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Abstract 

The cache coherency protocol guarantees the validity of the cache block by keeping it 

with the latest updated contents. In multi-level cache memory hierarchy, the inclusion 

property enforces the lower layer cache to maintain the superset of its higher layer cache 

contents. The inclusion property has its benefits for cache coherence, but it may waste 

valuable cache blocks and bandwidth by invalidating the duplicated contents in the 

higher level cache. In this paper, a new cache contention management scheme is 

presented with modified inclusion property to avoid unnecessary cache block 

invalidation.     
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1. Introduction 

In computer systems, cache memory performs a critical role both for the 

performance and the energy efficiency. Each program competes for the cache, while 

the cache misses invoke power and bandwidth consumption by accessing the main 

memory as well as slowdown of the program. Recently, multiprocessor systems with 

multi-core processors are widely used for mobile smartphone systems as well as the 

high performance computer systems. In general, multi-core processors have higher 

level private cache memory for each core, and lower level shared cache memory 

commonly used by several cores. For example, Samsung Exynos processors and 

Qualcomm Snapdragon processor use this type of cache hierarchy. The Exynos 5 

dual-core processor uses 32KB Instruction and Data cache and 1MB shared L2 

cache, Snapdragon S4 quad-core processor uses 16KB Instruction and Data cache 

and 2 MB L2 shared cache. Figure 1 shows typical memory hierarchy of a quad-core 

processor. 

 

 

Figure 1. Cache Memory Hierarchy for Multi-processor Systems 

The multi-level cache hierarchy causes more complex problems to keep the cache 

coherence [1]. The snooping protocol, a widely used cache coherence protocol, will need 
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to check whether the same cache block exists in all the cache levels for most cache 

requests, and this will result in larger overhead and longer delay. To solve this problem, 

the multi-level cache inclusion property has been used [2]. The cache coherence protocol 

guarantees the validity of a cache block with latest updated content, and the inclusion 

property enforces the lower level cache to maintain a superset of its higher level caches 

[3]. With this inclusion property, we can remove the need to check the existence of a 

duplicated cache block in higher level cache if the same block is not available on the 

lower level shared cache. If a cache block is replaced and removed from the lower level 

shared cache, then the duplicated copy of the cache block on the higher level private 

cache is invalidated to keep the inclusion property. The multi-level cache inclusion 

property has its benefits for cache coherence. However, it has the down side effect; it may 

waste valuable cache blocks duplicated between L1 and L2 caches.  

In multicore systems including smartphones, it is common situation to perform the 

primary processes and other various user applications simultaneously. Each core may 

perform a different process with hierarchical L1 and L2 cache structure as shown in Fig. 

1. Normally, the primary communication process has less frequent requests for cache 

memory than other application processes that will have frequent requests for cache 

memory. In that case, a working group of higher priority primary process in L2 cache can 

be polluted by a lower priority processes with frequent cache requests. The processor with 

frequent cache requests will increase the possession of shared L2 cache and this will 

affect the cache performance of the primary process since it will increase the invalidation 

of L1 cache blocks of the primary process. This kind of cache pollution can be worse to 

keep the cache coherence and inclusion property.  

In this paper, we proposed a new cache contention management scheme to remove the 

cache invalidation of the primary process by the inclusion property. This scheme 

classifies the memory blocks into two groups; a shared data group and a private data 

group, and allows the inclusion property be relieved for the private data group since the 

cache coherence can be guaranteed for this group even without the inclusion property. 

This paper is organized as follows. In Section 2, the multi-level cache inclusion property 

and its problems are discussed. In Section 3, the new cache contention management 

scheme with modified inclusion property is presented. Section 4 will show the simulation 

result of the cache performance with benchmark programs for the modified inclusion 

property, and Section 5 will conclude this paper. 

 

2. Cache Invalidation by Inclusion Property 

In multicore systems with hierarchical cache architecture, private L1 cache and shared 

L2 cache, the purpose of the multi-level cache inclusion property (MLI) is to avoid the 

high contention for the shared L2 cache and the bottle neck problem caused by it. Figure 2 

shows the comparison of memory access with and without multi-level cache inclusion 

property.  

