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Abstract A recent work [7] proposed an adaptive, non-uniform cache

architecture (NUCA) to manage large on-chip caches. By

exploiting the variation in access time across subarrays, NUCA
'allows fast access to close subarrays while retaining slow
access to far subarrays. NUCA pioneered the concept of place-
ment based on the access time of the selected block. Fre-
guently-accessed data is placed in subarrays closer to the

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 o cessor while infrequently-accessed data is placed farther.
the idea of NUCA is attractive, NUCA does not employ design ™ \yjje the idea of non-uniform access is attractive, NUCA's
choices commonly used in large caches, such as sequential taggesign choices have the following problems. To understand the
data access for low power. Moreover, NUCA couples data hohiems, we make the key observation that large caches are
placement with tag placement foregoing the flexibility of data implemented significantly differently than small caches.

placement and replacement that is possible in a non-uniform (1) Tag search:While small caches probe the tag and data
access cache. Consequently, NUCA can place only a few bIOCI(%rrays in parallel, large, lower-level caches often probe the tag

within a givgn cache §et in the fastest subarrays, and mUStarray first, and then access only the matching data way [3, 14].
employ a high-bandwidth switched network to swap blocks ggcayse the tag array latency is much smaller than the data

within the cache for high performance. In this paper, we pro- 4y |atency in large caches and because parallel access results
pose theNonuniform access witRReplacementndPlacement , considerably high energy [3, 9], the small increase in overall

udng Distance associativity” cache, or NURAPID, which ,.ceqq time due to sequential tag-data access is more than offset
leverages sequential tag-data access to decouple data placey, yhe |arge savings in energy. Although intended for large
ment from tag ple_lcer_nent. Distance assom_atlwty, the placement arjevel caches, NUCA does not use sequential tag-data
of data at a certain distance (and latency), is separated from set 5 cosq: instead it either does a parallel (multicast) search of the

associativity, the placement of tags within a set. This decou-Ways (albeit sometimes a subset of the ways), or searches the
pling enables NURAPID to place flexibly the vast majority of \5ys sequentially, accessibgthtag and data, from the closest
frequently-accessed data in the fastest subarrays, with fewer, e tarthest. Because the entire tag array is smaller than even
swaps than NUCA. Distance associativity fundamenta_lly one data way, sequential tag-data access is more energy-effi-
changes the trade-offs made by NUCA's best-performing ient than sequential way search if the matching data is not
design, resulting in higher performance and substantially ¢4,nq in the first way (e.g., if the data is found in the second

lower cache energy. A one-por;r)ed, non-banked NURApl?Way, sequential way accesses two tag ways and two data ways,
cache improves performance by 3% on average 'and up t0.15 Awhile sequential tag-data accesses the entire tag array once and
compared to a multi-banked NUCA with an infinite-bandwidth .o 4ata way).

switched network, while reducing L2 cache energy by 77%. NUCAs tag layout adds to the energy inefficiencies of

searching for the matching block. NUCA's tag array is distrib-
uted throughout the cache along with the data array. Conse-
fquently, searching for the matching block requires traversing an

CMOS scaling trends are leading to greater numbers of _ . . -
. . . ) o . switched network, which consumes substantial energy and
smaller transistors in a single chip but a relative increase in.

. L . internal bandwidth.
wire delays. The availability of transistors leads to large, on- ernal bandwid

chip caches. While small, fast, L1 caches remain close to the ro(zgszlscbe mﬁ?}:ci\/?: rterﬁrigslset f:\%lgf gﬁgegﬁ\]’;ﬁgg%
processor, L2 or L3 (i.e., lower level) caches use many SRAM prop y )

subarrays spread out throughout the chip and connecte aches) artificiallycouplesdata placement with tag placement;

through long wires. Increasing wire delays will continue to he position in the tag arrajmplies the position in the data

. array. This coupling means that NUCA can place only a small
grow as the dominant latency component for these caches. The . .

. . number of ways of each set in the fastdstance-group(d-
access time of conventional lower-level caches has been the

. ) roup), which we define as a collection of data subarrays all of
longest access time of all subarrays, but such uniform access , .
. . - - : which are at the same latency from the processor. For example,
fails to exploit the difference in latencies among subarrays.
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1 Introduction



in a 16-way set-associative NUCA cache, this number may beTherefore, we do not need to swap blocks in and out of d-
two — i.e., two specific ways of each set may be in the fastestgroups as often as NUCA. Though our larger d-groups may be
d-group. As long as the frequently-accessed ways within a setslower than NUCA's smaller d-groups, the reduction in swaps
are fewer than this number, their access is fast. However, if amore than offsets the longer latency. This reduction in data
“hot” set has more frequently-accessed ways, the accesses anmovement combined with elimination of parallel tag searches
not all fast, even though the fastest d-group is large enough toreduces bandwidth demand, obviating NUCA's multiple banks
hold all the ways of the set. To mitigate this problem, NUCA and switched network mentioned in problem (4).

uses a policy of promoting frequently-accessed blocks from  In solving these problems, this paper shows that distance
slower to faster d-groups, by swapping the ways within a set. associativity fundamentallychanges the trade-offs made by
These swaps are energy-hungry and also consume substantidNUCA's best-performing design, resulting in higher perfor-
internal bandwidth. mance and substantially lower energy.

