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Abstract. Shared last level cache is crucial to performance. However, multi-
thread program model incurs serious contention in shared cache. In this paper,
to reduce average cache access latency, we propose two schemes. First, an im-
plicitly dynamic cache partitioning scheme, i.e. block agglutinating. The pur-
pose is to isolate conflicting data blocks. Second, a novel hardware buffer,
called thread owned block cache, i.e. TOB Cache. The purpose is to store con-
flicting data blocks. Extensive analysis of the proposed schemes with Splash2
benchmarks and Bioinformatics workloads is performed using a cycle accurate
many-core simulator. Experimental results show that the proposed schemes
make conflict miss rate of shared cache reduced by 40% compared to traditional
shared cache. Compared with victim cache, average load latency of shared
cache and primary data cache is reduced by about 26% and 12%, respectively;
primary data cache miss penalties are reduced by about 14%, and IPC is im-
proved by 17%.
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1 Introduction

On-chip multi-processor is a promising trend of computer architecture [3,10,11]. It is
critical to design a high performance on-chip memory system with lower access la-
tency and larger effective capacity. For the last level cache, it benefits more from
shared than private design. However, it is well known that there exists conflict in
table-based shared structure of computer systems, such as TLB, cache et al. Although
multi-thread program model is promising in many-core architecture [10], it deterio-
rates conflict in shared cache. It is validated by evaluation via Godson-T many-core
architecture simulator [25]. Shared cache misses described by traditional 3C classifi-
cation model is shown as Fig.1. As number of threads increases, ratio of compulsory
misses reduces, while ratio of conflict misses increases. Because input data sets of
workloads do not change, absolute number of compulsory misses does not be re-
duced. The intra-thread and inter-thread conflict misses are divided further, as shown
in Fig.1. It shows that as number of threads increases, inter-thread conflict misses
occupy majority of conflict misses. The frequent off-chip memory accesses will incur
overall performance decrement. Because there are many processing cores access it
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simultaneously, shared cache becomes a hot spot in on-chip network. If most of re-
quests to the shared cache are forwarded to off-chip memory, it may incur tree satura-
tion [5]. Tree saturation incurs larger average memory access latency, and the latency
can be reflected by ratio of private level-one data cache miss penalty, as shown in
Fig.2. Here, miss penalty means the waiting cycles when level-one cache miss occurs
until the requested data block is refilled completely. It motivates us to focus on how
to increase effective on-chip memory capacity and on-chip hit rate.
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Fig. 1. Breakdown of Shared Cache Misses Fig. 2. Ratio of L1 Miss Penalty

(on a 64 processing cores many-core architecture with 32KB, 4-way private data cache;
16KB, 2-way private instruction cache; and 2MB non-inclusive 8-way associative shared level-two cache)
(Ratio of Miss Penalty = Cycle of Processing L1 Cache Miss / Total Thread Executing Cycle)

In this paper, we make following contributions. Firstly, we present a dynamic
cache partitioning scheme, i.e. block agglutinating. The purpose is to partition shared
cache space implicitly and isolate conflicting data blocks between different threads.
Secondly, we propose a dedicated hardware buffer, named thread owned block cache,
i.e. TOB Cache. The purpose is to reduce off-chip misses via migrating conflicted
data blocks. Experimental results via a cycle accurate many-core processor simulator
show effectiveness of the proposed schemes, and performance improvement com-
pared with victim cache.

The remainder of the paper is organized as follows. Section 2 elaborates the pro-
posed block agglutinating partition scheme and TOB cache. Section 3 presents details
about our simulation platform and benchmarks, and experimental results are analyzed
in Section 4. Related work is described in Section 5, followed by our conclusions in
Section 6.

2 Cache Management Policy

We assume a non-preempted multi-thread execution model, so we use processing core
and thread without distinguishing in following sections.

2.1 Block Agglutinating

The purpose of block agglutinating scheme is to eliminate conflicts in shared cache
[16]. The scheme divides shared cache capacity dynamically when making the decision
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of cache block placement and replacement. In this way, a processing core occupies
some blocks of shared cache. The occupied blocks cannot be replaced by other proc-
essing cores. To implement it, each cache block is extended by a field to store the
identifier of the owner thread, as TID shown in Fig.3. The block agglutinating cache
partition scheme does not need support of operating system. The TID field denotes
the right of replacement only, so a processing core may be hit in a cache block belong
to another processing core. For a many-core processor with n processing cores, a
log,n bits' TID field can implement full thread IDs. In our baseline configuration, the
overhead is about 1% of shared cache.

