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Abstract

In this paper, we propose a cache design that provides
the same miss rate as a two-way set associative cache,
but with a access time closer to a direct-mapped cache.
Aswith other designs, a traditional direct-mapped cacheis
conceptually partitioned into multi ple banks, and the bl ocks
in each set are probed, or examined, sequentially. Other
designs either probe the set in a fixed order or add extra
delay in the access path for all accesses. We use predic-
tion sources to guide the cache examination, reducing the
amount of searching and thus the average access latency.
A variety of accurate prediction sources are considered,
with some being availablein early pipeline stages. e feel
that our design offers the same or better performance and
iseasier to implement than previous designs.

1 Introduction

Set-associative caches offer lower missratesthan direct-
mapped caches, but usually have a longer access time. In
a set-associative cache, cache blocks are divided into sets
and a singlefetch address may find its datain any block of
itsset. When referencing a cache set, the blocks are exam-
inedin parallel. When all blocksand, in specific, their tags
have been read from the set, a tag comparator selects the
block containing the desired data, and passes the datafrom
that block to the processor. The comparator introduces an
extra delay between the availability of the cache data and
thetime it can be used by the processor, because the cache
can not send the data to the processor, even speculatively,
until the comparisonisfinished. This, among other factors,
increases the cache access or cycle time. By contrast, in a
direct-mapped cache, afetch address can only access asin-
gleblock, and the data from that block can be specul atively
dispatched while the tags are compared, thus reducing the
critical pathlength. The CACTI cachetiming simulator [14]
can be used to approximate the increased access time for
a two-way set-associative cache. For caches with 32 byte
cache lines, the same configuration used in our simulation
study, the access time for a two-way associative cache is
51%, 46% and 40% times longer than the access time for
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a direct mapped cache for 8KB, 16KB and 32KB caches,
respectively.

The design tradeoff between miss rate and access time
in set-associative caches versus direct mapped caches has
led several researchers to suggest ways to achieve miss
rates similar to two-way set-associative caches with fast
access times by using modified direct-mapped caches that
use aserialized or sequential search to compare tagsin set-
associative caches. In most of these schemes, the cache
is divided into sets with 2 blocks per set. Cache access is
sequential; first one block is probed, and if the tag doesn’t
match the second block in the set is probed. If no matchis
found, a miss occurs. If the cache lineis usualy found in
thefirst block to be examined, the average access time will
be less than a direct-mapped cache (because the miss rate
would be similar to a two-way set-associative cache) and
less than that of a two-way set-associative cache (because
the cycle timeisthat of afaster direct-mapped cache).

In this paper, we compare and extend several proposed
schemes for implementing two-way set-associative caches
at the first level of the memory hierarchy. Our technique
uses a number of prediction sources to pick the first block
in a set to probe. These predictors include information
about the source or destination of afetch, theinstructionor
procedure fetching the data and the effective fetch address.
Our technique offers the low miss rate of a two-way set-
associative cache and thelow cycle time of adirect-mapped
cache; the performance varies with the accuracy of the pre-
dictioninformation. The source for prediction information
can be adjusted for pipeline constraints; implementors can
trade lower prediction rates for the freedom to reduce tim-
ing congtraints. In this paper, we examine only two-way
set-associative caches; while higher degrees of associativ-
ity can be implemented using these techniques, there are
fewer advantages at higher associativities.

2 Prior Work

Sequential or seria implementations of two-way set-
associative caches can be categorized along two dimen-
sions. Firgt, they can be categorized by whether the cache
is probed in a statically fixed order, or if it is probed in a
dynamically determined order. Second, they can be cate-
gorized by the block alocation (and re-allocation) palicy.
The addition of a block re-allocation policy is especialy
important in those schemes with a fixed probe order.



We will use the diagrams in Figure 1 to clarify issues
in the various serial set-associative designs. We assume
the reader is familiar with the design of direct-mapped
caches and the conventional implementation of two-way
set-associative caches that compare multiple tags at once.
We assume each cache entry has an L-bit set index and
atag. We use a word-addressed cache and word-sized
block to describe the various cache organizations to sim-
plify their description. A direct-mapped cache contains
2L cache blocks, when a block address is to be fetched or
loaded into the cache, the lower L bits are used to index
into the cache. When fetching an item from the cache, the
remaining address bits are compared to the tag; if these
match, the item is successfully found in the cache, other-
wise a cache miss occurs. In a two-way set-associative
cache, only L — 1 hitsare used as a set index. Each cache
set contains two blocks. 1n a conventional design, the tags
in both blocks are compared concurrently when fetching
an address. If either tag matches, the reference has been
found. New entries may be loaded into either block, as
determined by the block allocation policy. Usually aleast-
recently-used mechanism is employed. A set-associative
cache typically has alower miss rate than a direct-mapped
cache, but is more difficult to implement and increases the
cache access time[5].

2.1 Statically Ordered Cache Probes

Agarwal et al [1] proposed the Hash-Rehash cache (HR-
Cache) to reduce the miss rate of direct-mapped caches.
Although the Hash-Rehash cache can be used to imple-
ment arbitrary associativity, we only consider a two-way
set-associative cache, since that is the most cost-effective
configuration. The HR-cache organization uses a fixed
probe order and a non-LRU cache alocation/re-allocation
scheme to maximize the number of first probesthat hit.

Figure 1(a) illustrates the structure of the HR-cache.
The cache blocks are divided into two banks. Each bank
containsone of thetwo blocksthat compriseaset, and L—1
bitsare used to index ablock in aset. Whilea conventional
set-associative cache matches the tagsin parallel, the HR-
cache matchesthetagssequentially. The cache isorganized
asaconventional direct-mapped cache; thus, thecycletime
for accessing an individual block would be faster than that
of a conventional set-associative cache. Cache blocks are
indexed using two distinct hashing functions, and the cache
is probed in a fixed order using those hash functions. We
call the cache block addressed by thefirst hash functionthe
“first block” and the remaining block the “second block.”
If the data is not found in the first block, the second block
is examined. If the data is found in the second block,
the contents of the first and second blocks are exchanged.
The intuition is that by re-allocating the data, successive
references will locate the data quicker, because it will be
found with the first probe. If the data is not found by the
second probe, amissoccurs. Thefirst block ismovedtothe
second block, since the first block was more likely to have
been more recently referenced than the second block, and
the missing block is placed in the first block. Asshownin
later examples, this mechanism does not implement a true
LRU replacement policy.