(3) Data Array Layout: While [7] considered several d- While sequential tag-data access and non-uniform access
group sizes, the best design choice for NUCA was to divide the are not new, the novel contributions of this paper are:
cache into many, small d-groups (e.g., many 64-KB d-groups) e Our leverage of sequential tag-data access to introduce the
to provide a fine granularity of access times. In conventional concept of distance associativity.
large caches, the bits of individual cache blocks are spread oves  Oyr strategy of using a few, large d-groups.
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 Il [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). In Section 2 we discuss NURAPID caches. In Sect|on_3_, we
While the bandwidth demand due to NUCA's tag searches angdiscuss layout of large caches into subarrays for area efficiency
swaps is artificial, the real bandwidth demand from the CPU is and fault tolerange and the floorplgn concepts behind d-groups.
filtered by L1 caches and MSHRs. As such, the real demand for>€ction 4 describes our experimental methodology ~and
lower-level cache bandwidth is usually low and does not justify Section 5 our reS:uItS. In Section 6 we discuss related work. We
the complexity of multibanking and a switched network. conclude in Section 7.

To address problem (1) we use a sequential tag-data accesi Distance Associativit
with a centralized tag array which is placed close to the proces- y

sor. To address problem (2), we make the key observation that . .
seguential tag-data access creates a new opportunityciou- We propose the Non-uniform access witrReplacement
And Placement uUsg Distance associativity” cache, or

ple data placement from tag placement. Because sequential ta%uRAPID As shown in Figure 1, NURAPID divides the data

data access probes the tag array first, the exact location in the . . . .
. . . P arrays into several d-groups, with different access latencies.
data array may be determined even if there is no implicit cou-

pling between tag and data locations. This decoupling enablesUpon a cache access, the tag array is accessed before the data

. 2L . - array (sequential tag-data access as discussed in Section 1.)
distance associativitywhich allows a completely flexible : -
. .. The decoupling of placement in the two arrays allows blocks
choice of d-groups for data placement, as opposed to NUCAs_ . . o
S . . within a set to be placed within the same d-group, such as
set-associativity-restricted placement. Hence, unlike NUCA, all : . .
. blocks A and B in the figure, or different d-groups, such as
the ways of a hot set may be placed in the fastest d-group. To

. g blocks C and D. Distance associativity is a data placement flex-
allow the working set to migrate to the fastest d-group, we swap ., ... ;
. L ibility and should not be confused with tag placement and the
data out of d-groups based distance replacementithin the . . L S
_ A index-to-set mapping of set associativity. We maintain conven-
d-group, although eviction from the cache is still basediata . AT .
o tional set associativity in the tag array and manage distance
replacementvithin the set.

. ssociativity separately.
To address problem (3), we use a few, large d-groups instead” ) . ; i . )
of NUCA's many, small d-groups. Our large (e.g. 2-MB) d- We first discuss distance-associative (d-a) placement and

groups retain the area-efficiency and fault-tolerance advantage:';mplementatlon' Then we explain replacement in NURAPID. In

of spreadina cache blocks over manv subarravs. Because of the'" discussion of placement and replacement, we contrast our
'SP g¢ y ys. be %esign to the dynamic-NUCA (D-NUCA, not to be confused
higher capacity of our large d-groups and our flexible place-

ment, the pressure on our fastest d-group is significantly Iower.Wlth d-groups) scheme, the best-performing policy proposed in

Our distance-placement and distance-replacement poli-
cies. Because our policies require fewer swaps, our cache
has 61% fewer d-group accesses than NUCA.

Over 15 SPEC2K applications, our one-ported, non-
banked cache improves performance by 3% on average
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 processor
energy-delay by 7% compared to both a conventional
cache and NUCA.

YF]',F.

Proceedings of the 36th International Symposium on Microarchitecture (MICRO-36 2003) COMPUTER
0-7695-2043-X/03 $17.00 © 2003 IEEE SOCIETY

































	Abstract
	1 Introduction
	2 Distance Associativity
	FIGURE 1: NuRAPID cache.
	2.1 Distance-Associative Placement
	2.2 Distance-Associative Replacement
	FIGURE 2: NuRAPID replacement. (left) Before placing block A. (right) After placing block A.

	2.3 Distance-Associative Bandwidth and Timing
	2.4 Optimizations and Simplifications
	2.4.1 Distance Placement and Distance Replacement
	2.4.2 Data- and Distance-Replacement Policies
	2.4.3 Restricting Distance Associativity
	FIGURE 3: (a) NUCA distance-group layout. (b) Example floorplan for NuRAPID.



	3 Layout
	3.1 Conventional Data Array Floorplan and Circuitry
	Table 1: System parameters.

	3.2 NUCA Data Arrays
	3.3 NuRAPID Cache Data Arrays

	4 Methodology
	Table 2: Example cache energies in nJ.
	Table 3: SPEC2K applications and L2 accesses per thousand instructions.
	Table 4: Cache latencies in cycles.

	5 Results
	5.1 Cache Latencies
	FIGURE 4: Distribution of group accesses for set- associative and distance-associative placement.

	5.2 Placement and Replacement Policy Exploration
	5.2.1 Set-Associative vs. Distance-Associative Placement
	5.2.2 Distance Replacement Policy Exploration
	FIGURE 5: Distribution of group accesses for NuRAPID policies.


	5.3 Design Sensitivity
	FIGURE 6: Performance of NuRAPID policies.
	5.3.1 LRU approximation
	5.3.2 Number of distance-groups
	FIGURE 7: Distribution of d-group accesses for NuRAPIDs with 2,4 and 8 d-groups.


	5.4 Comparison with D-NUCA
	FIGURE 8: Performance of 2, 4, and 8-d-group NuRAPIDs.
	5.4.1 Performance
	FIGURE 9: Performance and energy-delay comparison of NuRAPID and D-NUCA.

	5.4.2 Energy
	FIGURE 10: Cache energy comparison of NuRAPID and D-NUCA.



	6 Related Work
	7 Conclusions

	Acknowledgements
	References