2.2 Adaptively Occupancy of Blocks

If blocks are occupied by threads as first-come-first-service allocation policy, it may
potentially result in an unfair division of cache space between threads. So it should be
an adaptive block agglutinating scheme, which means that a processing core should
yield some own blocks adaptively. To implement it, cache block should be extended
with a saturating counter, i.e. an access frequency counter, as AFC shown in Fig.3.
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Fig. 3. Structure of Cache Set Fig. 4. Block Diagram of TOB Cache

It predefines a threshold to denote the acceptable lowest reuse frequency. When a
block is loaded from off-chip memory into shared cache, its AFC is set to be equal to
the threshold. When value of an AFC counter is lower than the threshold, it means
that the block can be preempted by another processing core as its new block's place-
ment position. Update of AFC is based on the replacement policy, as shown in Fig.5.
The value of an AFC counter will be incremented on every hit to this block. When
there is a cache miss in the indexed set, all AFC counters excluding its own are dec-
remented. Thus, value of AFC denotes the block's reuse frequency. When its AFC
counter is less than the threshold, a block's TID is set to be invalid. Note that a TID is
set to be invalid does not mean the cache block is invalidated. In this case, it means
that the cache block can be replaced by another processing core, but the already exist-
ing cached data is valid and can be accessed until it is evicted from shared cache. In
addition, a cache access maybe hit in a block owned by another thread, because the
TID means the replace right only.

The implementation complexity of adaptive block agglutinating scheme is negligi-
ble. In our baseline configuration, a 4-bit AFC per cache block is adopted, and the
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additional hardware cost is about 0.9% of shared cache. And along with TID field, the
total additional hardware cost is about 1.9% of shared cache.

2.3 Thread Owned Block Cache

In this section, we present a data block migrating scheme supported by a dedicated
hardware buffer for each shared cache bank, called thread owned block cache, i.e.
TOB Cache. The fully associative TOB caches store data blocks that would incur
conflict between threads in cache banks. It is exclusive between cache bank and its
corresponding TOB cache. For simplicity, it is assumed that a static NUCA cache [1]
in the baseline configuration, but the proposed schemes can be extended to other
architectures easily. Each of all shared last-level static NUCA cache banks is implic-
itly partitioned by the proposed adaptive agglutinating scheme, as shown in Fig.4. The
TOB Cache is also implicitly partitioned by block agglutinating scheme.

The hit policy can be illustrated in three cases. In the case of a cache bank hit, it
behaves same as traditional shared cache. The request is satisfied immediately. But
once a cache bank misses, it should look up the corresponding TOB cache. If it hits in
the TOB cache, the request is satisfied by TOB cache without additional latency. If a
TOB cache miss happens, an off-chip miss occurs.

2.4 Placement and Replacement Policy

Instead of explicitly partitioning the cache, block agglutinating scheme implicitly
partitions the cache and isolates different threads' cached blocks by placement and
replacement policies simply. There are two baselines for the cache placement and
replacement policy. The first is to ensure cache capacity is fairly divided between
threads. The second is to hold cache blocks accessed frequently in cache.

We propose a novel replacement policy, called as LRU-NonPollution. The essential is
to replace a block as LRU-like policy on the condition of reducing data pollution between
different threads. It ensures the fairness of cache space partition between threads.
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When a compulsory miss occurs, the required block is loaded into shared last level
cache from off-chip memory. It firstly selects an invalid block to cache the newly
block. Otherwise, it selects a valid block with invalid TID. Because if so, it means
that its owner thread yields its occupancy, so it may be replaced by another thread's
newly requesting block. Otherwise, it selects a cache block with lowest AFC value
occupied by this processing core in this set. But if all of its occupied blocks have a
higher AFC than the predefined threshold, the newly block is placed to TOB Cache.
The flow chart of replacement policy is shown as Fig.5.

When replacement occurs in TOB cache, it also selects a victim basing on TIDs
and AFCs. It will select the requesting thread's own block with the lowest AFC as a
victim. But if the AFC is still larger than a block of another thread, it will replace
another thread's block with the lowest AFC. At the same time, its TID is updated to
the requesting thread.

When it comes to physical implementation, the selection of victim is implemented
by combinational logic circuit, including compare of TID and AFC counter. In addi-
tion, update of AFC counter is not in the critical path to refill level-one private cache.
So the proposed schemes have negligible effect on shared cache access latency.