Thisprocessiseasier tounderstand by example. Wewill
use the same reference stream to illustrate the operation of

each cache organization. The references streamis:

18 reference  010.10
2N reference 00110

The addresses are specified in binary, and the tag (the high
three bits) is separated from the set index (the low two
bits) by an underscore (_). Using the cache configuration
inFigure 1(a), all of these references map to the same set.

Since the HR-cache uses a conventional direct-mapped
organization, the concept of blocksin a set are represented
by the use of an additional cache index bit to distinguishthe
two blocks of the set. Before each example, we assume the
initial cache configuration is such that address 000_10 (at
index two) and 001_10 (at index six) are in the two blocks
of the set, and that 00110 was more recently referenced
than 000_10.

In the HR-Cache the first hashing function uses a direct-
mapped lookup (formed using the lower-order bits of the
tag, concatenated with the set index), and the second hash-
ing function probestheother block intheset. Thus, fetching
the address 010_10 would first probe index two, then index
six, while fetching 00110 would first probe index six and
then index two. Figure 1(a) illustrates how the two refer-
ences are processed in the HR-Cache. The fetch of 010.10
would examine index two first, and index six second. Since
amissoccurs, the contentsof index two (000_10) are moved
toindex six, and 01010 is loaded into index two. Notice
that block 00110 is replaced, even though it was more re-
cently referenced than 000_10. A true LRU replacement
strategy would have replaced 000_10. The next referenceis
to 001-10, which was just replaced. Index six is examined
first, and index two is examined second. Again, a miss
occurs. The contents of index six are moved to index two,
and 00110 isloaded into index six.

Cache simulationsby Agarwal [2], and our own simula
tions, show that the Hash-Rehash cache has a higher miss
ratethan atwo-way set-associative cachewith L RU replace-
ment. There are two obstaclesthat limit the performance or
practicality of the HR-Cache: the higher missrate and the
need to exchange entire cache lines. In the HR-Cache, the
entirefirst and second blocks must be exchanged if arefer-
ence is found in the second block. Thismay be a problem
for caches with large lines. Some implementations use a
128-byte cache line, although the processor only retrieves
four or eight bytes on each fetch. Exchanging such large
cache lines either requires a several cycle exchange opera-
tion, or a design that alows two cache lines to be rapidly
exchanged via a wide cache access. The extra metal and
sense amplifiers required for this wide access would likely
add significantly to both the size and power requirements of
thecache. Furthermore, aspecia exchange operationcould
interfere with the pipelining of normal cache accesses, es-
pecially inmulti-ported designs, and would introduce more
bookkeeping for deferred write and fill operations.

The Column-Associative Cache (CA-Cache) of Agarwal
and Pudar [2] improved the miss rate and average access
time of the HR-Cache, but till requires that entire cache
blocks be exchanged. Like the HR-Cache, the CA-Cache,
shown diagrammatically in Figure 1(b), divides the cache
into two banks. Cache blocks are found using two hashing
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functions. In the CA-Cache, a rehash bit is associated
with each cache block, indicating that the data stored in
that cache block would be found using the second hash
function. The rehash hit is the exclusive-or of the lowest-
order bit in the tag and the bank number. Consider the
process of fetching the addresses 010_10 and 001_10. As
before, 000_10 and 001_10 are aready at indices two and
six respectively. When the address 010_10 isfetched, index
two would be examined first, followed by index six. A miss
occurs, the data from index two is moved to index six, and
01010 is loaded into index two. The address 00010 at
index six would now be found using the second hashing
function, and the corresponding rehash hit is set. Note that
the more recently referenced block 00110 was discarded.
Now, address 001 10 is referenced. Index six is examined
first; that block does not contain 00110, but the rehash
bit has been set, indicating that line two can not contain
001_10. Index two is not examined, and the missisissued
one cycle earlier than in the case of the HR-Cache. Note
that 000_10 “flips” between the two banks, even though it
isthe least recently used cache line.

In the HR-Cache, the replacement policy aways re-
places the contents of the second block that is examined.
Our example shows the second block block may have been
more recently referenced than the first block. Now con-
sider the CA-Cache: if amiss occurs and the rehash bit for
the first block is set, then there is no need to look in the
other block for the data. The datawill not be found in the
other block since the rehash bit indicates that both the first
block and the other block contain data that are searched for
in the other block during the first cache lookup. Besides
decreasing the number of cache lookups needed when there
is a cache miss, the rehash bit aso helps the replacement
policy for the CA-Cache. If therehash bitis set for thefirst
block examined then the other block was more recently
used. If the rehash bit is set, the CA-Cache replacement
policy replacesthevaluein thefirst block. If the rehash bit
is not set, the contents of the first block are transferred to
the second block, and the fetched data is stored in the first
block. Our detailed example illustrates a situation where
the CA-Cache does not implement atrue L RU replacement
algorithm; however, the CA-Cache does have a miss rate
closeto that of true LRU replacement.

2.2 Dynamically Ordered Cache Probes

In contrast with the HR-Cache and CA-cache schemes,
other researchers have developed schemes that use a dy-
namic probe ordering and do not rely on specia cache
alocation or re-allocation policies. Chang et al [4] pro-
posed a novel organization for a multi-chip 32-way set-
associative cache. Their study, and an earlier study by So
and Rechtschaffen [12], found that most requests reference
the most recently used blocks. Each set of cache blocks
had associated “most recently used” (MRU) information.
When accessing a cache set, the cache provided the block
selected by the MRU information. Concurrently, the tags
from the different chips were gathered and compared; if
the wrong cache item was used, it was detected and the
proper item was provided on the next cycle. Thisorganiza-
tion allowed most references (85%-95%) to complete in a
single cycle, and reduced the cycle time of their multi-chip
implementation by 30-35%.



