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Abstract. Performance of the on-chip cache is critical for processor. The multi-
thread program model usually employed by on-chip many-core architectures
may have effects on cache access patterns and eventually on cache conflict miss
behaviors. However, the behavior of cache is still unclear, and little has been
known of the effectiveness of XOR mapping scheme for many-core systems. In
this paper we focus on these problems. We propose an XOR-based address
mapping scheme for on-chip many core architecture to increase performance of
cache system. Then we evaluate the proposed scheme for various applications,
including an application for bioinformatics, matrix multiplication, LU decom-
position, FFT from Splash2 benchmarks. Experimental results show that with
the proposed scheme, it makes conflict misses of shared cache reduced by about
53% on average, and makes overall performance improved by about 6%. Ex-
perimental results also show that the XOR scheme is more cost effectively than
victim cache scheme.
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1 Introduction

On-chip multi-processor or many-core architecture is a promising trend of computer
architecture [7,14,15,16]. Meanwhile, the Memory Wall hampers performance im-
provement further [14]. So a high-performance on-chip memory system for many-
core architecture is necessary to reduce accessing latency and the number of accessing
off-chip memory. It benefits more from shared last level cache than private design.
However, it is a well known problem that conflict in shared table-based structure in
computer architecture, such as TLB, cache et al. For the promising multi-thread pro-
gram model [14], because there may be many threads accessing to shared memory
simultaneously, it maybe make conflicts deteriorated. Many-core processors' per-
formance may be depressed by tree saturation congestion [9] of on-chip network. Tree
saturation occurs when packets routed to the shared cache are blocked in the way,
they will block the tailing packets with another routing target. The assumption is
validated by evaluation via Godson-T many-core architecture simulator [34]. As
shown in Fig.1(a), a lot of memory access is concentrated to some certain cache
banks. The worst evaluation results are shown as Fig.1 (b) and (c). It shows that con-
flict miss rate of the shared cache is not negligible, and it occupies about 80% of total
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shared cache misses for FFT and LU. As a result, the average ratio of level-one data
cache miss penalty is worse, such as the worst case for FFT is about 60%. Here, level-
one cache miss penalty is the practical executing cycles from occurrence of L1 cache
miss to refill completion.
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Fig. 1. Conflict on Many-Core Processor**

However, there are few researches focus on design and evaluation of conflict
avoiding schemes with low hardware complexity in shared cache on many-core archi-
tecture. A simple but effectual solution is address mapping scheme. To the best of our
knowledge, there is no a work about performance and properties of conflict-free
XOR-based mapping scheme on many-core architecture with shared static NUCA
cache [5]. All of these motivate us to focus on effect of XOR-based scheme in many-
core processor and how to design a proper address mapping scheme with relative
lower hardware implementation cost, complexity and lower computing latency, but
with high performance. In this paper we propose an XOR address mapping scheme,
called as XORM, for many core architecture. The evaluation is performed with
Splash2 benchmarks and Bioinformatics workloads via a cycle accurate many-core
processor simulator. Experimental results show the effectiveness of the proposed
XORM mapping scheme.

The rest of this paper is organized as follows. Section 2 describes related works.
Section 3 proposes the XORM address mapping scheme, include theoretical formula-
tion and XORM-based set index and interleave bits mapping scheme of shared static
NUCA cache. Next section 4 describes the simulation infrastructure and workloads,
then presents effectiveness of several address mapping schemes and victim cache. We
conclude in section 5.

2 Related Work

There are lots of schemes to reduce conflict in cache, such as skewed-associative
cache [2], victim cache [21], column-associative cache in [3] and prime-indexed
cache [17,18,22]. The main shortcomings of these schemes are computing complexity
and implement cost.

Two advantages of XOR-based mapping scheme are lower computing latency and
lower implement cost. XOR-scheme has been researched and applied in computer
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architecture widely, such as TLB [6], BTB [12], parallel memory[13], memory buffer
[31] and cache [1,10,11,23,26,27,30], et al. Z. Liu et al presented a new XOR-based
unsymmetrical address mapping functions in [29] and [30], called EE. Gonzdlez et al
[1] analyzed the impact of XOR-based placement functions to cache performance.
Vandierendonck et al [10] proposed an application-specific XOR-based hashing func-
tion in embedded systems, whose goal is to improve the trade-off of power/efficiency.
Then they presented an algorithm to compute the optimal XOR-based functions to
avoid maximum conflict miss in [11]. Then they analyzed conflict in cache by the null
space and column space of mapping function in [12]. Sung-Jin Cho et al presented a
definition of hashing function in [26], but their disadvantage is to use all address bits
to compute set index, so it increases input ports to XOR gate and so the complexity
and latency.

