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Abstract

In response to increasing (relative) wire delay, archi-
tects have proposed various technologies to manage the
impact of slow wires on large uniprocessor L2 caches.
Block migration (e.g., D-NUCA [27] and NuRapid [12])
reduces average hit latency by migrating frequently used
blocks towards the lower-latency banks. Transmission Line
Caches (TLC) [6] use on-chip transmission lines to provide
low latency to all banks. Traditional stride-based hardware
prefetching strives to tolerate, rather than reduce, latency.

Chip multiprocessors (CMPs) present additional chal-
lenges. First, CMPs often share the on-chip L2 cache,
requiring multiple ports to provide sufficient bandwidth.
Second, multiple threads mean multiple working sets, which
compete for limited on-chip storage. Third, sharing code
and data interferes with block migration, since one proces-
sor’'s low-latency bank is another processor’s high-latency
bank.

In this paper, we develop L2 cache designs for CMPs
that incorporate these three latency management tech-
nigues. We use detailed full-system simulation to analyze
the performance trade-offs for both commercial and scien-
tific workloads. First, we demonstrate that block migration
is less effective for CMPs because 40-60% of L2 cache hits
in commercial workloads are satisfied in the central banks,
which are equally far from all processors. Second, we
observe that although transmission lines provide low
latency, contention for their restricted bandwidth limits
their performance. Third, we show stride-based prefetching
between L1 and L2 caches alone improves performance by
at least as much as the other two techniques. Finally, we
present a hybrid desigrcombining all three techniques
that improves performance by an additional 2% to 19%
over prefetching alone.

1 Introduction

Many factors—both technological and marketing—are
driving the semiconductor industry to implement multiple
processors per chip. Small-scale chip multiprocessors
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(CMPs), with two processors per chip, are already commer-
cially available [24, 30, 44]. Larger-scale CMPs seem likely
to follow as transistor densities increase [5, 18, 45, 28]. Due
to the benefits of sharing, current and future CMPs are
likely to have a shared, unified L2 cache [25, 37].

Wire delay plays an increasingly significant role in
cache design. Design partitioning, along with the integra-
tion of more metal layers, allows wire dimensions to
decrease slower than transistor dimensions, thus keeping
wire delay controllable for short distances [20, 42]. For
instance as technology improves, designers split caches into
multiple banks, controlling the wire delay within a bank.
However, wire delay between banks is a growing perfor-
mance bottleneck. For example, transmitting data 1 cm
requires only 2-3 cycles in current (2004) technology, but
will necessitate over 12 cycles in 2010 technology assum-
ing a cycle time of 12 fanout-of-three delays [16]. Thus, L2
caches are likely to have hit latencies in the tens of cycles.

Increasing wire delay makes it difficult to provide uni-
form access latencies to all L2 cache banks. One alternative
is Non-Uniform Cache Architecture (NUCA) designs [27],
which allow nearer cache banks to have lower access laten-
cies than further banks. However, supporting multiple pro-
cessors (e.g., 8) places additional demands on NUCA cache
designs. First, simple geometry dictates that eight regular-
shaped processors must be physically distributed across the
2-dimensional die. A cache bank that is physically close to
one processor cannot be physically close to all the others.
Second, an 8-way CMP requires eight times the sustained
cache bandwidth. These two factors strongly suggest a
physically distributed, multi-port NUCA cache design.