Kessler et al [8] proposed asimilar organization. Rather
than swap the cache locations like the HR-Cache and CA-
Cache, each pair of cache blocks uses an “MRU hit” to
indicate the most recently used block. When searching for
data, the block indicated by the MRU bit is probed first. If
the dataisnot found, the second block is probed; if the data
is found, the MRU bit is inverted, indicating the second
block is more recently used than the first block. If the data
is not found, theleast recently used block, indicated by the
MRU bit, isreplaced. The MRU bitisused toimplement an
LRU replacement policy, so the MRU-Cache has the same
miss rate as a two-way set-associative cache.

The implementation of MRU two-way associative
caches is shown in Figure 1(c). In that diagram, we show
the MRU hits as check-marks to the side of each cache
block. In practice, pairs of cache lines, such as lines two
and six, share a single MRU bit. When 010_10 is refer-
enced, block six, the most recently referenced block, is
examined first. Sincethe dataisnot found, block two isex-
amined. Again, thetagisnot found and the missing dataiis
fetched from memory and placed in block two. The MRU
bit is set to indicate that block two is now more recent than
block six. On the next reference, block two is examined
first, followed by block six. The MRU bit is updated to
indicate that block six was more recently used.

The design in [8] focused on large, secondary caches,
and the lower cycle time seen by [4] did not apply. Inthe
design by Kessler et al, the MRU bit must be fetched prior
to accessing the cache contents to determine what cache
line should be examined first since the effective address
is used index the MRU table. This lengthens the cache
access cycle, even if pipelined. Kessler et al felt thiscache
organization was appropriate for large secondary caches,
because searches would be infrequent and the additional
overhead for fetching the MRU bit could be speculatively
overlapped with thefirst level access.

3 The Predictive Sequential Associative Cache

Both the HR-Cache and the CA-Cache require that en-
tire cache lines be exchanged and have a worse miss rate
than a cache with an LRU replacement strategy. In most
first-level cachedesigns, theM RU-Cacherequiresadightly
longer cycle time to access the MRU prediction informa:
tion. Furthermore, both the HR-Cache and MRU-Cache
implementations suffer from excessive searching in certain
situations. For example, assume the address references
used in the previous examples have completed, and the
processor continues requesting the alternating addresses
010.10,00110,...,01010,00110. In the HR-Cache,
address 00010 will continue to be moved between indices
two and six, and each reference will be a miss; in the CA-
Cache, these references do not result in further misses. In
the MRU-Cache, each reference examines both indicestwo
and six in the cache, because the pairs of blocks in the
MRU-Cache share an MRU bit. The MRU information
“flip-flops’ on each reference, insuring that the next access
requirestwo cycles.

These problems are addressed by our proposed cache
design, the Predictive Sequential Associative Cache (PSA-
Cache), shown in Figure 2. We separate the mechanism
used to select probe order from the mechanism used to

guidereplacement. Each pair of cache blocksusesan MRU
entry to implement LRU replacement. The PSA-Cache has
the same miss rate as the MRU-cache and all other LRU-
replacement caches. We use another table, the steering bit
table (SBT), shown on the left side of Figure 2(a) to guide
dataaccess. When fetching a cache line entry, the effective
address is used to index into the actual cache. Likewise,
a prediction index is used to select a particular steering
bit. As Kesder et al [8] indicated, the steering bits need
to be accessed prior to the cache access. If we use the
effective address to select a steering bit, this may lengthen
the cache access time — arguably, if the effective address
were available earlier, cache accesses would be initiated at
anearlier pipelinestage. However, wedo not needto usethe
effective fetch addressto sel ect asteering bit. We examined
a number of sources for prediction indices, and present
several very accurate sourcesthat can be provided by earlier
pipeline stages, insuring the steering bit is available when
the cache is accessed.

Separating the replacement mechanism from the pre-
diction mechanism offers immediate benefits, even for the
MRU-Cache design proposed by Kessler et al. Consider
an 8K Byte cache split into two banks with 128 pairs of 32
byte lines. The MRU-Cache would use a 128-bit table to
indicate the most recently used block in each pair. The
PSA-Cache also uses a 128-bit table to implement an LRU
replacement policy; however, a much larger table can be
used to determinethe block that should be probedfirst when
searching for an address. Each entry “steers’ references to
theappropriatecacheblock. If a256-entry steering bittable
(SBT) was used, the “flip-flop” example would encounter
no penalty in the PSA-cache if different steering bit entries
are used. In certain configurations, it is also useful to use a
rehash bit in the PSA-Cache. Asin the CA-Cache, we use
this bit to avoid examining another line when that line can
not possibly contain the requested address, but we do not
use the bit to guide the replacement policy, since the MRU
bit provides more accurate information.

Figure 2 shows the operation of the PSA-Cache, indi-
cating both the MRU and rehash bits for each block. The
rehash bit for 00010 is clear because the data stored in the
matching block in the other bank isinits“proper” location
(i.e, the location we would examine in a direct-mapped
cache). In other words, the third bit of 00110 stored in
line 6 isa“1"; and don't need to examine line 6 when
searching for tags where the third bit isa zero. Figure 2(a)
showsthe reference to address 010_10. Prior to the access,
a prediction source was mapped to the third entry in the
steering bit table. That entry indicatesthe first block of the
set, i.e., index two, should be probed first. Index two is
examined first, and the rehash bit for line six is read con-
currently. Index two does not contain 010_10. The rehash
bit indicates the contents of block six is not a rehashed
entry, and there is no point in examining index six. The
referenced address is not in the cache, and is fetched from
memory. The MRU bit indicates that the block at index six
was more recently used than that at index two, so the con-
tents of index two are replaced with 010_10. As the block
isreplaced, the steering bit used to locate 010_10 istrained,
indicating that bank zero of the set should be probed first on
the next reference to 010_10. The prediction source selects
the seventh steering bit when 00110 is referenced. The
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Figure 2: Diagram of the PSA Cache
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requested address is found at index six, and the MRU bit
is changed to indicate that index six is more recently used
than index two. If the processor continues requesting the
alternating addresses 01010, 00110, . . ., 01010, 00110,
each reference will be found in the first probe.