Although the traditional XOR-based mapping schemes are effective in single proc-
essor, when it comes to on-chip many-core architecture, especially homogenous
many-core architecture, their performance has to be depressed, because they are
symmetrical mapping scheme. But the disadvantage of EE unsymmetrical mapping
scheme is that it has been evaluated on single-core processor only, and it should in-
troduce all index bits to generate image index bits. But in the many-core architecture
with static NUCA Cache, it cannot map similar enough address bits to different in-
dexes if it does not introduce interleave bits to generate index bits. So we propose
XORM unsymmetrical address mapping scheme, in which introduces different map-
ping matrix depending on even or odd bits. In addition, XORM is evaluated via cycle
accurate many-core processor simulator, rather than analyze it theoretically only as
previous works do.

3 XORM Address Mapping Scheme

3.1 Formulation of Address Mapping Scheme

For shared NUCA cache of many-core architecture, it is critical to avoid bank con-
flict. So we introduce XORM mapping scheme, which can be used on set index and
interleave bits of cache bank. It is proven in [12] that two addresses that are conflict
are always different in their least significant bits. So XORM includes two different
matrices for even or odd mapping bits, and our goal is to introduce the most impactful
bits to compute, but limit the input ports of XOR gate at the same time.

Assume mapping vector M to N, where length of M and N is m. We can describe
address mapping functions by an mxm binary matrix, where h;=1 if and only if the i"
bit is an input to the XOR-gate which computes the j” bit of the set number.

Definition 1: The XORM mapping scheme is defined as:

H = (hjj)xm, Where hjis
(1) When mis odd, i.e. m = 2k +1(kEN), |(2) Whenm iseven, i.e. m = 2k (kEN),

1 0<i<m-Li+j=m-]; 1, 0<is<m-li+j=m—-1;
hj=41, 0<i<k, j=0, and i+ j<k; hj=1<1, k<i<m-1,k<j<i

0, otherwise 0, otherwise
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We introduce another binary vector K whose length is m, and the result vector is N =
MH °K. i

The main difference between EE and XORM scheme is that their mapping ma-
trixes are different. EE scheme employs anti-diagonal unit matrix, while XORM
scheme defines different mapping matrices when m is even or odd. For example,
when m = 3 and m = 4, the matrices are H; and H, as follows.

111
Hi=[1 10 , and o=l
100 10
From Definition 1, we can map any length of vector to another vector via some
logical XOR operations, and these operations can be implemented simply by logical
gate circuit in computer architecture with negligible computing latency. For example,
for binary vector A = (ay, a;, ap) and K = (k,, k;, k), where ¢;=0or 1, k;=0o0r 1, (i =
0, 1, 2), so we can get the result binary vector s as follows.
111
s=AHI ® K = (az,ai,a0)] 1 1 0|® (k2,ki,ko)=(a2® a1 ® ao,a2 ® ai,a2) ® (k2,ki1,ko)
1 00

[=}

[=}
)
- o o -

=(@@a®a®k2,a2® a1 ® ki,a2 ® ko)

Intuitionally, we can deduce that XORM mapping scheme can map two access pat-
terns conflict-free, given that XOR computing result of combination of corresponding
bits of A and K is different. Now we present some properties which are proved in
[33], which indicate that XORM address mapping scheme can avoid conflict in shared
table-based structure, such as cache, in on-chip many-core architecture.

Property 1: All matrices H defined by Definition 1 are nonsingular.

Property 2: The Null Space of all matrices H is one-dimensional linear space.

Property 3: The mapping functions corresponding to matrices H can map many
frequent access patterns conflict-free.

Property 4: XORM mapping scheme is a surjection.

Property 5: The probability of each set index occurs is equal to the probability of
each address occurs.

