
tions can tolerate a higher delay interval, e.g., MG per-
formance does not deteriorate until the delay interval ex-
ceeds 50K cycles, because the average latency between
producer writes and consumer reads is large. A delay
interval of 50 cycles works well for all of the bench-
marks because it is long enough to capture most write
bursts, but short enough to ensure that updates arrive
early enough to eliminate consumer read misses.

The performance of Ocean and Barnes varies incon-
sistently (up and down) as we vary the delay interval.
This phenomenon is caused by a non-obvious interac-
tion between the choice of delay interval and the tim-
ing of synchronization in these applications. When the
choice of delay interval happens to cause updates to oc-
cur at the same time that the application is synchroniz-
ing between threads, e.g., as occurs for both Ocean and
Barnes with a delay interval of 5M cycles, performance
suffers.

3.3.3 Sensitivity to Network Latency
To investigate the extent to which remote miss latency
impacts performance, we vary the network hop latencies
from 25nsecs to 200nsecs. Figure 10 plots the execution
time (left y-axis) and speedup (right y-axis) for Appbt,
whose performance is representative. We consider only
the baseline CC-NUMA system and a system enhanced
with a 32K RAC and 32-entry delegate cache tables. Ev-
ery time network hop latency doubles, execution time
nearly doubles. Therefore, the value of the mechanisms
proposed herein increases as average remote miss laten-
cies increase, albeit only gradually (increasing from a
24% speedup to 28% as we increase hop latency from
25nsecs to 200nsecs).

3.3.4 RAC and Delegate Cache
For most benchmarks, a small delegate cache and RAC
(32-entry and 32KB) result in significant performance
benefits. Two exceptions are MG and Appbt, which
are limited by the size of the delegate cache and RAC,
respectively. Figure 11 shows MG’s sensitivity to the
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delegate cache size. MG has a substantial amount
of producer-consumer data, so increasing the delegate
cache size improves performance. For Appbt, the per-
formance benefit of delegation/updates is limited by the
size of the RAC; increasing the RAC size eliminates this
bottleneck and improves performance.

4 Related Work

Adaptive coherence protocols have been proposed
that optimize migratory [10, 32], pairwise [17], and
wide sharing [18]. Prefetching can also be used to
hide long miss latencies [6, 30], although overly ag-
gressive prefetching can increase network traffic and
pollute caches. Recent research has focused on devel-
oping weak/release-consistent producer-initiated mech-
anisms in which data are sent directly to consumer’s
caches [3, 19, 34, 5, 31, 27] .

A different approach is to support speculative coher-
ence operations. Prediction in the context of shared
memory was first proposed by Mukherjee and Hill, who
show that it is possible to use 2-level address-based
predictors at caches and directories to trace and pre-
dict coherence messages [29]. Lai and Falsafi improve
upon these predictors by reducing history table sizes and
showing how coalescing messages from different nodes
can accelerate reads [20]. Alternatively, Kaxiras and

Goodman propose instruction-based prediction for mi-
gratory sharing, wide sharing, and producer-consumer
sharing [18].

Many research have proposed exploiting coherence
prediction to convert 3-hop misses into 2-hop misses.
Acacio et al. [4] and Martin et al. [24] propose mech-
anisms for predicting sharers. Lebeck and Wood pro-
pose dynamic self-invalidation [22], whereby processors
speculatively flush blocks to reduce the latency of inval-
idations by subsequent writers. Lai and Falsafi propose
a two-level adaptive predictor to more accurately predict
when a cache line should be self-invalidated [21]. All of
these techniques do a good job of predicting when a pro-
cessor is done with a particular cache line, but all require
changes to the processor die. Our simpler, and likely less
accurate, predictor can be used in conjunction with un-
modified commercial processors, since all changes are
made at the external directory controller. As a result,
our design can be adopted in near-future designs such as
the next generation SGI Altix.

5 Conclusions and Future Work

Our work focuses on the design and analysis of mech-
anisms that improve shared memory performance by
eliminating remote misses and coherence traffic. In this
paper we propose two novel mechanisms, directory del-
egation and speculative updates, that can be used to
improve the performance of applications that exhibit
producer-consumer sharing. After detecting instances
of producer-consumer sharing using a simple directory-
based predictor, we delegate responsibility for the data’s
directory information from its home node to the current
producer of the data, which can convert 3-hop coher-
ence operations into 2-hop operations. We also present
a speculative update mechanism wherein shortly after
modifying a particular piece of data, producers specu-
latively forward updates to the nodes that most recently
accessed it.

On a collection of seven benchmark programs, we
demonstrate that speculative updates can significantly
reduce the number of remote misses suffered and
amount of network traffic generated. We consider two
hardware implementations, one that requires very lit-
tle hardware overhead (a 32-entry delegate cache and a
32KB RAC per node) and one that requires modest over-
head (a 1K-entry delegate cache and a 1MB RAC per
node). On the small configuration, delegation/updates
reduce execution time by 13% by reducing the number
of remote misses by 29% and network traffic by 17%.
On the larger configuration, delegation/updates reduce
program execution time by 21% by reducing the number
of remote misses by 40% and network traffic by 15%.
Finally, we show that the performance benefits derive



primarily from eliminating remote misses, and only sec-
ondarily from reducing network traffic.

There are many ways to extend and improve the work
reported herein. To minimize the amount of hardware
needed, thereby making it easier to adopt our ideas
in near future products, we employ a very simplistic
producer-consumer sharing pattern and “last write” pre-
dictor. Using a simple analytical model, not presented
here for space reasons, we found that as network la-
tency grows, the achievable speedup is limited to 1/(1-
accuracy). Thus, we plan to investigate the value of
more sophisticated predictors, e.g., one that can detect
producer-consumer behavior in the face of false sharing
and multiple writers. In addition, we plan to investigate
the potential performance benefits of non-sequentially
consistent versions of our mechanisms, e.g., ones that
issued updates in place of invalidates rather than after
invalidates, or that support multiple writers [7].
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