In summary, we use three data structures to implement
three cache mechanisms. The Steering Bit Table deter-
mineswhich block in aset should be probed first,increasing
the number of references found during the first probe. The
rehash bits reduce the number of probes, allowing misses
to be started earlier or simply reducing the time the cache
isbusy, which isimportant for architectures that issue mul-
tiple loads per cycle. The MRU bits provide a true LRU
replacement policy, improving the overall miss rate.

3.1 Prediction Sources

To illustrate some of the specific prediction sources
available, Figure 3 shows a simple pipeline and the in-
formation available at each stage. We assume aload-store
architecture with register-relative addressing — all memory
references are of the form MR, + Offset]. At instruction
fetch (4 cycles before the memory access), we know the
instruction address. Following decode (3 cycles before the
memory access), we know the register number (b) and the
address offset (Offset). After the register file has been read
(1 cycle prior to the memory access), we know the con-
tents of R;, and after the execution stage (right at memory
access time), we know the effective address, R, + Offset.

In addition we can use the same information from prior in-
structions. We examined the following prediction sources:

1. Effective Address. The effective address was the most
accurate prediction source; however, there may not be
enough time in some designs to compute the effective
address and index the steering bitsbefore the cache ac-
cess completes. When using the effective address, the
PSA-Cache is a simple extension to the MRU-Cache
with improved performance from alarger steering bit
table.

2. Register Contentsand Offset. Computing the effective
address involves a full add. Functions without carry
propagation take | ess time in some designs, thus mak-
ing the results available in time to index the steering
bit table before the cache access completes. We used
the exclusive-or of the contents and offset to form a
prediction address.

3. Register Number and Offset. We can combine the
register number and the offset several cycles before
the cache access. In general, this provides good per-
formance with small SBTs, but the performance im-
provements dropped off for larger tables. There were
three reasons. We were using the register number and
not the register contents. Register assignments, par-
ticularly at procedure calls, were not reflected in the
prediction information. Also, our target architecture
has 32 integer registers, and most values for Offset
were less than 96; some combinations of the register
number and offset did not spread references enough
to make use of the entire SBT. Lastly, some registers
were used morethan others; in most programs, ~ 40%
of all references were relative to the stack pointer.

We included the stack depth to reduce interference
between register usage in different procedures. We
further improved this by including the address of the
current procedure. Some of thisinformationisalready
retained by many machines to implement a return-
address stack [7], abranch prediction mechanism used
to predict procedure return addresses. We also tried
separate steering bit tables for certain registers.
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4. Instruction and Previous References. We also used
the address of the instructionissuing the reference and
variants of the previous cache reference. These pre-
diction sources were | ess effective than the others, and
are not discussed further.

We examine four configurations of the PSA-Cache in
more detail: the“Eff”, “XOR-5-5", “RegNum” and “Proc”
caches. We simulated an 8K Byte cache with 32 bytelines.
Each cache reference is of the form M[R, + offset], and
the cache contains 256 32-bytelines. Thelinesare divided
into 128 sets. All the cache models use (R; + offset) >>
5, or Ry + offset shifted right five bits, to index into the
MRU table. The SBT entry determines the first bank to be
examined. Each cache uses a 1024-entry SBT table.

The “Eff” configuration uses (R + offset) > 5toin-
dex both the cache and the SBT table. This configura-
tion illustrates the benefits of changing the MRU-Cache
to use a larger steering bit table. Figure 4 illustrates how
the indices for XOR-5-5 and RegNum are formed. The
“XOR-5-5" configuration uses (R, & offset) > 5), where
@ is a bit-wise exclusive or, to index the SBT. In some
implementations, there may be enough time to compute
the exclusive-or and index the small SBT table before the
effective address is computed, while the arithmetic sum
(Ry + offset) > 5 would take longer to complete. This
is similar in flavour to the prediction method of Austin et
al [3]. The“RegNum” model forms the prediction address
by concatenating the register number and thelower five bits
of theoffset ((b < 5)|((offset > 5)&0x1F)). The*Proc”
configuration extends “RegNum” using an exclusive or of
the destination address from the previous procedure call.
Steering-bitsresemble a single-bit branch predictiontable;
each entry contains a single bit and has no associated tag.
Thus, for an 8K Byte cache with 32 byte lines, a 1024-entry
Steering Bit Table (SBT) represents = 1% overhead. The
actual overhead depends on the mechanism and design of
the SBT.

4 Experimental Design and PerformanceMetrics

We compared the accuracy of the different prediction
sources and the performance of the different cache organi-
zations using trace-driven simulation. We collected infor-
mation from 26 C and Fortran programs. We instrumented
the programs from the SPEC92 benchmark suite and other
programs, including many from the Perfect Club. We used
ATOM [13] to instrument the programs. Due to the struc-
ture of ATOM, we did not need to record traces and traced
the full execution of each program. The programs were
compiled on a DEC 3000-400 using the Alpha AXP-21064

Program || # of Instructions | % of Loads | % of Stores |

APS 1,490,454, 770 24.70 11.80
CSSs 379,319,722 31.76 9.07
LGS 955,807,677 19.95 10.51
LWS 14,183,394,882 22.96 9.47
NAS 3,603,798,937 22.68 9.07
OCS 5,187,329,629 21.67 21.81
TFS 1,694,450,064 26.55 11.38
TIS 1,722,430,820 26.91 13.11
WSS 5,422,412,141 22.66 8.89
alvinn 5,240,969,586 26.95 9.30
dodoc 1,149,864,756 29.32 7.02
ear 17,005,801,014 22.09 12.67
fpppp 4,333,190,877 35.31 12.64
hydro2d 5,682,546,752 24.22 8.30
mdljsp2 3,343,833,266 22.53 6.52
nasa’ 6,128,388,651 28.86 11.12
ora 6,036,097,925 22.26 9.75
spice 16,148,172,565 32.61 4.08
su2cor 4,776,762,363 22.39 10.21
waveb 3,554,909,341 21.33 13.39
compress 92,629,658 26.38 9.47
egntott 1,810,540,418 12.77 1.29
espresso 513,008,174 21.57 5.08
gcc 143,737,915 23.89 11.74
li 1,355,059,387 28.09 14.65
sC 1,450,134,411 13.45 575

Table 1: Measured attributes of traced programs showing
the number of instructions executed during execution and
the percentage of loads and stores.

processor and either the DEC C or FORTRAN compilers.
Most programs were compiled using the standard OSF/1
V1.2 operating system. All programs were compiled with
standard optimization (- O).