An address mapping scheme should ensure that all set indices would be used with
equal probability; otherwise it may incur pathological cache access behavior. The
Property 4 and Property 5 illustrate them. And these properties ensure that conflict-
free access to a memory access patterns with M addresses, including multi patterns
such as rows, columns, (anti)diagonal, and rectangles et al, given the shared cache has
M set indices when set associativity of the cache is 1.

Next, we will show how to design XORM address mapping scheme in static
NUCA cache of on-chip many-core architecture.

3.2 Address Mapping Scheme of Shared Cache

In static NUCA cache [5], a logical set is cached in one bank, and one memory ad-
dress would be routed to one certain cache bank only.

Let address is n bits, then address A = <a,.;, a,, ..., ay> can be divided into six
parts, that iS, A= <A5, A4, A3, A2, A], A()>, where A() = <dap.j, ..., Qp>, A] = <Qiip-]y --o»
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>, As = <Quikiblr oo Q> A3 = <Qopikibois oo Ouikss™ As = <Qopidkebls -
Wopmikrp™>> As = <dp.p, ..., Gopeoksn™>, Where Ay is offset, A; is interleave bits of cache
bank, A, is set index, A3 A, and As compose to the tag bits, as shown in Fig.2. In this
paper, we assume that bits of tag are larger than sum of bits of index and interleave bits;
otherwise, we can get A; and A, from other lease significant bits in the similar way.

tag interleave tag interleave
- index  bits offset ———— index Dils of fset
[ [xbits [ bics [urbits RO b vits | [ [pits [ bits |
As Ay A: A A A Ay A LA VYR A
T |
/\32 /\3 AZZ /\2
Fig. 2. Division of Memory Address Fig. 3. Simplified Address Division

Every part of memory address can be taken as a binary vector in GF(2). According
to Definition 1, address mapping scheme can be described as a vector-matrix multi-
plication in GF(2), in which addition is actually a logical XOR and multiplication is a
logical AND. We can apply XORM mapping scheme to set indices and interleave bits
as presented by following vector-matrix multiplication:

index = A3mem @Ag; interleave = A4Hkxk @A] (1)

As Definition 1, for an m bits mapping scheme, the input ports of XOR-gate are

different, and the maximum is(m/ 2]+ ! 1t is well known that the computing latency
and area of an XOR gate are increasing with the number of input ports. In the on-chip
many-core architecture with shared static NUCA cache, we assume that there are N
processing cores on chip, and an n-way set associativity shared cache. We assume the
execution model is non-preempt multi-thread model further. So what we should do is
to map data blocks of these N threads to N/n different set indexes in a cache bank for
the same data structure in a program. It is proven in [12] that two conflict addresses
are always different in their least significant bits of tag. We can introduce Log,(N/n)
bits (A3;) to XOR with the least Log,(N/n) significant bits of index bits (A,;), as
shown in Fig.3.

Now the mapping function of set index can be presented by the
Logy(N/n)xLog,(N/n) matrix H', rather than Log,(N)xLog,(N) matrix. The mapping
scheme is changed from Equation 1 to Equation 2 as follows.

index = AzH pe2inmxiog2vm @Azps interleave = AyHyy @A (2)

4 Methodology and Simulation

4.1 Many-Core Simulator Architecture

To combine simplicity of dance-hall [7,16] and scalability of tiled architecture [35],
we present a many-core architecture, called as Godson-T [34]. Godson-T is targeted
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to applications that are highly parallelizable and require enormous amount of compu-
tation. It employs on-chip network and distributed shared memory, as shown in Fig.4.
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 and
clocked at 1GHz. 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 to communicate between process-
ing-cores, Scratch-Pad Memory and level-two cache. Applications run on Godson-T
via the management of a lightweight runtime system, and the runtime system is re-
sponsible for thread creation, dispatch, and joins.
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Fig. 4. Godson-T Simulator Architecture

Table 1. Configuration Parameters

Module Description
processing core 64 processing cores, § 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 through policy, write non-allocate policy
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

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

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. Each level-two cache
bank can support four outstanding cache misses. Therefore, all sixteen level-two
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cache banks can support sixty-four outstanding off-chip load operations. The inter-
leaved banks are located along four sides of the chip die and are shared by all process-
ing 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. Every cycle, each memory controller can pump one double word into the
chip from the off-chip memory. Since the Godson-T processor is clocked at 1GHz,
the maximum off-chip memory bandwidth is 32GB per second.

