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                                   ABSTRACT 
In this paper, we present two methods to reduce leakage energy 
by dynamically resizing the cache during program execution. 
The first method monitors the miss rate of the individual 
subbanks (in a subbanked cache structure) and selectively shuts 
them if their miss rate falls below a predetermined threshold. 
Simulations on SPECJVM98 benchmarks show that for a 64K I-
cache, this method results in a leakage reduction of 17-69% for a 
4 subbank structure and 18-75% for a 8 subbank structure when 
the performance penalty is <1%. The second method 
dynamically resizes the cache based on whether the macro-
blocks (a group of adjacent cache blocks) are being heavily 
accessed or not. This method has higher area overhead but 
greater leakage energy reduction. Simulations on the same set of 
benchmarks show that this method results in a leakage reduction 
of 22-81% for the I-cache when the performance penalty is 
<0.1%, and 17-85% for the D-cache when the performance 
penalty is <1%. 

               1. INTRODUCTION   
In recent microprocessor designs, a large part of the die size is 
devoted to memory components like instruction cache, data 
cache, buffers and tables. For instance, 30% of Alpha 21264 and 
60% of Strong Arm chip area are devoted to caches and memory 
components. Thus a significant part of the leakage energy on a 
chip is due to caches. In fact, according to recent industry 
estimates, for 0.13um technology, 30% of L1-cache energy and 
80% of L2 cache energy is due to leakage [1].  
   An effective way of reducing leakage energy in caches is by 
dynamically resizing it during application execution. The novel 
cache design, referred to as the Dynamically ResIzable 
Instruction cache (DRI-cache) [1] virtually turns off the supply 
voltage to the cache’s unused sections to eliminate leakage. At 
the architectural level, the method exploits the variability in 
instruction cache usage and reduces the instruction cache size 
dynamically. At the circuit level, the method uses a mechanism 
called gated-Vdd, which reduces leakage by effectively turning 
off the supply voltage to the SRAM cells of the cache’s unused 
block frames. 
   Another approach to reduce leakage energy is based on 
selective-way cache organization [2]. This method exploits the 
subarray partitioning of set associative caches to provide the 
ability to disable a part of the cache. This technique allows for 
varying the set associativity of the cache depending on the 
utilization of the cache across applications, while the cache size 
is set prior to the application execution. 
 A more recent approach operates at a lower granularity and 
selectively shuts off cache blocks when they have not been 
activated for a predetermined length of time [3]. This method 
can result in L1 leakage energy reducing by 4x for SPEC2000 

benchmarks. Even greater reduction can be obtained by 
adapting the delay intervals during program execution. 
   In this paper, we present two promising approaches to 
reduce leakage energy in cache. The first approach is based 
on selectively shutting off the subbanks of an instruction 
cache while the second approach utilizes the access pattern 
of the macro-blocks to resize the cache (instruction or 
data). While the first approach has a lower area overhead, 
both  
approaches achieve leakage energy reduction at the 
expense of a mild degradation in the performance. 
Simulations on the SPECJVM98 benchmarks show that the 
active portion size of the instruction cache  is 32%-80% for 
a 4 subbank structure and 24%-78% for a 8 subbank 
structure when the performance penalty is < 1%. This 
results in a leakage energy reduction of 17-69% (average 
38%) for the 4 subbank structure and 20-75% (average 
52%) for the 8 subbank structure. Similar simulations on 
the access pattern based method show that the active 
portion size is 16%-67% for instruction cache when the 
performance penalty is 0.1% and 28%-78% for data cache 
when the performance penalty is 1.0%. This results in a 22-
81% leakage energy reduction in the instruction cache and 
17-65% in the data cache. 
   The rest of the paper is organized as follows. Sections 2 
and 3 describe and validate the approaches based on 
selective disabling of the subbanks and monitoring of the 
access pattern of the macro-blocks. Section 4 concludes the 
paper. 

