
Distance Associativity for High-Performance Energy-Efficient Non-Uniform Cache
Architectures

Zeshan Chishti, Michael D. Powell, and T. N. Vijaykumar
School of Electrical and Computer Engineering, Purdue University

e
y
A

ow
ce-
re-
the
.
’s
the
are

ta
tag
4].
ata
sults
all
ffset
e

ata
the
the

t
ven
effi-
ot
d

ays,
and

f
-
se-
an
nd

l
;

all

of
ple,

Procee
0-7695
{zchishti, mdpowell, vijay}@purdue.edu
Abstract

Wire delays continue to grow as the dominant component of
latency for large caches. A recent work proposed an adaptive,
non-uniform cache architecture (NUCA) to manage large, on-
chip caches. By exploiting the variation in access time across
widely-spaced subarrays, NUCA allows fast access to close
subarrays while retaining slow access to far subarrays. While
the idea of NUCA is attractive, NUCA does not employ design
choices commonly used in large caches, such as sequential tag-
data access for low power. Moreover, NUCA couples data
placement with tag placement foregoing the flexibility of data
placement and replacement that is possible in a non-uniform
access cache. Consequently, NUCA can place only a few blocks
within a given cache set in the fastest subarrays, and must
employ a high-bandwidth switched network to swap blocks
within the cache for high performance. In this paper, we pro-
pose theNon-uniform access withReplacementAndPlacement
usIng Distance associativity” cache, or NuRAPID, which
leverages sequential tag-data access to decouple data place-
ment from tag placement. Distance associativity, the placement
of data at a certain distance (and latency), is separated from set
associativity, the placement of tags within a set. This decou-
pling enables NuRAPID to place flexibly the vast majority of
frequently-accessed data in the fastest subarrays, with fewer
swaps than NUCA. Distance associativity fundamentally
changes the trade-offs made by NUCA’s best-performing
design, resulting in higher performance and substantially
lower cache energy. A one-ported, non-banked NuRAPID
cache improves performance by 3% on average and up to 15%
compared to a multi-banked NUCA with an infinite-bandwidth
switched network, while reducing L2 cache energy by 77%.

1  Introduction

CMOS scaling trends are leading to greater numbers of
smaller transistors in a single chip but a relative increase in
wire delays. The availability of transistors leads to large, on-
chip caches. While small, fast, L1 caches remain close to the
processor, L2 or L3 (i.e., lower level) caches use many SRAM
subarrays spread out throughout the chip and connected
through long wires. Increasing wire delays will continue to
grow as the dominant latency component for these caches. The
access time of conventional lower-level caches has been the
longest access time of all subarrays, but such uniform access
fails to exploit the difference in latencies among subarrays.

A recent work [7] proposed an adaptive, non-uniform cach
architecture (NUCA) to manage large on-chip caches. B
exploiting the variation in access time across subarrays, NUC
allows fast access to close subarrays while retaining sl
access to far subarrays. NUCA pioneered the concept of pla
ment based on the access time of the selected block. F
quently-accessed data is placed in subarrays closer to
processor while infrequently-accessed data is placed farther

While the idea of non-uniform access is attractive, NUCA
design choices have the following problems. To understand
problems, we make the key observation that large caches
implemented significantly differently than small caches.

(1) Tag search:While small caches probe the tag and da
arrays in parallel, large, lower-level caches often probe the
array first, and then access only the matching data way [3, 1
Because the tag array latency is much smaller than the d
array latency in large caches and because parallel access re
in considerably high energy [3, 9], the small increase in over
access time due to sequential tag-data access is more than o
by the large savings in energy. Although intended for larg
lower-level caches, NUCA does not use sequential tag-d
access; instead it either does a parallel (multicast) search of
ways (albeit sometimes a subset of the ways), or searches
ways sequentially, accessingbothtag and data, from the closes
to the farthest. Because the entire tag array is smaller than e
one data way, sequential tag-data access is more energy-
cient than sequential way search if the matching data is n
found in the first way (e.g., if the data is found in the secon
way, sequential way accesses two tag ways and two data w
while sequential tag-data accesses the entire tag array once
one data way).

NUCA’s tag layout adds to the energy inefficiencies o
searching for the matching block. NUCA’s tag array is distrib
uted throughout the cache along with the data array. Con
quently, searching for the matching block requires traversing
switched network, which consumes substantial energy a
internal bandwidth.

(2) Placement: Even the most flexible placement policy
proposed by NUCA is restrictive. NUCA (and conventiona
caches) artificiallycouplesdata placement with tag placement
the position in the tag arrayimplies the position in the data
array. This coupling means that NUCA can place only a sm
number of ways of each set in the fastestdistance-group(d-
group), which we define as a collection of data subarrays all
which are at the same latency from the processor. For exam
dings of the 36th International Symposium on Microarchitecture (MICRO-36 2003) 
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in a 16-way set-associative NUCA cache, this number may be
two — i.e., two specific ways of each set may be in the fastest
d-group. As long as the frequently-accessed ways within a set
are fewer than this number, their access is fast. However, if a
“hot” set has more frequently-accessed ways, the accesses are
not all fast, even though the fastest d-group is large enough to
hold all the ways of the set. To mitigate this problem, NUCA
uses a policy of promoting frequently-accessed blocks from
slower to faster d-groups, by swapping the ways within a set.
These swaps are energy-hungry and also consume substantial
internal bandwidth.