Inthispaper, we are primarily concerned with first-level
data cache references, because data references are difficult
to predict, and first level caches must be both fast and
have low missrates. Furthermore, instruction cache misses
can be reduced using a number of software techniques [9,
10] and instructionreferences are usually very predictable.
Thus, even the “Eff” technique described below can be
used with instruction caches. We examined an 8 KByte
cache with 32-byte cache lines. We assume the cache
uses awrite-around or no-store-allocatewrite policy, since
earlier work by Jouppi [6] found thisto be more effective
than a fetch-on-write or store-allocate policy. The study
by Jouppi found an overall lower miss rate using write-
around. Our simulations show a dightly higher miss rate,
particularly for writes.

5 Trace-Driven Performance Comparison

The cache miss rate is normally used to compare the
performance of different cache organizations. We have
seen that the access time for direct-mapped caches and tra-
ditional set-associative caches differ by as much as 50%,
and this increased access time is not reflected in the miss
rate. The traditional two-way set-associative cache, the



MRU-Cache, and the PSA-Cache al use an LRU replace-
ment algorithm, and have identical miss rates. The PSA-
Cache and MRU-Cache may probe the cache several times
to achieve that same miss rate, and a “probe rate” may be
a more appropriate metric. When comparing the MRU-
Cache and PSA-Cache to the HR-Cache and CA-Cache,
we must also include the differences in miss rates. Finally,
when comparing any of these methods to a two-way as-
sociative cache, we should include the difference in cycle
time between an associative cache and the direct mapped
caches used to implement the sequential associative caches.

We decided to compare the techniques using a timing
model that separatesthelatency encountered by the pipeline
and the time the cache isbusy. Agarwal [2] used asimple
timing model to demonstrate the performance of the CA-
Cache. Hismodel providesan average access time and can
be used to compare al cache organizations that have the
same cycle time. However, Agarwa’s timing model did
not distinguish between loads and stores. Conceptually, a
processor pipeline must wait until a load is resolved, but
need not wait for a store to finish — in practice, severa
loads and stores may be waiting to be resolved. Even if the
processor is ableto continue to issue loads after a miss, the
pending miss may interfere with the loads that hit in the
cache.

5.1 Performance Metrics

We define the cache access latency to be the average
time the processor must wait for a memory reference to be
resolved. Similarly, the average cache occupancy is the
time the cache is busy for each reference. In general, a
smaller access latency and smaller occupancy is preferred.
If the latency is high, the processor must stall, waiting for
data. If the occupancy is high, there is a greater chance
outstanding references will conflict with newly issued ref-
erences. As we show later, most of the cache designs
have the same access latency, and are differentiated by
their cache occupancy. It is difficult to precisely quantify
the performance resulting from a particular access latency
and occupancy, because system performance depends on
instruction scheduling, the number of out-standing refer-
ences, the depth of write-buffers and a number of other
features determined by a particular system. However, la-
tency and occupancy, like missrates, can be used to narrow
the design space prior to system-level simulation.

Table 2 defines certain parameters used in our timing
model, and Table 3 shows how we calcul ate access latency
and occupancy. We record different hit rates for loads and
stores because loads and stores are treated differently, al-
though that distinction is not made explicit in the timing
equationsto simplify the notation. The sequential associa-
tive caches further divide the hit rate H into hits that are
detected on the first cache probe, H;, and those detected
on the second probe H,. The CA-Cache and PSA-Cache
use the rehash bit to avoid a second cache probe for some
cache misses. In the sequentia caches, the miss rate M
is divided into M, denoting the misses detected on the
first cache probe, and M, denoting the misses detected on
the second cache probe. The HR-Cache and MRU-Cache
aways probe the cache twice on misses, and M; isalways
zero for these caches.

Tp Timeto probethe cachefollowing thefirst probe, incycles. In
somedesigns, this may belarger than one cycle, but we assume
itisonecycle.

Tar  Penalty for cache misses, in cycles. Thisincludesthetime to
initiate the cache miss and receive the data.

Tr Timetorefill acacheling, in cycles. Thisisthetimethe cache
is busy when a cache line is refilled. We assume a 32-byte
cacheline can berefilled in two cycles.

Tns Extratime needed if misses can not be squashed. The “Con-
servative” timing model assumes Ty s = T'p, Whilethe“Op-
timistic” timing model assumes Ty s = 0.

Ts Time needed to swap cache lines in the HR-Cache & CA-
Cache.

Table 2: Definition of Terms Used in Timing Equations

Cache AccessLatency
Cache Occupancy Time
. H+ (1+ Ta)M

Direct & | Ld A (14 Tr)M
0

2-Way St T
H;+(14+Tp)Hs+ {14+ Tp )M+ (14+ Ty 5+ Tag )M

HR Ld [ Hf + (14 Tp + Ts)H: + A+ Tr)M; + A+ Ip +
TS + TR)MS
0

4CA | S ITH ¥ (15 Te + To)H. + My ¥ (L4 Tp)M,

MRU Ld Hf+(1+TP)HS+(1+TM)M1‘+(1+TNS+TM)MS
H; + (4 Tp)Hs + (- Tr)M; 1 (14 Tp + TR) M,
0

&PSA | S T T T TR, T My T (A To) M,

Table3: Timing EquationsUsed To Compare Performance.
In the HR-Cache and MRU-Cache, al misses take two
cycles, meaning that M; = O and M, = M. The raw
cache access time isasingle cycle. Weassume Ip = 1
andTs = 4T — 2.
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Figure 5: Latency and Occupancy for Conservative and
Optimistic Configurations. The occupancy is the same
for both the Conservative and Optimistic configurations.
Parametersare Ty = 10,Tp = 2,175 = 41— 2,Tp = 1.
Cache size is 8KBytes, with 32 byte lines. The values
shown are the arithmetic means averaged over al programs.