3 Methodology

3.1 Simulation Platform

To combine simplicity of dance-hall [3,21] and scalability of tiled architecture [12], we
present Godson-T many-core architecture [25], as shown in Fig.6. It is a homogenous
many-core processor which is integrated with in-order dual-issue processing-cores, and
each processing core is based on the MIPS II architecture. Each core has independent
private level-one data and instruction cache, and configurable programmer-controlled
Scratch-Pad Memory. It has shared level-two static NUCA cache, synchronization
manager and memory controller on chip. It introduces a 2-D mesh as on-chip network.
Applications run on Godson-T via the management of a lightweight runtime system,
and the runtime system is responsible for thread creation, dispatch, and joins.
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Fig. 6. Godson-T Simulator Architecture
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Level-two and level-one cache are non-inclusive, which means that the data cached
in L1 and L2 can be replaced respectively and will not incur invalidation to each other.
The level-two cache is designed as non-blocking cache. It is composed by interleaved
banks. Each level-two cache bank can support four outstanding cache misses. They are
located along four sides of the chip die and are shared by all processing cores. All on-
chip processing cores access level-two cache through mesh network. The latency of an
access from a processing core to different level-two cache banks is different.

The following evaluation bases on the Godson-T cycle accurate C simulator and
the simulation configuration parameters are as Table 1 shows.

Table 1. Configuration Parameters

Module Description

processing core 64 processing cores, 8§ stage pipeline, in-order 2-issue, 2 ALU&FPU,
1 DIV/MUL, non- preemptive thread execution model

L1 DCache private, 32KB, 32B/block, 4-way set associative, 1cycle/hit;
write back and write allocate policy outside critical section,
write through and write non-allocate policy inside critical section

SPM configurable from L1 data cache; 1 cycle latency
L1 ICache private, 16KB, 32B/block, 2-way set associative, 1cycle/hit
L2 Cache shared, total 2MB, 16 banks (128KB/bank), single read & write port

per bank, 64B/block, 8-way set associative per bank; out-standing
miss support, 4 outstanding cache misses, hit latency 4 cycles

TOB Cache fully associative, 8KB per cache bank, 64B/block; AFC width: 4 bits
NoC 8x8 2-D mesh, static X-Y routing, 2cycles/hop

Router 2 stage pipeline, 2 virtual channel, 128-bit data bandwidth

Memory Control- 4 controllers, interleaved address mapping, 512-bit data bandwidth,
ler read latency 52 cycles, write latency 32 cycles

3.2 Benchmarks

We select five kernels of scientific computation, that is, matrix multiplication (MM),
FFT, LU decomposition, Radix and Cholesky from Splash2 [22], and pFind workload
[26] from bioinformatics. PFind is a bioinformatics algorithm which is for automated
peptide and protein identification from tandem mass spectra. PFind is a memory ac-
cess intensive program, and it can evaluate memory systems abundantly.

These benchmarks are executed until completion, and performance data is recorded
without pre-warming cache. The program size of workloads is shown as Table 2.

Table 2. Program Size

Workload Program Size Optimization Instructions(10%)
pFind 32,768 peptides 547.49
FFT 1,048,576 Complex Doubles 101.8
512x512 Matix
LU 16x16 Element Blocks -03 6182
Cholesky  Input: tk 15.0 1,048.29
Radix 1M Keys, 1,024-Radix 318.31

MM 256x256 Doubles Matrix 10.9
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4 Experimental Results

In the following graphs, TSharedCache means the baseline platform, i.e., traditional
shared cache. The effect of block agglutination scheme without TOB cache has been
evaluated in [16]. So in this paper, we evaluate the effect of block agglutinating and
TOB cache on shared cache via reduction of miss rate and conflict miss rate, and the
hit rate of TOB cache is the effect on reduction of accessing to off-chip memory. The
effect on overall performance is reflected by average load latency of shared cache and
private cache, average miss penalty of private cache and IPC.

