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ABSTRACT 
MRU (most recently used) cache is one of the 

set-associative caches that emphasize implementation of 
associativity higher than two. However, the access time 
is increased because the MRU information must be 
fetched before accessing the sequential MRU cache. In 
this paper, focusing on the sequential MRU cache with 
sub-block placement, we propose an MRU cache scheme 
that separates the valid bits from data memory and uses 
these valid bits to decide to reduce the unnecessary 
access number of memory banks. By this approach, the 
probability of the front hits is thus increased, and it 
significantly helps in improving the average access time 
of the sequential MRU cache without valid-bit 
pre-decision search especially for large associativity 
and small sub-block size. 

 
 
1: INTRODUCTIONS 
 

The cache memory has played an important role to 
reduce the speed gap between processor and main 
memory. In several cache organizations, a direct-mapped 
cache has fast hit access time because the CPU can 
directly read data from the data bank without waiting for 
the tag checking. However, the direct-mapped cache has 
a higher miss rate. On the other hand, a set-associative 
cache has a lower miss rate because blocks from the main 
memory can map into any cache block of one fixed set in 
cache, but it needs higher hardware complexity and 
suffers from a longer hit access time [4]. Therefore, how 
to maintain a low overall average access time is an 
important issue in the design of a set-associative cache.  

In the past, researches related to the set-associative 
cache, such as hash-rehash cache (HR-cache) proposed 
by Agarwal et al. [8] and column-associative cache 
(CA-cache) proposed by Agarwal and Pudar [1] are 
based on the organization of the direct-mapped cache, 
and they use hashing functions to improve the miss rate. 
The difference between these two approaches is that the 
CA-cache uses a rehash bit associated with each cache 
block to indicate that the data stored in the cache block 
will be found using the second hash function. Another 
set-associative cache scheme, predictive sequential 
associative cache (PSA-cache) [2], uses a steering bit 
table (SBT) to dynamically determine which block is 
probed first when the cache is accessed. By providing 
prediction information, the miss rate of PSA-cache can be 

as low as that of 2-way set-associative caches, and the 
cycle time is similar to that of the direct-mapped caches. 
However, those cache schemes described above are not 
suitable for the implementation of set-associative caches 
with higher associativity. Therefore, the MRU (Most 
Recently Used) cache [6][7] that is similar to PSA-cache 
but uses an MRU table to determine the first probed block 
location in a set of the cache, while a set is referred to, the 
probability to find the correct block location in this set at 
the first time is very high [10]. Therefore, the MRU 
cache can be considered to develop set-associative 
caches with higher associativity. 

In this paper, a new sequential MRU cache scheme 
with sub-block placement is proposed; however, those 
corresponding valid bits of sub-blocks can be used to 
decide which sub-blocks need to be probed in advance. 
The proposed sequential MRU cache without much 
hardware cost thus can effectively improve the average 
access time due to reducing many unnecessary probes of 
the tag and data memories during the search period. 
 
2: SEQUENTIAL MRU CACHE 
 

Kessler’s scheme [5] uses a sequential search to find 
the desired block in a set according to the content of the 
MRU table. In this sequential cache (SMRU cache), both 
the tag memory and the data memory are single bank, and 
only one comparator is required. The MRU table stores 
the block bits that represent the most recently used block 
number for each set and determine the search order which 
is from most-recently-used (MRU) to least-recently-used 
(LRU). For example: in a 4-way set-associative MRU 
cache, if the MRU block list for one set is “01001110”, 
that means the search order of the locations is 1, 0, 3 and 
2. The block bits indicating the present desired block 
location are used to associate the set bits of main memory 
address to form an effective address as accessing the tag 
bank and data bank. Due to using a true LRU replacement 
policy, the MRU block list for each set can be maintained 
by the cache system. In this paper, we focus on the 
sequential MRU cache with sub-block placement, and the 
following sub-sections will discuss the operations of the 
sequential MRU cache and the sub-block placement. 