Thelatency for a cache miss, or miss penalty, is Ty cy-
cles. Thisincludes the time to request the data from lower
levels of the memory hierarchy, move it on-chip and load it
into the cache. In some cases, a miss can be initiated spec-
ulatively and “squashed” in alater cycle. Thisreducesthe
latency for amiss, because the miss can beinitiated acycle
earlier. Our “Conservative’ cache timing model does not
initiate misses speculatively, whileour “ Optimistic” timing
model assumes a cache miss can be speculatively initiated
and sguashed one cycle later. We use theterm Ty s (“non-
squashing”) to reflect the additional time spent servicing
misses if the miss can not be speculatively initiated.

While the latency determines how long the processor
must wait for references to be resolved, the occupancy
determines how long the cache is busy. Although the miss
penalty is T cycles, the cacheisonly busy when the cache
lines are being reloaded, or Tg cycles. The HR-Cache and
CA-Cache exchange cache lines to improve the average
access latency and we assume it takes T cycles to swap
two cache lines. Agarwal’s timing model [2] combines
the notion of latency and occupancy, and argued that Ts
should be a single cycle. We feel a larger value is more
reasonable, particularly for large cache lines, such as 32
or 128 bytes. There would be increased wiring density
needed to exchange two complete cache lines in a single
cycle, possibly increasing the cycle time. If we can reload
half a cache line in asingle cycle (i.e., T = 2), it could
be argued that we could exchange a cache linein 47T — 2
cycles, because two haf-lines have aready been read by
the time we determine the lines must be swapped.

Table 3 shows the timing model. Stores do not stall the
processor, and have a latency of zero. Consider the load
latency for the CA-Cache. If thefirst probe resultsin a hit,
acycle was spent. If the second probe is a hit, the pipeline
was stalled two cycles. At this point, the cache lines must
be swapped, but the pipeline does not wait for thisto finish.
However, the cache lines must be swapped before the next
cache reference begins. If a reference misses in the first
bank, and the rehash bit indicates that it can not hit in the
second bank, the pipeline stalls for 1 + T cycles. If the
second bank must be examined, the processor stalls for
1+ T cycles, and may stall for an additional T s cycles
if the miss can not be started early. In the CA-Cache, the
cache isoccupied whilethe cache is probed, the cache lines
are swapped or cache lines are refilled.

5.2 Performance Comparison

The graph in Figure 5 summarizes the latency and oc-
cupancy, while Tables 4(a), 4(b) and 5 provide more de-
tailed information. In each configuration, the cache miss
penalty is ten cycles (Tyr = 10), it takes two issues to
refill aline (I'e = 2) and six cycles to swap cache lines
(Ts = 4Tk — 2). Each cache is 8 KBytes with 32 byte
lines. The latency is given for both the conservative tim-
ing model, where cache misses can not be speculatively
initiated, and the optimistic model, where they can. The
occupancy does not depend on the ability to speculatively
initiate cache misses, and isthe same for both timing mod-
els. Latency and occupancy are measured in average cycles
per reference. Although Tables 4(b) and 4(a) show the la-
tency and occupancy can be less than one, the averages
shown in Figure 5 are not, and the vertical axisis bounded

by one.

In general, the latency for the associative caches are
~ 5 — 10% smaller than that of the direct mapped cache;
exact values can be found in the tables. It is important
to understand that this paper is not comparing the effec-
tiveness of direct vs. associative caches, we assume that
associative caches are desired, and an efficient implementa-
tion techniqueis needed. In our performance comparison,
we examined caches with a small miss penalty, Tys = 10,
because wefeel the PSA-Cacheisappropriatefor first level
caches. As the miss penalty increases, all two-way asso-
ciative caches further reduce the latency, dueto the reduced
missrate. The access time for atwo-way associative cache
depends on the cache size and a number of other factors.
As mentioned, the access time for a two-way associative
cache is 1.51, 1.46 and 1.40 times longer than the access
time for a direct mapped cache for 8KB, 16KB and 32KB
caches, respectively. It isincorrect to simply scale the cy-
cles per memory reference show in Tables 4(b), 4(a) and 5
by these values, since the data cache access time typically
limitsthe system cycle time and has amuch broader impact
on system performance. For example, assume we design a
system using an 8K Byte cache with a 3 nanosecond clock.
Table4(b) wouldimply that atwo-way set associative cache
would lower the average cycles per memory reference by
10-15%, by reducing the missrate. However, such a cache
would also be 1.51 times slower, with a 4.53ns cycle time.
By comparison, the sequential cache configurations shown
in Table 4(b) maintain the same 3ns cycle time, and reduce
the average cycles per reference.

Thelatenciesfor most of thetwo-way associative caches
are almost identical; thisis not surprising, since the equa-
tions for latency in Table 3 are identical for the HR, CA,
MRU and PSA caches. Any differenceinthelatency arises
from different hit rates, and the fraction of references re-
solved on the first or second cycle. Only the HR-Cache
has a notably higher miss rate. Table 4(b) demonstrates
severa points also seen in the remaining tables. First, for
some programs (swn256 and t ontat v), two-way set-
associativity increases the miss rate. For the remaining
programs, the ideal two-way set associative cache has the
best performance, followed by the PSA-Cache using the
“Eff” prediction address; however, this configuration sim-
ply extends the MRU-Cache to use a larger table of pre-
diction bits, and it may not be possible to use the effective
address to index a table of steering bits and access the data
inasinglecycle. However, the“Eff” column demonstrates
how to improve the MRU-Cache design of Kessler et al for
the domains considered in [8].  The next most effective
configuration is “XOR-5-5," followed by the CA-Cache.
The “XOR-5-5" configuration requires an exclusive-or of
the contents of the register and offset before the SBT isac-
cessed; thismay not be possiblein some designs. However,
the “Proc” design provides amost equal performance with
considerably more flexible timing constraints. The pre-
diction sources for the “Proc” configuration are available
immediately after the instruction is decoded.