There are three advantages with the proposed many-core architecture, i.e. scalabil-
ity, lower access latency and larger on-chip capacity [34]. The following evaluation
bases on the Godson-T cycle accurate C simulator and the simulation configuration
parameters are as Table 1 shows.

4.2 Evaluated Scheme

The traditional XOR-based hash functions [1,11,12,13,26] are symmetric mapping
schemes. So their performance improvement on homogeneous many-core architecture
is negligible, and we do not present their results. Because the computing complexity
and hardware implementation cost of prime-based scheme, we do not compare per-
formance of XORM scheme to prime-based schemes.

At the knowledge of us, XORM is the first to introduce mapping scheme both in
interleave bits of cache bank and set index, so we need to evaluate the performance
benefit. We implement EE mapping scheme both in interleave bits and set index,
called as EE_INT, to compare with XORM scheme. We implement victim cache with
different capacity for each cache bank through configuring write back queue of every
cache bank. The victim cache with smaller capacity is called VMC(1), and the one
with larger capacity is called VMC(4), where number in parentheses means the differ-
ent configurable grain of write back queue entries. All evaluated schemes are shown
as Table 2, where ORIGINAL scheme means the traditional shared cache.

Table 2. Evaluated Scheme

Name Implementation Scheme
Set Index Bits Interleave Bits
ORIGINAL Modulo-based Modulo-based
EE EE-based Modulo-based
EE_INT EE-based EE-based

XORM XORM-based XORM-based
VMC(1) Modulo-based Modulo-based
VMC®4) Modulo-based Modulo-based

4.3 Workloads

We select three kernels of scientific computation, that is, matrix multiplication (MM),
FFT and LU from Splash2 [24], and pFind workload [28] from bioinformatics. PFind
is a bioinformatics algorithm which is for automated peptide and protein identification
from tandem mass spectra. PFind is a memory access intensive program, and it can
evaluate memory systems abundantly. In addition, matrix multiplication (MM), FFT
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and LU decomposition are important algorithm kernels which are used in high per-
formance computing frequently.

The program size of workloads as Table 3 shows, and we statistic performance
data during these workloads execution without shared cache pre-warm.

Table 3. Program Size

Workload Program Size Optimization _Instructions(10°)
pFind 32,768 peptides 547.49
FFT 1,048,576 Complex Doubles 101.8
512x512 Matix -03
Lu 16x16 Element Blocks 618.2
MM 256x256 Doubles Matrix 10.9

4.4 Results

Because XORM mapping scheme is XOR-based, it can be implemented by a series of
logical XOR gate circuit, so its computing latency is negligible; on the other hand, it
is applied on the last level shared cache on chip, so its negative effect on cache per-
formance is also negligible. In this section, we do not evaluate computing latency
increased by XOR-gate directly. We evaluate and compare the overall performance of
related schemes from the following aspects.

4.4.1 Effect on Level-Two Cache Miss Rate

We do not introduce prefetching, so the proposed scheme does not influence the
number of compulsory cache misses. The effect on shared cache miss rate is shown as
Fig.5. The miss rate is normalized to traditional shared cache. It shows that XORM
scheme can improve shared cache miss rate for most of the evaluated workloads. For
pFind, the Fig.1 shows that the private data cache miss penalty is smaller relatively,
so the improvement for total miss rate of shared cache is not obvious. But on average,
it can improve the value by about 4%.

4.4.2 Reduction of Shared Cache Conflict Misses

The proposed XORM scheme is dedicated to avoid conflict misses in shared cache. It
is shown as Fig.6, and the result is normalized to traditional shared cache. Although it
shows in Fig.5 that the proposed scheme has small improvement, it shows that it can
reduce conflict misses for all of these evaluated benchmarks, especially for matrix
multiplication and pFind. The reason is that we evaluate a matrix with smaller work
set, which has less conflict misses. On average, the proposed scheme makes the ratio
of conflict miss rate in miss rate of shared cache reduced by about 53%.