        2. DISABLING CACHE SUBBANKS 
2.1 Leakage Energy Reduction mechanism 
   The main idea behind the proposed leakage energy 
reduction mechanism is to selectively shut down some of 
the subbanks in a subbanked cache structure based on the 
miss rate of the individual subbank. The scheme is 
implemented on a 4 as well as 8 subbank instruction cache. 
The mechanism is explained below. The miss rate for each 
subbank is calculated for every one million-access 
intervals. If the miss rate falls below the preset threshold 
value, then the least accessed subbank is disabled. Actually, 
the entire subbank is not disabled – the top 1K of the 
subbank is left active for future accesses. This is referred to 
as ADS or activated part of the disabled subbank. Future 
access (either read or write) to the disabled subbank are 
mapped into ADS. By leaving a fraction of the subbank 
active (1KB), we reduce the performance degradation 
significantly. To map accesses to the ADS, we mask the 



higher four bits of the subbank address in the mapping function. 
   In order to calculate the miss rate of each subbank, we count 
the number of accesses to each subbank, and the number of 
hit/misses for that subbank. The threshold miss rate was chosen 
to be 1.5% implying a performance penalty of 1%. While the 
miss rate of the different programs varied, the average miss rate 
was 0.5%. The ADS size was chosen to be IK since this resulted 
in the largest reduction in active portion size compared to when 
the ADS was 0.5K or 2K. The change of cache size in our 
method is not as abrupt as in [1], where the cache size changes 
by a factor of 2 each time. For instance, a 64K cache organized 
into 8 subbanks can be resized into 57K, 50K, 43K, 36K, 29K, 
22K, and 15K. 
2.2 Overhead 
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 Fig 2: Average cache size for 4 and 8 subbank I-Cache for 
SPECJVM 98 benchmarks 
Energy overhead: Dynamic energy is consumed in the L2 
cache due to the extra L1 misses caused by the shutting down of 
the subbanks. However, energy reductions are gained by the 
subbanking structure due to selective precharging and sharing of 
sense amplifiers. The L1 leakage energy and the extra L2 
dynamic energy are computed using the equations derived in [1]. 
L1 leakage energy = active fraction * 0.91 * number of cycles 
Total energy overhead = extra L2 dynamic energy.  
extra L2 dynamic energy = 3.6 * extra L2 accesses.  
Access time overhead: Cache subbanking mechanism has a 
gate delay due to the masking bits in the mapping function, 
which impacts the cache lookup time. This is negligible 
compared to the access time reduction due the fast decoding 
logic in this method. 
 2.3 Results  
Experimental setup: For cycle accurate simulation of cache 
behavior, we used the Shade cache simulator version 6 [4]. The 
base model consists of direct mapped 64KB instruction cache, 
64KB data cache, and a 1MB unified L2 cache with set 
associativity of 2. We have used SPEC JVM98 benchmark for 
our experiments. 
   For the 4-subbank 64K instruction cache structure, if one 
subbank is disabled, the active portion size reduces by 23%. 

This is because 1K of the ‘disabled’ subbank is still enabled 
and so the active portion reduces by 15/64 ≈ 23%. By 
keeping track of the number of subbanks disabled though 
the entire application execution, we obtain the average 
active portion size. For the 4 subbank structure, the active 
portion size ranged from 32% to 80% while for the 8 
subbank structure, the active portion size ranged from 24% 
to 78%. Figure 1 describes the active portion size reduction 
obtained from 4 and 8 subbank cache structure. Note that in 
all the examples (with the exception of Jess and Raytrace), 
increasing the number of subbanks causes a greater 
reduction in the active portion. 