In the MLI case that is shown in Figure 2 (a), the processor 2 (P2) checks the existence 

of the requested cache block only on the shared cache. If the block is not available on the 

shared cache, it is guaranteed that the same block does not exist on the L1 cache of the 

processor 1 (P1). In the non-MLI case as shown in Figure 2 (b), however, the cache miss 

for the shared cache for a request by P2 does not guarantee that the same block does not 

exist in the L1 cache of P1. Therefore, the L1 cache of P1 should be checked for all the 

memory access of P2, which will cause high contention and traffic delay for caches 

between levels.  
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(a) Access path of MLI cache                   (b) Access path of non-MLI cache 

Figure 2. Path of Memory Access 

In some cases, the multi-level cache inclusion property may cause performance 

degradation of cache memory. Figure 3 shows the cache contention and invalidation by 

the multi-level cache inclusion property. The L2 cache requests of P1 for ‘2000’ may 

replace the cache block ‘3000’ which was used by P2, and by the multi-level cache 

inclusion property, the duplicated cache block in L1 cache of P2 ‘3000’ will be 

invalidated. This will cause cache miss on L1 cache of P2. Furthermore, if unbalanced 

workloads are dispatched on several cores that are sharing the L2 cache, the lightweight 

core is disturbed by frequent invalidation requests caused by the other heavyweight core 

to maintain the inclusion property between caches. In this asymmetric workload 

environment, the multi-level cache inclusion property has a bad effect on the cache 

performance.  

 

 

Figre 3. L1 Cache Invalidation by the L2 Cache Contention and Inclusion 
Property 

The inclusion property may cause the waste of bandwidth as well as cache  blocks. 

Each cache block in lower level cache should be duplicated in higher level caches, 

and a single write operation may require several update operations for the higher 

level caches. As the depth of the cache hierarchy increases, the waste of cache 

blocks and bandwidth will be more significant. Therefore, a new policy for the 

inclusion property should be considered. In prior works, the advantages of not using 

the multi-level inclusion property have been discussed as follows [6].  

• Context switches will be faster because fewer messages will need to be moved up the 

cache hierarchy for the write backs or invalidation. 

• The effective size of the cache system increases by getting rid of data duplication. 

This is very important when two consecutive levels of caches, namely L1 and L2, or 

L2 and L3 have similar sizes. 
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• Conflict misses in the second level cache are reduced due to the fact that heavily 

referenced blocks are moved to the first level cache, leaving room for other blocks to 

come in the second level cache.  

• Bandwidth can be saved because fewer updates will be needed. The dirty block will 

not need to be written back to all the higher level caches in the hierarchy until 

reaching the memory. 

Recently, the common use of multicore architecture in smartphones and computer 

devices increases the need to consider the non-inclusion property. We considered 

the non-inclusion property for smart devices with multicore architecture and multi -

level cache hierarchy, and present a new multi-level cache contention management 

scheme with modified inclusion property.  

  

3. Cache Contention Management with Modified Inclusion Property 

To remove the side effects by the multi-level cache inclusion property, the first step is 

finding cache blocks which can be writeable among different cores. Executable programs 

contain several types of binary data. Writeable shared data are keys of the coherency 

transactions because the other data do not incur major coherency problems. Thus the 

inclusion property can be limited to the writeable shared data only. For the inclusion 

control, 5 data types are defined; executable codes, read only data, writable private data, 

writable shared data, run-time allocated data. The inclusion property can be relieved for 

the executable codes, read only data, writable private data. Table 1 shows the 

classification of data block types, and the suggestion of modified control methods for the 

cache inclusion property. 

Table 1. Data Type and Inclusion Property Control 

Data types Inclusion property control 

executable codes 
Minor control by OS 

(invalidate when 

page replacements, etc.) 
read only data 

writeable private data 

writeable shared data 
Controlled by H/W 

run-time allocated data 

 

According to the data types, every memory block can be grouped as described 

types when the program loaded into main memory. The type distinction can be 

processed by the compiler except some run-time allocated data. For simplified 

processing, the run-time data can be handled the same as the writeable shared data. 

To minimize of the inclusion property overhead, it is needed to check each 

memory access whether it should keep the inclusion property or not. For this, the 

inclusion bit was added which has the information related to the address range of 

memory. The inclusion bits can be attached to the page table/TLB, and it is 

controlled by the operating systems. Every virtual address access from a core has to 

be translated to the physical address with the inclusion attribute. If a translated 

address does not need to maintain the inclusion property, it can be placed in the 

shared L2 cache with additional status bit that indicates the data block can be 

removable without invalidating L1 cache.  

Every memory access from a core may invoke a block replacement in the shared 

L2 cache according to the LRU-like algorithm. If the most aged block is removable, 

it can be removed without invalidating of the higher level L1 cache. Fig. 4 exhibits 
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this scenario which does not keep the inclusion property for the L1 data block 

‘3000’ thus P2 request results in hit. 