 
2.1: OPERATIONS 
 

The operations of the sequential MRU cache are 
described as follows [11]: 
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(1) While a set of the cache is referred to, the cache 
system fetches the MRU table to obtain the MRU 
block list, and then these block bits of the MRU block 
list are used to form the address of the tag bank and 
data bank. This operation should be prior to accessing 
the tag bank and data bank. 

(2) According to the first block bits taken from the MRU 
block list, the first MRU block location is probed. 

(3) The cache system checks the tag of the selected block 
location. If the first hit occurs, the block data are read 
out from the data bank like the direct-mapped cache; 
however, two access cycles are required for the first 
probe. 

(4) If no first hit occurs, the cache system continuously 
checks the rest blocks in this set and selects the next 
probed block from the MRU block list until all tags of 
this set are examined. 

(5) When a miss occurs, the cache system will take more 
cycles to refill a new block from the lower-level 
memory to perform the replacement operation. 
Because of sequential search, the sequential MRU 

cache has a longer average access time than that of other 
cache schemes [3]. However, the sequential MRU cache 
with high associativity can be used as a low cost level 2 
cache in a two-level multiprocessor cache architectures to 
reduce memory interconnection traffic [5].  
 
2.2: SUB-BLOCK PLACEMENT  
 

Increasing block size will reduce the tag memory size 
for an on-chip cache design [12]; however, the large miss 
penalty is incurred due to large block size. Usually, the 
sub-block placement [13], which only refills a part of the 
entire block into the cache when the miss occurs, is an 
appropriate approach to reduce the miss penalty. In this 
cache scheme, each data block is divided into several 
sub-blocks, and each sub-block has a corresponding valid 
bit to indicate if this sub-block exists in the cache. 
Therefore, for a set-associative cache with sub-block 
placement, when the cache is accessed, in addition to tag 
checking of all ways, the corresponding valid bits of all 
ways must be checked together.  
 
3: PROPOSED MRU CACHE 
 

For design of the sequential caches, a large number of 
front hits help in achieving a low average access time. 
When a sequential MRU cache employs the sub-block 
placement to reduce its miss penalty, fortunately, the 
valid bits can be used to pre-eliminate the unnecessary 
search times for each cache access, such that it can make 
the original rear hits become more front hits. Based on 
this idea, a new sequential MRU cache with valid-bit 
pre-decision search (called SMRU-V cache) is proposed 
to reduce the average access time. 
 
3.1: VALID-BIT PRE-DECISION SEARCH 
 

In the conventional sequential MRU cache, the search 
order always starts from the MRU block to the LRU 

block one by one. Even though the present probed block 
does not exist (i.e. the valid bit = “0”), it still must 
complete checking the present block before probing the 
next block, which means this search is redundant. In the 
proposed SMRU-V cache, the search order is the same as 
that of the SMRU cache. However, the valid bits of the 
sub-blocks for different ways in one set can be used to 
decide which sub-blocks need to be examined during the 
search process. For an n-way SMRU-V cache, the 
valid-bit pre-decision search algorithm is shown in Fig. 1, 
and Fig. 2 illustrates two search approaches at 4-way, 
respectively. According to the valid-bit pre-decision 
algorithm, the proposed SMRU-V cache can make block 
2 become the 2nd hit from the original 4th hit for the 
SMRU cache, and thus it only requires two search times. 
Consequently, for a cache with small sub-block size, such 
a search algorithm can achieve more front hits and reduce 
many unnecessary search times with the valid bits being 
“0” on a cache hit, and it also can help in reducing the 
miss search times even when a cache miss occurs. 
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Fig. 1  Valid-bit pre-decision search algorithm 
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Fig. 2  Search approaches for SMRU cache and 
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3.2: ARCHITECTURE 
 

The architecture of the SMRU-V cache shown in Fig. 
3 only modifies the data memory organization of the 
original sequential MRU cache, which the valid bits of all 
sub-blocks are also separated from the data memory bank, 
and they are organized as a single n-bit valid-bit bank and 
each bit represents one valid bit of the accessed sub-block 
for each way. The bit order is from the MRU way (MSB 
bit) to the LRU way (LSB bit) for each set. When the 
cache is referred to, all memory banks including the 
MRU table and valid-bit bank are accessed concurrently. 
The content of the MRU table is the same as that of the 
SMRU cache, and the search order is from the MRU 
block location to the LRU block location. The valid bits 
stored in the valid-bit bank can be read to decide which 
block locations are needed to be probed when the MRU 
block bits are taken from the MRU table. Note that the 
LRU replacement circuit of the cache system can 
maintain the content of the MRU table and valid-bit bank 
after each cache access. 
 