Leakage Energy (J) Examples 
Without 
Resizing 

With Resizing 
(L1 Leakage 

+L2 Dynamic) 

% Leakage 
Energy 

Reduction 

Database 0.12 0.054 
(0.05+0.004) 

55 

Mpeg Audio 0.37 0.128 
(0.122+0.006) 

65 

Check 0.07 0.022  
(0.022 +0.002) 

69 

Check it 1.04 0.28  
(0.26+0.0.02)  

73 

Java C 0.24 0.173 
(0.163+0.0.1) 

28 

JESS 0.25 0.205 
(0.195+0.01) 

20 

Raytrace 1.17 0.755 
(0.725+0.03) 

35 

MT Raytrace 1.08 0.269 
(0.259+0.01) 

75 

Table 2: Leakage energy results for SPECJVM 98    
benchmarks for 8 subbank I-cache 
Tables 1 and 2 describe the reduction in L1 cache leakage 
energy before and after resizing. The additional L2 cache 
dynamic energy overhead was found to be much smaller 

Leakage Energy (J) Examples 
Without 
Resizing 

With Resizing 
(L1 Leakage 

+L2 
Dynamic) 

% Leakage 

Database 0.13 0.079 
(0.073+0.06) 

39 

Mpeg Audio 0.34 0.282 
(0.272+0.001) 

17 

Check 0.07 0.022  
(0.022 +0) 

69 

Check it 1.06 0.698 
(0.668+0.03)  

34 

Java C 0.28 0.221 
(0.213+0.008)  

21 

JESS 0.27 0.196 
(0.184+0.012) 

27 

Raytrace 1.18 0.597 
(0.57+0.019) 

49 

MT Raytrace 1.08 0.581 
(0.562+0.019) 

46 

Table 1: Leakage energy results for SPECJVM 98 
benchmarks for 4 subbank I-cache. 



than the leakage energy reduction in the L1 cache. As a result, 
the leakage energy is reduced by 17-69% for a 4 subbank 
structure and 18-75% for a 8 subbank cache structure. The 
leakage energy reduction was on the average higher for the 8 
subbank cache structure --52% compared to 38% reduction 
obtained in the 4 subbank structure. All these results are for the 
case when the performance penalty is < 1.0%. Larger 
performance penalties result in larger reduction in the active 
area. However, the number of L2 misses increases as well and 
the dynamic energy overhead offsets the reduction in leakage 
energy. 

3. MACROBLOCK ACCESS PATTERN 
BASED METHOD  
A macroblock is a contiguous block of memory that is large 
enough so that the maintenance overhead is reasonable, but 
small enough so that the access pattern of the memory addresses 
within each macroblock is statistically uniform. The macroblock 
access pattern based method borrows some of the concepts from 
cache bypassing. Cache bypassing is a procedure to  determine 
the data placement within the cache hierarchy based on the 
usage pattern of the memory locations accessed [5]. It uses a 
hardware mechanism called the Memory Address Table (MAT) 
to maintain and utilize the access patterns of the macroblocks to 
direct data placement. On a memory access, a look up in the 
MAT of the corresponding macroblock entry is performed in 
parallel with the cache access. If the cache access resulted in a 
hit, the access proceeds as normal. If the access resulted in a 
cache miss, then the cache controller must look up the MAT 
counter corresponding to the cache block that would be replaced 
to determine which data is more heavily accessed, and then 
predict which is more likely to be reused in cache. 
   For example, let the block ‘j’ residing in the cache have a 
spatial counter value of ’ctr2’ in the MAT. Let the access to 
cache block ‘i’ result in a miss and now a decision has to be 
taken whether to bypass the access to block ’i’ or replace it in 
the position of block ‘j’. Let the spatial counter value for block 
‘i’ be ‘ctr1’. Then the counter value of the residing block, i.e. ‘j’, 
is decremented (i.e. ctr2--) and compared with that of the 
missing access. The actual comparison performed is ctr1  <  f  *  
ctr2. If this condition is satisfied, then the fetched data bypasses 
the cache, else it replaces the existing cached data. f is a 
fraction, which can be used to control the level of bypassing. A 
small ‘f’ prevents, while a large ‘f’ results in aggressive 
bypassing 
 3.1 Leakage energy reduction mechanism:  
The leakage energy reduction mechanism uses the information 
in the MAT counters to resize the cache dynamically. The MAT 
counter values give an indication of whether the application is 
going through a heavily accessed region or not. So, if the MAT 
counter values are low, the cache can be downsized without 
significant degradation in performance. Similarly, if the MAT 
counter values are high, the cache should be upsized if possible. 
In our procedure, we introduce sum_MATcntr to keep the sum of 
the MAT counter values. If sum_MATcntr is less than the preset 
threshold value then the cache is downsized, else the cache is 
upsized. The preset threshold value is determined by the 
performance constraint. Use of the MAT counter values (or 
access profile) to resize makes this method effective even for 
applications with irregular access patterns. 