4.1 Cache Miss Rate

Because we do not introduce prefetching, so there is no influence on number of com-
pulsory misses. The actual number of misses is those occur in both cache bank and
TOB cache. So the actual average shared cache miss rate is computed as follows:

SharedCacleMisses—TOBCacheHis
Totall2Accesses

MissRate=

The effect on total shared cache miss rate is shown as Fig.7. The miss rate is normal-
ized to traditional shared cache. It shows that the proposed scheme can improve miss
rate of most of benchmarks excluding Cholesky. The reason is that Cholesky has
more conflict cache blocks that are mapped to less distinct set indices. And it results
that lots of blocks are forwarded to the small TOB cache. As a result, the blocks are
always replaced each other frequently. While using random replacement policy, this
problem does not exist. On average, the proposed scheme makes miss rate of shared
cache reduced by about 18%.

4.2 Conflict Miss of Shared Cache

The proposed block agglutinating scheme is dedicated to avoid conflict between
threads in shared cache. The reduction of shared cache conflict misses is shown as
Fig.8, in which results are normalized to traditional shared cache. Although it shows
in Fig.7 that the proposed scheme has little matter on some workloads, the results
show that block agglutinating scheme can reduce shared cache conflict misses for all
of these evaluated benchmarks, especially for Matrix Multiplication, in which the
scheme avoids almost all of its conflict misses. The reason is that we evaluate a ma-
trix with less numbers, which has a smaller working set, and most of its misses is
compulsory misses. On average, the proposed scheme makes conflict miss rate of
shared cache reduced by about 40%. The absolute ratio of conflict misses to total
shared cache misses is shown above the column in graph.

4.3 Hit Rate of TOB Cache

Because all misses occurred in cache banks will be forwarded to TOB caches, the
original miss number of shared cache is the total number accessing to TOB cache. So
the average effective hit rate is computed as follows:

TotalNumberofTOBCacheHits
SharedCacheMisses

TOBdiRae =
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The compare of average effective hit rate between TOB caches and victim caches
is shown as Fig.9. The results are normalized to the hit rate of TOB cache. It shows
that the hit rate of TOB cache is higher than victim cache obviously. The cached
blocks in victim cache are replaced by demand rate of different threads, so it results in
lower hit rate. While by retaining a fraction of work sets frequently used from differ-
ent threads, the TOB cache can improve hit rate obviously. It also shows that the
scalability of TOB cache with number of processing cores increasing. On average, the
improvement of hit rate by TOB cache to victim cache is increased by about 52%.
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4.4 Performance Comparison with Victim Cache

The important difference between TOB cache and victim cache [18] is that the victim
cache stores the victims after they are evicted, while TOB cache stores blocks that
would evict some blocks from cache banks. Similar to TOB cache, every cache bank
is equipped with a victim cache, and the victim cache has a comparative implementa-
tion cost to TOB cache. The results of shared cache with victim cache and TOB cache
are normalized to the corresponding result of traditional shared cache.

4.4.1 Avg. Load Latency of Shared Cache

The proposed schemes' effect on reducing average load latency of shared cache is
shown as Fig.10. Here, load latency means that the processing cycles elapse from
shared cache accepting a load request to the cycle when level-one cache receives
refilling data sent from shared cache. During the elapsed cycles, there may be a
shared cache miss to off-chip memory caused by the load request. On average, it
makes average load latency of shared cache reduced by about 26%.

4.4.2 Avg. Load Latency of Private Cache

The average load latency including hit latency and miss penalty of primary data
cache, and the normalized result is shown as Fig.11. The results show that the pro-
posed schemes reduce average load latency of primary data cache significantly,
excluding Matrix Multiplication. The reason is that the evaluated matrix has less
numbers, and it incurs less misses in private data cache. The absolute latency of every
workload when using TOB cache is shown on the column. On average, the proposed
scheme reduces average load latency of private data cache about by 2 cycles, which is
about 12%.
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4.4.3 Avg. Miss Penalty of Private Cache

The miss penalty of primary cache is processing cycles started from a primary cache
miss occurs to completion of refilling from next-level shared cache. And we divide
the miss penalty by each thread' total executing cycles to denote the penalty of proc-
essing primary cache miss. The result is normalized to traditional shared cache, and is
shown as Fig.12. On average, the proposed scheme reduces ratio of primary data
cache average miss penalty about by 14%.
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4.4.4 Instructions per Cycle

The normalized comparison of IPC is shown as Fig.13. It shows that the proposed
schemes can improve most of the evaluated benchmarks, excluding pFind and Matrix
Multiplication. Because the evaluated matrix has less numbers, and it incurs less con-
flicts between threads in shared cache. But for pFind, the main reason may be the
stream-like memory access behavior of its algorithm. In this case, the locality is lim-
ited and the proposed schemes cannot improve its performance obviously. But on
average, the proposed schemes make IPC improved by about 17%.