3.3: OPERATIONS 
 

The main difference between the SMRU cache and 
SMRU-V cache is their search process, and the 
operations of the SMRU-V cache are showed as follows:  
(1) While a set of the cache is referred to, the cache 

system fetches the MRU table and the valid-bit 
bank, and the control circuit takes the first MRU 
block bits that its corresponding valid bit is “1” 
from the MRU block list to form the address of the 
tag bank and data bank for the first MRU block. 

(2) The cache system checks the tag of the first MRU 
block location selected by the first MRU block bits. 
Simultaneously, these bits are also used to 
speculatively select the data of the first MRU block 
location. 

(3) If the first hit occurs, similar to the direct-mapped 
cache, the desired block data are directly read out 
from one of the n data banks; however, two access 
cycles are required for the first probe. 

(4) If the first hit does not occur, according to the valid 
bits with “1”, the control circuit selects the next 
MRU block from the MRU block list in order, and 
checks the rest blocks in this set until all tags of this 
set are examined. If any hit is found again, the last 
selected MRU block bits are used to select the 
desired block data. 

(5) When a miss occurs, the cache system will take 
more cycles to refill a new block from the 
lower-level memory to perform the replacement 
operation. Simultaneously, the status of the 
valid-bit bank will be maintained. 

In our proposed cache architecture, due to the 
valid-bit pre-decision search and the support of LRU 
replacement algorithm, most of the increased front hits 
are first hits. Therefore, the first hit rate will be higher 
than that of the sequential MRU cache without valid-bit 
pre-decision search. 
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Fig. 3  Architecture of SMRU-V cache 

 
3.4: OVERHEADS 
 

In this proposed SMRU-V cache, due to concurrent 
accesses of the MRU table and valid-bit bank at the first 
cycle, almost no extra access time is needed. To 
implement the valid-bit pre-decision search, the control 
logic indeed requires the extra hardware components 
instead of the binary counter within the control logic of 
the conventional SMRU cache. In this search decision 
circuit [15], the valid bits are latched by D-type 
flip-flops, and then sent to the priority encoder that 
decides to select the desired MRU block bits according to 
the corresponding valid bit with “1” at each search clock 
from MRU block to LRU block. Simultaneously, the 
output of the priority encoder also feedbacks to the 
decoder to clear the previous searched priority input after 
each clock. Table 1 shows the required hardware 
components of the control logic for two sequential 
caches at 4-way. The incurred delay time compared with 
the SMRU cache is caused by this search decision circuit, 
and it can be neglected due to only two-level logical gate 
propagation (pass through priority encoder) compared 
with the access time of memory banks. Therefore, 
without much delay time, the proposed SMRU-V cache 
still maintains the low cost implementation as that of the 
conventional sequential MRU cache. 

 
Table 1  Hardware Comparison at 4-way 

 

   
SMRU SMRU-V 

D flip-flops 2 4 

Logic Gates 7 13 

Cache Types 

Required  
Hardware 

 
 
4: PERFORMANCE METRICS 
 

In the sequential MRU caches, the average access 
time mainly depends on the first hit rate, the number 
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distribution of hits in different times and hardware 
complexity. If most of the cache accesses are first hit and 
few search times are required for each cache access, the 
total average access time is low even a sequential search 
technique is used. Based on the operations of the SMRU 
cache in Section 2, the average access time (TSMRU) for an 
associativity of n can be given by: 
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where Hi is the ith hit rate of the cache; M is the miss 
rate of the cache, and P is the miss penalty that depends 
on the sub-block size. For an n-way SMRU-V cache, the 
equation of its average access time (TSMRU-V) similar to 
that of the SMRU cache can be expressed by: 
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However, the ith hit rate of the cache (Hi
′) and miss 

search times (m ≦ n) differ from the SMRU cache due to 
the valid-bit pre-decision search. Because the valid bits 
of all MRU blocks at the first hit are always equal to “1”, 
and thus the first hits of the SMRU-V cache contains the 
original first hits and some new increased first hits that 
come from the original rear hits. Here, H1