   Resizing the cache requires that we change the cache 
block lookup and mapping function dynamically. In 
conventional caches, there is a fixed set of index bits to 
locate the set to which a block maps and also a fixed 
number of tag bits. Since, we resize the cache, we require 
different number of tag bits for each of the different sizes. 
To meet these requirements, we maintain as many index 
bits to satisfy the largest possible cache size and as many 
tag bits to satisfy the smallest possible cache size. To find 
the right number of index bits, for a given cache size, we 
use a mask. Every time the cache downsizes, we shift the 
mask to the right to use a smaller number of index bits. The 
extra tag bits called as resizing tag bits are ignored for 
larger cache sizes. This mechanism is identical to the 
resizing method used in [1]. 
3.2 Overhead  
The Macroblock method used here for leakage energy 
reduction uses hardware components to monitor and 
improve the cache performance. For instance, a 8-bit adder 
is used to increment, decrement or compare the spatial 
counters and a  16-bit adder is used to sum the spatial 
counters at the end of each interval to obtain sum_MATcntr. 
Thus there is area overhead when compared to the 
traditional caches. 
Energy overhead: Energy is consumed in MAT as it 
maintains the monitored data from the cache. For a 1024 
entry MAT with 12 tag bits, one valid bit and an 8 bit 
spatial counter, we need roughly 2Kb of memory. So, there 
is dynamic as well as leakage energy consumed in the 
MAT. 
• For every access, energy is consumed in the 8-bit 
adder/subtractor, which does the increment operation, 
decrement operation or the compare operation. Energy is 
also consumed in the 16-bit sum_MATcntr adder. 
• Energy is consumed by the extra L2 misses due to 
resizing of the cache. 
• Also, dynamic energy is consumed due to the tag 
resizing bits maintained for resizing the cache. 
   We found that energy per access for the MAT structure to 
be 0.21nJ using Cacti [6]. We found the energy per addition 
for an 8-bit adder/subtractor to be 1.36pJ and that of a 16-
bit adder to be 2.70pJ using SPICE for 0.18u technology.  
Total energy overhead = energy due to MAT + energy due 
to 8-bit adder/subtractor  + energy due to 16-bit adder + 
extra L2 dynamic energy + extra L1 dynamic energy. 
extra L1 dynamic energy = resizing bits * 0.0022 * L1 
access. 
extra L2 dynamic energy = 3.6 * extra L2 accesses. 
Access time overhead: In the cache bypassing mechanism, 
there will be a look up in the MAT for every cache access. 
There are three possibilities. 
(a)Cache hit i.e., an entry is found. In this case, the spatial 
counter is incremented. This can be done in parallel with 
the cache access. So, this does not introduce extra time 
delay. 
(b)Cache miss. In this case, a MAT entry has to be found 
for the missing access. Also, a MAT entry for the cache 
block, which would be replaced, has to be found. Then, a 
comparison operation has to take place, which will 
determine whether to bypass the cache or not. This 