(3) Data Array Layout: While [7] considered several d-
group sizes, the best design choice for NUCA was to divide the
cache into many, small d-groups (e.g., many 64-KB d-groups)
to provide a fine granularity of access times. In conventional
large caches, the bits of individual cache blocks are spread over
many subarrays for area efficiency, and hard- and soft-error tol-
erance. While [7] does not consider error tolerance, doing so
would require a NUCA cache block to be spread over only one
d-group to achieve the same latency for all the bits in the block.
Unfortunately, NUCA’s design choice of small d-groups would
constrain the spread to only a few small subarrays while con-
ventional caches spread the bits over a much larger space (e.g.,
the 135 subarrays making up the 3-MB L3 in Itanium II [14]).

(4) Bandwidth: To support parallel tag searches and fast
swaps, NUCA’s best design assumes a multi-banked cache and
a complicated, high-bandwidth switched network among the
subarrays of the cache ([7] considered a non-banked design
without the switched network, but found that design inferior).
While the bandwidth demand due to NUCA’s tag searches and
swaps is artificial, the real bandwidth demand from the CPU is
filtered by L1 caches and MSHRs. As such, the real demand for
lower-level cache bandwidth is usually low and does not justify
the complexity of multibanking and a switched network.

To address problem (1) we use a sequential tag-data access
with a centralized tag array which is placed close to the proces-
sor. To address problem (2), we make the key observation that
sequential tag-data access creates a new opportunity todecou-
pledata placement from tag placement. Because sequential tag-
data access probes the tag array first, the exact location in the
data array may be determined even if there is no implicit cou-
pling between tag and data locations. This decoupling enables
distance associativity,which allows a completely flexible
choice of d-groups for data placement, as opposed to NUCA’s
set-associativity-restricted placement. Hence, unlike NUCA, all
the ways of a hot set may be placed in the fastest d-group. To
allow the working set to migrate to the fastest d-group, we swap
data out of d-groups based ondistance replacementwithin the
d-group, although eviction from the cache is still based ondata
replacement within the set.

To address problem (3), we use a few, large d-groups instead
of NUCA’s many, small d-groups. Our large (e.g. 2-MB) d-
groups retain the area-efficiency and fault-tolerance advantages
of spreading cache blocks over many subarrays. Because of the
higher capacity of our large d-groups and our flexible place-
ment, the pressure on our fastest d-group is significantly lower.

Therefore, we do not need to swap blocks in and out of
groups as often as NUCA. Though our larger d-groups may
slower than NUCA’s smaller d-groups, the reduction in swa
more than offsets the longer latency. This reduction in da
movement combined with elimination of parallel tag search
reduces bandwidth demand, obviating NUCA’s multiple ban
and switched network mentioned in problem (4).

In solving these problems, this paper shows that distan
associativity fundamentallychanges the trade-offs made b
NUCA’s best-performing design, resulting in higher perfor
mance and substantially lower energy.

While sequential tag-data access and non-uniform acc
are not new, the novel contributions of this paper are:
• Our leverage of sequential tag-data access to introduce

concept of distance associativity.
• Our strategy of using a few, large d-groups.
• Our distance-placement and distance-replacement p

cies. Because our policies require fewer swaps, our cac
has 61% fewer d-group accesses than NUCA.

• Over 15 SPEC2K applications, our one-ported, no
banked cache improves performance by 3% on avera
and up to 15% over a multi-banked NUCA with an infi
nite-bandwidth switched network, while consuming 77%
less dynamic cache energy. Our cache reduces proce
energy-delay by 7% compared to both a convention
cache and NUCA.

In Section 2 we discuss NuRAPID caches. In Section 3, w
discuss layout of large caches into subarrays for area efficie
and fault tolerance and the floorplan concepts behind d-grou
Section 4 describes our experimental methodology a
Section 5 our results. In Section 6 we discuss related work. W
conclude in Section 7.

2  Distance Associativity

We propose the “Non-uniform access withReplacement
And Placement usIng Distance associativity” cache, or
NuRAPID. As shown in Figure 1, NuRAPID divides the data
arrays into several d-groups, with different access latenci
Upon a cache access, the tag array is accessed before the
array (sequential tag-data access as discussed in Sectio
The decoupling of placement in the two arrays allows bloc
within a set to be placed within the same d-group, such
blocks A and B in the figure, or different d-groups, such a
blocks C and D. Distance associativity is a data placement fl
ibility and should not be confused with tag placement and t
index-to-set mapping of set associativity. We maintain conve
tional set associativity in the tag array and manage distan
associativity separately.

We first discuss distance-associative (d-a) placement a
implementation. Then we explain replacement in NuRAPID.
our discussion of placement and replacement, we contrast
design to the dynamic-NUCA (D-NUCA, not to be confuse
with d-groups) scheme, the best-performing policy proposed
dings of the 36th International Symposium on Microarchitecture (MICRO-36 2003) 
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