 

 

Figure 4. Shared Cache Replacement without Inclusion Property 

 

4. Simulation Result 

For the evaluation of the proposed method, The DineroIV [4] cache simulator was 

used to test the impact of the L1 and shared L2 caches. The DineroIV is a memory 

trace driven simulator, but does not support the hierarchical shared cache structure 

of multi-core processor. Thus the simulator was modified as shown in Figure 5 

through trace control program which handles two memory traces, two L1 caches, 

and shared L2 cache.  

For the memory access traces, CEXP was selected as a lightweight workload that 

shows high hit ratio for small cache size. There are other 8 programs and a mixed 

trace. The mixed trace is a memory consuming workload with 507 writes (writeable 

shared data) from CEXP and other traces. Table 2 shows the property of the 

workloads from the SPEC’92 benchmark [5].  

 

 

Figure 5. Simulation Flow of Hierarchical Caches 

Table 2. Characteristics of the Benchmark Trace Data 

Program Instruction 

Fetch 

Data 

Read 

Data 

Write 

Sum 

CEXP 18041 1452 507 20000 

COMP 2055 113 356 2524 

EAR 4335 711 262 5308 

HYDRO 1651 192 284 2127 
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MDLJD 15931 2065 2004 20000 

NASA7 1439 146 270 1855 

SWM 15205 1405 3390 20000 

UCOMP 2209 161 363 2733 

WAVE 2709 254 464 3427 

Mixed trace 42240 4722 6962 53924 

 

The L1 cache is assumed to have more than 256B size and tested for 2-way and 4-way. 

In general, the size of the shared L2 cache should be bigger than the sum of its higher 

level L1 caches for efficiency, thus the simulated sizes of the shared L2 caches are tuned 

to 4 times and 8 times of the sum of L1 caches sizes, and tested for 2-way, 4-way, and 8-

way. 

Table 3 presents the L1 cache miss ratio when CEXP program is performed alone 

with non-MLI property. According to this result, the CEXP program shows less than 

4.06% of cache miss ratio with more than 256B cache size, and even 0% conflict 

miss for 4-way, and more than 1KB cache sizes.  

Table 3. Cache Miss Ratio of CEXP Trace Data, (4 byte/block) 

Associativity Miss type 
L1 Cache Size 

256B 512B 1KB 2KB 

2-way 

Miss 4.06% 2.61% 2.54% 2.45% 

Conflict Miss 0.19% 0.15% 0.10% 0.02% 

4-way 

Miss 3.97% 2.48% 2.45% 2.44% 

Conflict Miss 0.08% 0.02% 0.00% 0.00% 

 

Figure 6 shows the conflict miss ratio of L1 cache with modified cache inclusion 

property when CEXP program is performed with various cache sizes. This also 

shows significantly reduced cache miss ratio compared with the traditional way.  

 

 

 

Figure 6. L1 Cache Conflict Miss Ratios with Non-MLI, with the CEXP Trace 
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Figure 7 shows simulation results of conflict miss ratios originated from the non-

inclusive types of data that according to (a) the traditional method with multi-level cache 

inclusion property, and (b) the proposed method with modified inclusion property.   

The simulation results show the inclusion property incurs most of the conflict 

misses in the L1 cache, and the proposed method with modified inclusion property 

removes these unnecessary cache misses significantly. 

 

 
(a) Cache miss ratio with MLI property  

 
(b) Cache miss ratio of Non-MLI property 

Figure 7. Conflict Miss Ratio of CEXP Executed Private L1 Cache (x4, x8: 
shared Cache Size Compared to the L1 cache size) 

The simulation results show the inclusion property incurs most of the conflict 

misses in the L1 cache, and the proposed method with modified inclusion property 

removes these unnecessary cache misses significantly. 
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5. Conclusion  

Multicore processors with multi-level cache architecture are widely used in 

mobile smart devices. In those devices, the inclusion property may incur the cache 

conflict in lower level shared cache, and this will generate unintended block 

invalidation process up to the higher level cache. With unbalanced workloads 

dispatched into the cores with shared cache, the cache conflict problem may be 

worse. The proposed method solved this issue by limiting the inclusion property to 

the writeable shared data, and by adding the inclusion bit in the page table/TLB and 

removable bit in the shared L2 cache. The simulation results show that the proposed 

method reduced the cache miss ratio significantly. 
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