′ and Hi
′ are 

respectively given by: 
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where Vij (Vki) denotes the probability to become the jth 
(ith) hit from the original ith (kth) hit. Therefore, when 
the associativity is high (i.e., n is large) and the sub-block 
size is small, the improvement in average access time of 
the SMRU-V cache is more significant than that of the 
SMRU cache. 

 
5: SIMULATION RESULTS 
 

To evaluate and analyze the performance of the 
proposed cache architectures, we use a trace-driven cache 
simulator (Dinero) [14] to simulate the access behaviors 
of all sequential MRU caches. In our simulation, all cache 
architectures have the same cache size (= 32 KB), block 
size (= 32 Bytes), and replacement policy (LRU). 
According to the operations of the different cache 
schemes, the average access time of the proposed cache 
can be evaluated by re-modeling Dinero to trace various 
trace programs [14] which some are belonged to SPEC 
benchmark suite such as SPICE, GCC, and XLISP. 

For the MRU caches using a sequential search, the 
number of hits in different times is also an important 
factor to influence the average access time. Because the 
SMRU-V cache using a valid-bit pre-decision search 
algorithm can reduce unnecessary search times, many 
original rear hits become the front hits, and we find that 
the first hits increase 5% on average. Consequently, its 
front hits are more than other sequential MRU caches. 

Basically, when the associativity increases or the 
sub-block decreases, the first hit rate of the SMRU cache 
will decrease [9]. However, the proposed SMRU-V cache 
can significantly improve the first hit rate of the SMRU 
caches especially for the cache with a large associativity 
and a small sub-block size (shown in Fig. 4). 

In our simulation, we change the range of the 
sub-block size to observe the average access time of two 
sequential MRU caches shown in Fig. 5. When the 
sub-block size decreases at the fixed associativity = 32, 
the average access time of the SMRU cache decrease at 
first due to the reduction of miss penalty. However, the 
miss rate increases and the first hit rate decreases as the 
sub-block size decreases, and thus the average access 
time increases again until the sub-block size = 4 bytes. 
When the sub-block size is less than 4 bytes, the average 
access time starts decreasing because the reduction of 
miss penalty becomes more obvious. Contrary to the 
variety trend of the SMRU cache, the average access time 
of the proposed SMRU-V is always less than that of the 
SMRU cache as the sub-block size decreases. 

Fig. 6 indicates the improvement of the SMRU-V 
cache over the SMRU cache in average access time. Due 
to that the front hits of the SMTU-V cache increase as 
the sub-block size decreases, consequently, except for 
the sub-block size = 32 bytes, the improved rate IMRTAS 
of the SMRU-V cache will increase as the associativity 
increases at the fixed sub-block size, or as the sub-block 
size decreases at the fixed associativity.  
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Fig. 4  First hit rate vs. sub-block size at 32-way 
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Fig. 5  Improved rate in access time 
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Fig. 6  Average access time vs. sub-block size at 32-way  

 
6: CONCLUSIONS 
 

In this paper, a valid-bit pre-decision search 
algorithm applied to the sequential MRU cache is 
proposed to improve the average access time of the 
conventional sequential MRU cache with sub-block 
placement. Without adding much hardware in our 
proposed MRU cache scheme, many unnecessary search 
times are eliminated and more first hits are obtained by 
the valid-bit pre-decision. From simulation results, the 
improved rate in average access time can achieve about 
40% on average at 32-way and the sub-block size = 4 
bytes, even at the associativity = 4, the proposed 
SMRU-V still has about 7% improvement. Therefore, for 
achieving more significant improvement in the average 
access time, the proposed SMRU-V cache is suitable for 
large associativity and small sub-block size. Moreover, 
being a level two cache, the proposed SMRU-V cache 
still maintains the benefit of low cost implementation as 
that of the conventional sequential MRU cache. 
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