In summary, the reduction of average load latency of shared cache and private
cache means that TOB cache does not length critical path of shared cache. The per-
formance improvement can be explained intuitively as follows. The victim cache is
designed to cache all victims replaced from cache bank, while the TOB cache stores
only those blocks which would cause conflict. The victim cache may be occupied by a
thread while other threads cannot assign enough space to cache their frequently used



Thread Owned Block Cache: Managing Latency in Many-Core Architecture 301

victims. However, TOB cache avoids it by replacement right. In the future, besides
scientific algorithms and bioinformatics, some real time applications, such as image
processing, will be evaluated. In addition, we do not evaluate sensitivity, such as
capacity of TOB cache or grain of agglutination since the consuming execution time,
and also leave them as future work.

4.5 Implementation Cost

In this section we evaluate area and power's cost of TOB cache via Cacti simulator
[27]. The input of Cacti simulator is configuration parameters of shared cache in God-
son-T baseline platform and TOB cache, as shown in Table 3. The additional power
cost increased by TOB cache is 0.39 nJ, and it occupies about 23% of a shared cache
bank. The ratio of TOB cache's area to a shared cache bank's area is about 15%. The
area ratio of victim cache to a shared cache bank is about 11%, which both is imple-
mented by TSMC 130nm ASIC technology. Although area of TOB cache is larger
than victim cache, the hit rate of TOB is far higher than victim cache, as shown in
Fig.9, which is improved about 52%.

Table 3. Architecture Configuration Parameters Input to Cacti Simulator

Module Capacity (B) Blocks (B) Associativity Tech. Num. of Banks
L2 Bank 131,072 64 8 0.13um 1
TOB Cache 8,192 64 FA 0.13um /

5 Related Work

We describe the most related previous works concisely and the main difference be-
tween these studies and our contributions. There are many static and dynamic shared
cache partition schemes that have been presented to provide isolation, such as
[4,7,9,15,20,23,24]. Srikantaiah et al. [24] presented an adaptive set pinning scheme
which is similar to our block agglutinating. The subtle, but important difference is that
the set pinning partitions cache space as grain of set, while our scheme achieves this
purpose as grain of cache block. With set pinning, the wasted cache capacity would
be larger, and it decreases effective on-chip cache capacity. Furthermore, our pro-
posed adaptive block agglutinating scheme does not incur strictly hard partitions in
the shared cache, and a processing core's activity is similar to steal cache capacity
from another processing core. So it makes better use of the total available shared
cache resources. Zhang, Chang and Qureshi et al presented data migration in
[8,13,14,17] respectively. The difference is that we put blocks that would incur con-
flict into TOB cache rather than to another cache bank, to avoid eviction of an exist-
ing block and reduce off-chip access. Many important works address conflicts for
uniprocessors in both hardware and software [2,6,18,19]. Jouppi [18] presented victim
cache to avoid negative effect of conflict. The main differences between TOB and
victim cache are blocks of TOB cache is pinned to a thread, and replacement policy is
different. Srikantaiah et al. [24] presented an adaptive set pinning scheme by adding a
small POP cache for each processor. The main difference between TOB and POP
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cache is that TOB cache is agglutinated to cache bank, while POP cache is pinned to
processor, so when it comes to many-core architecture, its implementation complexity
and area cost is unacceptable.

6 Conclusions and Future Work

On-chip memory hierarchy is critical to performance of many-core architecture.
Shared last-level cache is necessary to increase effective on-chip capacity. However,
the conflict in shared cache between threads has been a long standing problem. When
it comes to context of many-core architecture, it makes memory access latency in-
creased obviously. In this paper, we present an implicit and dynamic shared cache
partition scheme, i.e. block agglutinating. The scheme can be implemented with neg-
ligible hardware cost and without support of operating systems. Based on the partition
scheme, we propose thread owned block cache, i.e. TOB cache, a hardware buffer to
reduce longer cache access latency via migrating conflicting data. Experimental re-
sults show the effectiveness of schemes when compared to the traditional shared
cache and victim cache.

For different benchmarks, estimation of the best size of TOB cache would give a
good insight on how often conflicts appear and the illustration of reuse distance, and it
is an important future work. In the future, we will also extend the schemes to elimi-
nate intra-thread's conflicts and support fairness of shared cache partition scheme.
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