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Abstract—The reply network is a severe performance bottleneck in General

Purpose Graphic Processing Units (GPGPUs), as the communication path from

memory controllers (MC) to cores is often congested. In this paper, we find that

instead of relying on the congested communication path between MCs and cores,

the unused core-to-core communication path can be leveraged to transfer data

blocks between cores. We propose the inter-core Locality-Aware Last-Level Cache

(LA-LLC), which requires only few bits per cache block and enables a core to fetch

shared data from another core’s private cache instead of the LLC. Leveraging

inter-core communication, LA-LLC transforms few-to-many traffic to many-to-

many traffic, thereby mitigating the reply network bottleneck. For a set of

applications exhibiting varying degrees of inter-core locality, LA-LLC reduces

memory access latency and increases performance by 21.1 percent on average

and up to 68 percent, with negligible hardware cost.

Index Terms—GPGPU, NoC, inter-core locality, LLC
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1 INTRODUCTION

GPGPUS exploit the single-instruction multiple-thread (SIMT)
architecture and leverage thread-level parallelism (TLP) to hide
memory access latency. However, many GPGPU applications gen-
erate a large number of memory accesses which increases the pres-
sure on the memory system and interconnection network. Solely
relying on TLP cannot completely hide memory access latency and
as a result, memory operations become a severe performance bot-
tleneck. Although a lot of work has been done to optimize the
memory system, few pay attention to network latency, which plays
an important role in the overall memory access latency [1], [2].

By exploiting a bulk-synchronous parallel (BSP) programming
model, GPGPUs usually execute a large number of independent
thread blocks and do not support hardware cache coherence [3].
This yields a unique traffic pattern, called many-to-few-to-many,
where communication only exists between compute cores and
memory controllers (MCs) [2]. The GPGPU network-on-chip
(NoC) typically consists of a request and a reply network. The
request network transfers request packets, including write and
read requests from cores to MCs, while the reply network transfers
read (and write) replies in the opposite direction. The few-to-many
traffic from the MCs to the cores causes serious congestion in the
reply network. The network bottleneck increases memory access
latency and has a detrimental effect on performance [2], [4].

Due to this unique traffic pattern, these is no inter-core communi-
cation in current GPGPU networks. In this paper, we find that the
unused inter-core communication can be leveraged to mitigate the
reply network bottleneck and reduce memory access latency. In par-
ticular, we propose a simple yet effective inter-core locality-aware
last-level cache (LA-LLC) to record the corewhere the datamay exist.
Instead of relying on the already congested communication path
between MCs and cores, LA-LLC enables a core to fetch data from a
remote L1 and transfer shared data blocks between cores. This

transforms few-to-many traffic to many-to-many traffic. To our best
knowledge, this is the first study to notice and leverage inter-core
communication tomitigate the reply network bottleneck inGPGPUs.

2 BACKGROUND AND MOTIVATION

Fig. 1 illustrates our baseline NoC architecture. Current GPGPUs
often use a crossbar as the interconnection network while limiting
the number of ports by sharing a single port among several cores.
However, to continue improve raw computational power, GPGPUs
have seen a rapid increase in the number of compute cores, e.g., the
latest Nvidia Pascal GPGPU supports 60 cores [5]. As the number of
cores increases, scalability of a crossbar NoC will be limited. Thus,
similar to previous work, we choose a 2D mesh topology in our
research due to its regularity, simplicity and scalability [2], [4], [6],
[7], [8]. We further consider two separate networks, a request and a
reply network, to avoid protocol-level deadlock [2], [4], [7], [8].

Due to (i) the ratio of many cores to few MCs, and (ii) a signifi-
cant portion of memory accesses being read requests and the corre-
sponding replies carrying a long data block, MCs have a much
higher injection rate than cores which leads to congestion in the
reply network. As a result, the injection port of an MC is often
blocked as the reply network can no longer accept packets from the
MCs. As shown in Fig. 2a, these blocked cycles account to more
than 60 percent of the total cycle count on average.

The network bottleneck increases memory access latency and
has a detrimental impact on performance [2], [4]. The simplest way
to solve the network bottleneck and reduce memory access latency
is to increase the bandwidth in the reply network. As shown in
Fig. 2b, with an unchanged request network, doubling bandwidth
of the reply network mitigates network congestion and reduces
memory access latency by 44 percent. After solving the reply net-
work bottleneck, cores get data replies much faster. This decreases
pipeline stalls due to memory operations and increases perfor-
mance by 60 percent on average as shown in Fig. 2c.

However, solving the network bottleneck by increasing network
bandwidth is not a cost-effective solution. Network bandwidth
impacts both input buffers and the crossbar, which constitute the
dominant portion of the router area. Moreover, network bandwidth
also impacts link area. Several prototype chips show that current
NoCs already consume a substantial portion of system power and
area, and increasing network bandwidth would make the NoC
problem become even more serious [9]. Thus, mitigating the net-
work bottleneckwithout increasingNoC cost becomes a challenge.