This paper examines three techniques—previously
evaluated only for uniprocessors—for managing L2 cache
latency in an eight-processor CMP. First, we consider using
hardware-directed stride-based prefetching [9, 13, 23] to
tolerate the variable latency in a NUCA cache design.
While current systems perform hardware-directed strided
prefetching [19, 21, 43], its effectiveness is workload
dependent [10, 22, 46, 49]. Second, we consider cache
block migration [12, 27], a recently proposed technique for
NUCA caches that moves frequently accessed blocks to
cache banks closer to the requesting processor. While block
migration works well for uniprocessors, adapting it to
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CMPs poses two problems. One, blocks shared by multipl@able 1 specifies the system parameters for all designs. Each
processors are pulled in multiple directions and tend to con€MP design assumes approximately 300 %roh available
gregate in banks that are equally far from all processorsdie area [16]. We estimate eight 4-wide superscalar proces-
Two, due to the extra freedom of movement, the effectivesors would occupy 120 m?1129] and 16 MB of L2 cache
ness of block migration in a shared CMP cache is morestorage would occupy 64 m?rr[16]. The on-chip intercon-
dependent on “smart searches” [27] than its uniprocessarection network and other miscellaneous structures occupy
counterpart, yet smart searches are harder to implement inthe remaining area.
CMP environment. Finally, we consider using on-chip trans-  As illustrated in Figure 1, the baseline design—denoted
mission lines [8] to provide fast access to all cache banks [6]cMP-SNUCA—assumes a Non-Uniform Cache Architec-
On-chip transmission lines use thick global wires to reduceure (NUCA) L2 cache, derived from Kim, et al.'s S-NUCA-
communication latency by an order of magnitude versu® design [27]. Similar to the original proposal, CMP-
long conventional wires. Transmission Line Caches (TLCS)SNUCA statically partitions the address space across cache
provide fast, nearly uniform, access latencies. However, thganks, which are connected via a 2D mesh interconnection
limited bandwidth of transmission lines—due to their |argenetwo|’k_ CMP-SNUCA differs from the uniprocessor design
dimensions—may lead to a performance bottleneck inn several important ways. First, it places eight processors
CMPs. around the perimeter of the L2 cache, effectively creating
This paper evaluates these three techniqgues—againstedght distributed access locations rather than a single central-
baseline NUCA design with L2 miss prefetching—usingized location. Second, the 16 MB L2 storage array is parti-
detailed full-system simulation and both commercial and scitioned into 256 banks to control bank access latency [1] and
entific workloads. We make the following contributions: to provide sufficient bandwidth to support up to 128 simulta-

* Block migration is less effective for CMPs than previous N€0US on-chip processor requests. Third, CMP-SNUCA con-
results have shown for uniprocessors. Even with an perd€cts four banks to each switch and expands the link width to
fect search mechanism, block migration alone only32 bytes. The wider CMP-SNUCA network provides the
improves performance by an average of 3%. This is in@dditional bandwidth needed by an 8-processor CMP, but

part because shared blocks migrate to the middidequires longer latencies as compared to the originally pro-
equally-distant cache banks, accounting for 40-60% of0sed uniprocessor network. Fourth, shared CMP caches are

L2 hits for the commercial workloads. subject to contention from different processors’ working sets
* Transmission line caches in CMPs exhibit performanc 32], motivating 16-way set-associative banks with a pseudo-

improvements comparable to previously published uni-. RU replacement policy [40]. Finally, we assume an ideal-

o ized off-chip communication controller to provide consistent
processor results [6]—8% on average. However, conten-

tion for their limited bandwidth accounts for 26% of L2 off-chip latency for all processors.
hit latency. 2.2 Strided Prefetching

* Hardware-directed strided prefetching hides L2 hit Strided or stride-based prefetchers utilize repeatable
latency about as well as block migration and transmis-memory access patterns to tolerate cache miss latency [11,
sion lines reduce it. However, prefetching is largely 23, 38]. Though the L1 cache filters many memory requests,
orthogonal, permitting hybrid techniques. L1 and L2 misses often show repetitive access patterns. Most

* A hybrid implementation—combining block migration, current prefetchers utilize miss patterns to predict cache
transmission lines, and on-chip prefetching—providesmisses before they happen [19, 21, 43]. Specifically, current
the best performance. The hybrid design improves perhardware prefetchers observe the stride between two recent
formance by an additional 2% to 19% over the baselinecache misses, then verify the stride using subsequent misses.

« Finally, prefetching and block migration improve net- Once the prefetcher reaches a threshold of fixed strided
work éfficiency for some scientific workloads. while misses, it launches a series of fill requests to reduce or elimi-

transmission lines potentially improve efficiency acrossnate additional miss latency.

all workloads. _ We base_: our prefe?ching strategy on the_ _IBM Power 4
) implementation [43] with some slight modifications. We
2 Managing CMP Cache Latency evaluate both L2 prefetching (i.e., between the L2 cache and

This section describes the baseline CMP design for thisnemory) and L1 prefetching (i.e., between the L1 and L2
study and how we adapt the three latency management techaches). Both the L1 and L2 prefetchers contain three sepa-

nigues to this framework. rate 32-entry filter tables: positive unit stride, negative unit
. . stride, and non-unit stride. Similar to Power 4, once a filter
2.1 Baseline CMP Design table entry recognizes 4 fixed-stride misses, the prefetcher

We target eight-processor CMP chip designs assumingllocates the miss stream into its 8-entry stream table. Upon
the 45 nm technology generation projected in 2010 [16]allocation, the L1l and L1D prefetchers launch 6 consecutive
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