In Table 5, the direct and traditional two-way cache
have the lowest occupancy; thisis understandable, because
all cache operations either take one cycle (hit) or 1+ Tg
cycles (miss). In the CA-Cache and PSA-Cache, rehash
bits are used to avoid examining the second half of the



Program | Direct | 2-Way [ Rehash [ CAC [ MRU | Eff [ Xor [ Reg | Proc Program | Direct | 2Way | Rehash | CAC | MRU | Eff | Xor | Reg | Proc
Perfect Club Programs Perfect Club Programs
APS 124 113 137] 117] 120 1.16] 1.20] 123 1.22) APS l24 113 131 113 117113 117 120, 119
CSS 1.44 117 145 1.24 125 119 1.25] 129 1.26 CSS 1.44 117 139 121 1.23| 118 1.23] 127 1.24
LGS 088 081 088 084 083 082 086 089 087 LGS 083 081 0.86| 083 0.82 081 0.86 0.89 0.87
LWS 111] 091 115 096 096] 092 098] 099 0.9 LWs 111 091 111) 094 095 091 0.97| 098 0.98
NAS 1.43 1.20 146 1.28 127 123 125 126 1.25 NAS 1.43 1.20 1.39] 1.24 1.24| 1.20 1.22| 1.23] 1.22
OCS 1.36) 1.30| 143 137 137 1330 135 1.37] 1.37 OCS 1.36| 1.30] 135 1.32 1.31) 1.30| 1.31| 1.33| 1.33
SDS 101  1.04 121 103 107 105 111 112 112 SDS 101 104 117] 102 106 1.04) 110 1.11] 111
TFS 1300 125 135] 129 128 1.27] 131 1.31] 132 TFS 130 125 129 126 126 125 129 129 130
TIS 154 130 183 136 142 132 138 151 154 TIS 154  1.30 173 132 140 1.30] 136] 149 152
WSS 1.48 1.38 159 1.43 145 1.41| 149 153 1.55 WSS 1.48 1.38 151 1.39 1.42| 1.39] 1.46| 150 1.52]
Mean 1.28) 115 137] 119 121] 1.17] 1.22] 125 1.25 Mean 128 115 131 117 119 115 120| 123 123
StdDev 022 018 0.26) 019 020 019 019 020 0.22 StdDev 022 018 023 018 019 0.8 018 020 0.21
SPEC Floating Point Programs SPEC Floating Point Programs
alvinn 1.30 1.22] 1.38] 124 125 123 1.23] 124/ 124 alvinn 1.30 1.22 133 122 124122 122 123 123
doduc 1700 137 180 144] 147 140 144 148 145 doduc 170 137 171 141 145 138 142 145 143
ear 088 079 111 081 083 079 080 081 081 ear 088 079 107 080 083 0.79] 0.80 0.81 0.81
foppp 123 090 120 095 097/ 091 104 107 1.03 foppp 123 090 116| 094 096 090 103 107 102
hydro2d 212 1.96 224 207 204 200 209 207 211 hydro2d 212 1.96 211 200} 199 197 205 202 205
mdljsp2 114 1.01 132] 105 1.08 1.02] 1.04 1.07] 1.07 mdljsp2 114 1.01] 127] 103 106 1.02] 1.03 1.06 1.06
nasa7 386 3.69 411] 391] 390 381 388 389 390 nasa’ 386 369 380 372 378/ 370 376 3.75 3.7
ora 0.96]  0.70 080 072 0.72] 070] 0.74 075 0.72 ora 096/  0.70 079 072| 072/ 0.70] 0.74] 0.75 0.72
spice 358  3.28 386 348 349 339 346 354 354 spice 358 328 360 333 338/ 329 335 343 342
su2cor 418] 414 471 431] 436 424] 430 437 435 su2cor 418 414 434 413] 418 414 419 422 420
swm256 252 303 575 3.03 340 310 3.15 322 322 swm256 252 303 529 292| 332303 308 314 3.14
tomcatv 358  3.83 643 412 425 389 399 406 4.11 tomcaty 358 383 592 395 412|383 389 394 3.98
waves 130 115 167] 118 124/ 1.17] 119 1.28] 1.27 waves 130 115 157] 115 122/ 1.15] 117| 1.26] 1.2§
Mean 218 208 280 218 223 213 218 222 222 Mean 218 208 261 2100 217] 2.09] 213 216 216
StdDev 122 131 193 138 142 135 1.36] 1.38] 1.39 StdDev 1220 131 175 131 136 1.31] 1.32] 1.32] 1.33
SPEC Integer Programs SPEC Integer Programs
compress 222 186 210 200 196] 1.91] 1.91] 1.96] 1.94 compress 222 186 198 192 190] 1.86 1.86] 1.91 189
eqntott 149 133 153 138 1.38) 135 1.36] 1.38] 1.37 egntott 149 133 148 135 1.36] 1.33] 1.34/ 136 13§
espresso 136] 125 138 129 1.30] 1.27] 127] 133 1.32 espresso 136  1.25 133 126 128 125 125 131 130
gcc 132 108 137] 115 115 1.10] 115 121] 118 gec 132|108 131 112 113 1.08] 1.13] 119 11§
li 134 099 128 105 106 101 107 115 111 li 134 0.99 123 103 105 099 1.06] 1.13 109
sc 2.16]  1.99 238 210 209 2.04 205 211 209 sc 2.16] 199 223 202 203[ 1.99] 200 206 2.03
Mean 165 141 167] 149 149 144] 147 153 150 Mean 165 141 159 145 146] 1.42] 1.44] 149 147
StdDev 043 041 045 044 043 043 041 041 041 StdDev 043 041 041 042 041] 041] 039 039 0.39
Overall Statistics Overall Statistics
Mean 176] 162 207 170 173 166 170 174 173 Mean 176 162 195 164 168 1.63] 167 1.70] 169
StdDev 092 098 145 104 106 101 102 103 1.04 StdDev 092 098 132] 098 102 098 098 099 099

(a) CacheAccessLatency for Optimistic Timing Model
with Ty = 10 Cycles, Tp = 2Cycles, Tg = 4Tg — 2

Cycles.