introduces a delay in the cache operation. Since, the miss rate 
for I-cache, which is under the study here, is very small (around 
1% miss rate), this doesn’t degrade the performance of the 
cache. 
(c)No entry is found for that cache access, in which case a new 
entry is created. Since this can be done in parallel with the cache 
access, there will be no time delay. 
3.3 Results 
Experimental setup: This method was also implemented using 
the Shade cache simulator and simulated using SPECJVM98 
benchmarks. The base model was the same as in section 2, 
namely, direct mapped 64K instruction cache and 64K data 
cache. The macroblock size was 1KB. The MAT had 1024 
entries. Each MAT entry had one valid bit, 12 tag bits and an 8 
bit spatial counter.  
   The preset threshold values were chosen experimentally. For 
instruction cache, when the performance penalty is 0.1%, the 
value used was 138. For data cache when the performance 
penalty is 1.0%, the value used was 141. 
   Table 4 shows the results obtained for the instruction cache 
with SPEC JVM98 benchmarks by using the cache bypassing 
method. The active portion of the instruction cache ranged from 
16% to 67% for a performance penalty of 0.1%. The active 
portion size was reduced to as much as 16% for Check it, MT 
Raytrace and Raytrace applications. Note that the extra dynamic 
energy in L2 cache is very small because of the very small 
increase in miss rate. Since the dynamic energy overhead is 
quite small, the leakage energy reduction by this method scheme 
varies from 22% to 81% with an average of 60%.  

Table 4: SPECJVM 98 benchmark results for I-cache using 
Macroblock method. 

Leakage energy % Redn.  
Examples I-cache 

(penalty.1%) 
D-cache 

(penalty 1%) 
Database 37 37 
Mpeg Audio 74 61 
Check 22 17 
Check it 80 63 
Java C 51 49 
JESS 52 52 
Raytrace 81 64 
MT Raytrace 81 65 

Table 5: SPECJVM 98 benchmark results for I-cache using 
Macroblock method. 

  Table 5 shows the percentage reduction in I-cache and D-
cache when this scheme is applied. Note that to obtain 
comparable leakage energy reductions, the performance 
penalty of D-cache was increased to 1% (compared to the 
0.1% penalty in I-cache). This is to be expected since 
access patterns of D-caches are not as regular. 

               4. CONCLUSION 
In this paper we presented two methods to dynamically 
resize caches. The first method shuts off the subbanks 
selectively and achieves reduction in leakage energy with 
very little extra hardware. Simulations with the 
SPECJVM98 benchmarks show that the active portion size 
of the instruction cache can be reduced to 32-80% for a 4 
subbanked structure and to 24-78% for a 8 subbanked 
structure when the performance penalty is < 1.0%. The 
leakage energy reduction in L1 cache is significantly higher 
than the dynamic energy due to extra misses in the L2 
cache resulting in the average leakage energy reducing by 
38% for a 4 subbanked structure and by 52% for a 8 
subbanked structure. 
The second method uses counters to monitor the access 
patterns of the macroblocks and has higher hardware 
overhead. However, simulations show that the active 
portion of the instruction cache can be reduced from 16-
67% by this method when the performance penalty is < 
0.1% and  that the active portion of the data cache can be 
reduced from 28-78%, when the performance penalty is 
<1.0%. As a result, the average leakage energy reduction is 
60% for the instruction cache and 51% for the data cache. 
This is higher than the reduction obtained by the subbank 
based method. 
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Active 
size 

L1 
Leakage 
energy 

redn. (J) 

Extra 
L2 

dyn. 
energy 

(J) 

Energy 
overhead  

due to MAT 
structure and 

adders(J) 
Database 0.42 0.07 0.0007 0.025 
Mpeg 
Audio 

0.24 2.6 0.0008 0.060 

Check 0.67 0.03 0.0004 0.012 
Check it 0.16 0.90 0.003 0.04 
Java C 0.29 0.17 0.001 0.047 
JESS 0.28 0.18 0.001 0.048 
Raytrace 0.16 1.00 0.008 0.027 
MT 
Raytrace 

0.16 0.90 0.001 0.029 



 
 