4.4.3 Average Load Latency of Shared Cache

The average access latency of level-two cache is shown as Fig.7. The result is normal-
ized to load latency of traditional shared cache. Here, load latency means that the
processing cycles elapse from shared cache accepting a load request to the cycle when
shared cache sends refilling data to private cache. During the elapsed cycles, there
may be a shared cache miss caused by the load request to off-chip memory. On aver-
age, it reduces the metric by about 6 cycles, and it is improved by about 5%.
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4.4.4 Average Load Latency of Level-One Data Cache

The average load latency includes hit latency and miss penalty of private data cache.
The accessing latency from a certain processing core to shared cache banks is differ-
ent, which depends on number of hops in on-chip network. When employing mapping
schemes on interleave bits, it distributes access requests to level-two cache banks
evenly. It avoids congestion of on-chip network caused by tree saturation, so the aver-
age load latency of level-one cache is decreased. The normalized results normalized
to traditional shared cache are shown in Fig.8. On average, XORM scheme makes
average load latency of private cache decreases by about 2 cycles, and about 7%.
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4.4.5 Average Miss Penalty of Level-One Cache

The miss penalty of private cache is processing cycles recorded start from a private
cache miss occurs to completion of refilling from next-level shared cache. The nor-
malized result is shown in Fig.9. For LU, there are lots of barriers in the non-
optimized program, which hamper performance of XORM. But on average, XORM
scheme can improve the ratio of average miss penalty of private cache by about 7%.

44.6 IPC

The compare result of IPC is shown in Fig.10. The result is normalized to traditional
shared cache. It shows that the proposed scheme can improve most of the evaluated
benchmarks excluding LU decomposition. The reason is also lots of barriers in LU.
On average, the proposed scheme makes IPC improved by about 6%.

In summary, for traditional shared cache with a smaller victim cache VMC(1) for
each bank of shared cache, its performance has little improvement. When employing
EE mapping scheme on set index, the performance improvement on many-core archi-
tecture is not obvious as it in single core processor; but if also employing it on inter-
leave bits, it can improve performance further, because it reduces bank conflict. The
result also shows that XORM scheme can avoid most of conflict misses in shared
cache of homogeneous many-core processor simulator, and can adapt to load balance
when number of threads increases. In addition, although we evaluate XORM scheme
with a certain many-core simulator only, the conflict-free properties ensure that its
performance in other architectures.

4.5 Implementation Complexity and Cost

The Godson-T many-core processor has been fabricated using the TSMC 130nm
ASIC technology and physical compiler by Synopsys Design Compiler. The RAM
blocks used in cache (including data bank and tag bank) are generated by Artisan
130nm Memory Compiler. From the elementary area and latency data, RAM modules
occupy 82.6% of total area of level-two cache, and occupy 23.3% of total area of
whole Godson-T many-core processor.

The XOR computation is logic circuit, and the additional area cost and computing
latency are negligible. However, victim cache VMC(1) and VMC(4) occupy 2.5%
and 11% of total area of level-two cache respectively. Although larger victim cache
has comparable performance improvement with XORM scheme, it seems not valuable
to implement a larger victim cache for many-core architecture.

5 Conclusions and Future Work

Since all processing cores share the on-chip cache in many-core processor, as the
number of threads executing concurrently increases, the conflict in shared cache in-
creases obviously. How to design a conflict avoiding scheme in many-core architec-
ture with low hardware complexity and implement cost is a valuable studies. In this
paper, we contribute in three aspects. Firstly, we investigate cache performance on
many-core system and the effectiveness of XOR mapped static NUCA shared cache.
Secondly, we propose an XOR-based address mapping scheme, called as XORM, for
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many core architecture. Finally, we implement some conflict avoiding schemes on
many-core processor simulator, such as victim cache, and evaluate these schemes for
various applications. Experimental results show the effectiveness of XORM mapping
scheme when compared with other conflict avoiding schemes.

In static NUCA cache, accessing time of a processing core to different level-two
cache banks is different, and the more conscious of this difference the mapping
scheme would be, the better the performance. But we leave the case as future work.
And we will characterize conflict misses in shared memory in detail, and present
corresponding schemes of combining the address mapping scheme with cache parti-
tioning scheme in many-core architectures.
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