(b) Cache Access Latency for Conservative Timing
Model with Ty = 10 Cycles, T = 2 Cycles, Ts =

4Tg — 2 Cycles.

Table 4: Conservative and Optimistic Latency For Different Programs

cache in some situations. Agarwal [2] used the rehash bit
to reduce the latency by initiating misses one cycle earlier.
In our “Optimistic” timing model, the rehash bit has no
effect on latency because misses are alwaysinitiated early,
but rehash bits influence occupancy in al configurations.
Thereisstill anotable difference between the “ Optimistic”
and “Conservative’ timing model, even when the rehash
bits are used, indicating that the speculative missinitiation
is useful even when the rehash bit can not avoid probing
the cache a second time.

Wefeel that occupancy isan important metric, becauseit
determines how quickly memory references, bothloadsand
stores, can be issued without contention in the cache. Oc-
cupancy directly affects cache latency, but ishighly depen-
dent on machine and system architectures and instruction
scheduling.

6 Conclusions

In this paper, we have described the Predictive Sequen-
tial Associative Cache as a mechanism to implement two-
way associative on-chip caches. We proposed two metrics,
latency and occupancy, suitable for comparing associative
cache designs. Variants of the PSA-Cache have better per-
formance, in terms of latency and occupancy, than other
proposed designs.

We strongly feel the PSA-Cache variants are easier to
implement than designs that exchange cache lines, particu-
larly for larger cache lines. Our simultation study showed
that all the techniques had comparable latency, with vari-
ants of the PSA-Cache having the lowest latency. The
PSA-Cache also had the lowest occupancy. The “Eff” de-
sign has the best performance, but the “XOR-5-5" may be
easier to implement and have a shorter access time.

There are a number of other design criteria not imme-



Program | Direct | 2-Way | Rehash | CAC | MRU | Eff | Xor | Reg | Proc
Perfect Club Programs
APS 111 1.09 178 154 118 114/ 119 125 1.23
CSs 1.13 1.08] 1.80] 152 117 1.11] 118 1.23] 1.20
LGS 1.05 1.03 133 122 109 106 114/ 1.18 114
LWS 1.08 1.04| 158 136 1.11] 106 117 1.18 1.17
NAS 1.14 1.10 182 1.55 1.19] 1.14) 119 1.20] 1.17|
OCs 1.17 1.16 2000 171 131 122 127 131 132
SDS 1.06 1.06 144 122/ 111 108 117, 119 1.20
TFS 1.12 1.11 170, 1.48| 1.20] 118 1.25 1.26| 1.27]
TIS 1.17 1.13 220] 166 125 115 124 139 141
WSS 1.15 1.13 193 161 124/ 118 1.30] 1.35 1.37
Mean 1.12) 1.09) 1.76] 149 119 1.13] 1.21] 1.25 1.25
StdDev 0.05 0.04 0.26) 0.17/ 0.07] 0.05 0.05 0.07 0.09
SPEC Floating Point Programs
alvinn 1.11 1.09 162 137 113 1.11) 111 1.13] 1.12
doduc 1.18 111 219] 175 126] 117 123 127 123
ear 1.05 1.03 152 122/ 110 1.04 106/ 1.08 1.07
fpppP 110]  1.03 173 146 115 107 1.23] 128 1.23
hydro2d 1.28 1.24] 2500 197 138 131 145 143 146
mdljsp2 1.07 1.05 156 127 112 106 108 111 110
nasa’ 1.63) 1.59 424 337 186 175 184 185 1.85
ora 1.05 1.00 128 118 1.03] 1.00, 1.06/ 1.08 1.02
spice 1.54] 1.48 380 299 170 160, 167 176 1.75
su2cor 1.70 1.69 470 342 205 191 198 207 204
swm256 1.36 1.46 541 255 194 156 1.65 173 173
tomcatv 1.56) 1.61] 592 314 216 171 184 191 1.96
waves 1.14 1.11 223 1.65 1.30] 1.20] 1.24) 135 1.34
Mean 1.29 1.27 298 210 148 1.35 142 146 145
StdDev 0.24] 0.26] 162 0.87] 041 032 0.34] 035 0.36
SPEC Integer Programs
compress 1.30 1.22 238 205 1.34] 128 128 135 132
eqgntott 1.12] 1.08] 163 141 114 1.11] 113 115 113
espresso 111 1.09 160 141 116 112] 113 1200 118
gcc 1.13 1.08 187) 155 120/ 113 121 129 124
li 1.14 1.07 1.83 1.53] 1.17| 110, 1.20, 1.31] 1.26
C 1.29 1.26) 2.68 2.09] 144 138 140 149 145
Mean 1.18 1.13 200] 167 124 119 122 130 1.27
StdDev 0.09) 0.08] 044/ 031 012 012 010 0.12 0.1
Overall Statistics

Mean 121 1.18 235 180 133 124 131 136 1.34
StdDev 0.18] 0.19) 123 0.66] 031 0.24) 025 0.26] 0.27]

Table5: Average Cache Occupancy withTys = 10 Cycles,
Tr = 2 Cycles, Ts = 4T — 2 Cycles. The Cache Occu-
pancy is the same for the the Conservative (Ixs = 1) and
Optimistic (Tvs = 0) models.

diately evident from our performance metrics. Firgt, the
PSA-Cache may have fewer power requirementsthan other
cachessinceasinglebank isprobed. Furthermore, sincethe
PSA-Cache is divided into two banks that can be operated
independently, it may be possibleto support multiplerefer-

ences without dual-porting the banks. A similar argument

can be made for the CA-Cache, but it would require exten-

sive book-keeping to maintain correctnesswhile blocks are
exchanged. Lastly, the PSA-Cache mechanism may also be
appropriatefor larger, secondary caches directly controlled
by the processor. The Steering Bit Table can be small, and
implemented on the processor, whilethe MRU Table, cache
tags and data can be implemented off-chip. In the future,
we hope to apply prediction sources to skewed-associative
caches [11].
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