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a b s t r a c t

The cache memory consumes a large proportion of the energy used by a processor. In the on-chip cache, the

translation lookaside buffer (TLB) accounts for 20–50% of energy consumption of the on-chip cache. To reduce

energy consumption caused by TLB accesses, a virtual cache can be accessed by virtual addresses which

are issued by a processor directly. However, a virtual cache may result in the synonym problem. In this paper,

we propose low-cost synonym detection hardware and a synonym data coherence mechanism. These reduce

the energy consumption incurred by TLB lookups, and maintain synonym data consistency in the virtual

cache. The proposed synonym detection hardware efficiently reduces the number of blocks that must be

looked up in a virtual cache for saving energy. In addition, the proposed synonym data coherence mechanism

also reduces the number of invalidated blocks in the virtual cache to prevent the destruction of cache locality.

The simulation results show that our proposed energy-aware virtual cache consumes 51%, 27%, and 20% less

energy than the traditional physical cache, traditional virtual cache, and synonym lookaside buffer (SLB),

respectively. In addition, our proposed design shows almost the same static energy consumption as SLB, and

reduces static energy consumption by about 20% compared with the traditional physical cache and virtual

cache.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In a computer system, the memory consumes a significant pro-

portion of energy during executing applications. In previous studies

[1–3], it has been found that energy consumption of the cache

memory accounts for 45–50% of the overall energy consumption of a

processor. Therefore, the design of a memory system that will reduce

energy consumption is an important research topic.

In a memory system, the physical memory space can be efficiently

used with virtual memory. However, when a processor issues a vir-

tual address to access a physical cache or main memory, the issued

virtual address has to be translated to the physical address by a trans-

lation lookaside buffer (TLB). In previous studies [4–7], it was found

that the energy consumption of TLBs accounts for about 20–50% of

energy consumption of the on-chip cache. Fig. 1 illustrates the dy-

namic energy consumption of the TLB with the SPLASH-2 benchmark

suite using different cache sizes. The TLB typically consumes 25–45%

of the dynamic energy consumption of the on-chip cache. Therefore,

reducing the number of TLB accesses represents an efficient method

of reducing energy consumption in the memory system.
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In previous studies, it was suggested that the virtual cache archi-

tecture could efficiently reduce the number of TLB accesses, and thus

reduce the energy consumed when accessing TLB [8,9]. Because the

virtual address issued by a processor can be used to directly fetch the

desired instruction or data located in the virtual cache, the number

of TLB accesses can be efficiently reduced.

However, using the virtual cache architecture may give rise to the

synonym problem [8–19]. The synonym problem occurs when a data

item has multiple different virtual addresses to cause multiple copies

of the data item to exist simultaneously in a virtual cache. In this

paper, we called the multiple copies of a data item the synonym data

items. For example, multiple threads share memory space, and mul-

tiple applications use shared data or the same library. The data incon-

sistency problem arises when data are written to one of the multiple

synonym data items in the virtual cache (read-only cache does not

suffer such a problem). The processor may then obtain the wrong

data from the virtual cache. Thus, to use the virtual cache architecture

to reduce energy consumption, we must solve the synonym problem.

To solve the synonym problem, the synonym data items in the

virtual cache have to be consistent. In general, there is no informa-

tion indicating which blocks contain the synonym data items and

whether they have been modified. Therefore, all virtual cache blocks

that may contain the synonym data items have to be invalidated

to keep the synonym data items consistent when a write or a read
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Fig. 1. Energy consumption of TLB accesses with different cache sizes as a proportion of the entire memory system.

miss to the virtual cache occurs. However, invalidating these blocks

destroys cache locality, which lowers the hit rate of the virtual cache

and increases execution time. For this reason, the previous studies

[4,10,11,13] have used additional hardware to check whether multiple

synonym data items exist when a miss occurs in the virtual cache.

However, activating additional hardware for synonym data detection

increases the dynamic energy consumption and execution time.

Therefore, a solution to the synonym problem that decreases energy

consumption and execution time must consider the added hardware

cost for detecting synonym data items and the reduction in cache

locality in the virtual cache.

In this paper, in order to save energy and reduce the number of

invalidated blocks, we propose low cost synonym detection hard-

ware and a synonym data consistency mechanism for the virtual

cache architecture. Instead of using complicated synonym detection

hardware, we use a shared bit for each virtual cache block to in-

dicate the existence of synonym data items. That is, if the shared

bit of a block is 0, it means that the block does not have another

synonym data block in the virtual cache. In contrast, if the shared

bit is 1, it means that the block has another synonym data block or

other synonym data blocks in the virtual cache. To maintain synonym

data consistency, a synonym table located behind a virtual cache is

used to record the addresses of fetched data items in the virtual

cache. These techniques enable the proposed mechanism to main-

tain synonym data consistency, reducing the number of invalidated

blocks in the virtual cache and preventing the destruction of cache

locality.

This paper is organized as follows. In Section 2, we review some

related studies. Section 3 discusses and analyzes the synonym

problem in the virtual cache, and introduces our low-cost synonym

detection hardware and synonym data consistency mechanism.

In Section 4, the simulation results are presented, and Section 5

concludes this paper.

2. Related work

In previous research on reducing TLB energy consumption, two re-

lated issues were introduced: the reduction of TLB energy consump-

tion in the physical cache, and the avoidance of the synonym problem

in the virtual cache. These issues are discussed in turn.

2.1. Reducing the energy consumption of TLB lookup

When a processor issues a virtual address to access the physical

cache, it is translated into the physical address using the TLB. How-

ever, if a TLB miss occurs, the page table in the memory is accessed,

which increases the delay time. To reduce the miss rate of the TLB,

it is usually designed to have a high degree of associativity. However,

previous studies [14–16] have pointed out that the energy consump-

tion of tag comparisons is higher in hardware with a high associative

degree.

Zhou [14] analyzed an application that records frequently used

address translation information in a direct translation table (DTT) to

replace the TLB. To reduce the energy consumption of the DTT, part

of the virtual address is used to index the DTT without tag compar-

isons. Hsien-Hsin [20] used the semantic regions defined by software

conventions and programming languages to divide a data TLB into

three small sub-data translation lookaside buffers according to data

types. This reduces the energy consumption of each TLB access. These

mechanisms reduce the energy consumption of the TLB, but still con-

sume energy in the TLB or additional hardware tables before access-

ing the physical cache.
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