Many GPGPU applications exhibit high inter-core locality as dif-
ferent cores may access shared read-only data. Recently, Li and
Aamodt analyze sources of inter-core locality and leverage inter-core
locality by designing a locality-aware memory controller [1]. In their
design, they assign higher priority to memory requests that fetch
inter-core shared data. This design does not consider the network
bottleneck as in this paper. In fact, after improving the efficiency of
the memory controller, the network bottleneck becomes even more
serious asMCs nowhave a higher injection rate of reply packets.

Due to the few-to-many traffic in the reply network, when con-
gestion happens on the transfer path between MCs and cores,
some inter-core links are unused as shown in the example of Fig. 1.
(Red lines are congested paths between MCs and cores.) This offers
the opportunity to mitigate the network bottleneck by leveraging
core-to-core communication. Due to inter-core locality, multiple
copies of the same data may exist in different cores. Thus, instead
of fetching data blocks from the LLC and transferring replies
between MCs and cores, inter-core locality enables fetching data
from remote L1s and transferring replies between cores. Leverag-
ing the unused core-to-core communication mitigates the reply net-
work bottleneck and reduces memory access latency.
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3 ARCHITECTURE OF LA-LLC

We now present the architecture of the inter-core locality-aware
last-level cache (LA-LLC) and describe how it works.

Fig. 3 shows the overall architecture of the LA-LLC design. In
particular, we add a core pointer (CoreID) to each cache block. The
core pointer records the ID of the core that potentially has the cache
block in its L1 cache. In our evaluation containing 56 compute
cores, the core pointer only costs 6 bits. For GPGPUs with a 48-bit
address space [10] and an L2 cache of 64 sets and eight ways, the
extra hardware cost of the LA-LLC design is less than 0.57 percent
of the L2 cache size. (Note that L2 is the LLC in our setup.)

When an L1 cache miss occurs �1 , its memory request is sent to
the L2 cache through the request network�2 . If the memory request
cannot find the requesting cache block in the LLC, i.e., a cache miss
occurs, a cache block is evicted based on the cache replacement pol-
icy. The tag area of the cache block is updated and its status is
marked as reserved. At the same time, the core pointer is also
updated and now points to the core sending thememory request�5 .

In case of an LLC hit, the core pointer of the cache block is
checked �3 . If the core pointer points to a remote core, the memory
request is sent to the corresponding core through the request net-
work �4 . However, if the core pointer points to the core that sent
the memory request, the L2 will send the data to the requesting
core �11. To be noticed, sending requests to remote cores will likely
not cause congestion in the request network, as the request net-
work experiences less traffic and is underutilized [6], [8].

Once a core receives memory requests from the L2 cache �6 , it
injects them into the Request Queue (RQ). The L1 cache priori-
tizes remote memory requests from other cores in the RQ over

local memory requests �7 . The inverse, prioritizing local requests
over remote requests, would stall remote requests and may even
lead to a deadlock situation. Consider two cores that both experi-
ence a local cache miss causing them to stall on a particular
resource (e.g., MSHR entry, cache line) being unavailable. A

Fig. 1. The baseline architecture of a GPGPU NoC. White nodes are compute
cores, and gray nodes are MCs.

Fig. 2. Quantifying the reply network problem.

Fig. 3. The LA-LLC architecture.
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deadlock situation may occur if both cache misses lead to remote
accesses to the other core.

There are three possible outcomes when a local L1 cache serves
a remote memory request from another core: (1) a cache hit and the
data is available; (2) a cache hit but the data is not available now as
the memory request has not yet come back; or (3) a cache miss. In
the first case �8 , the current core will send a memory reply to the
requesting core through the reply network directly. In the second
case �9 , the memory request will be added to the list in the MSHR
and the core will send the memory reply to the requesting core as
soon as it gets the data and processes the MSHR list. In the third
case �10, memory requests will be re-sent to the L2 cache upon
which the L2 will send the data and update the core pointer �11.
Although the third case does not benefit from the LA-LLC and
incurs extra overhead, LA-LLC still reduces overall memory access
latency because (i) this case is unlikely to happen, and (ii) the extra
overhead can be overlapped by the long latency caused by the
blocked MCs.

4 EVALUATION

We modify GPGPU-sim v3.2.3 [14] to evaluate our design. The
baseline configuration of GPGPU-sim is listed in Table 1 which is
similar to previous work [4], [6], [8]. We evaluate LA-LLC using a
set of benchmarks that exhibit varying degrees of inter-core locality
from CUDA SDK [13], GPGPU-sim [14], Rodinia [12], Lone-
starGPU [16], Mars [15] and PolyBench [11], see Table 2 along with

the benchmarks’ injection rates in the reply network, measured in
flits per node per cycle.

LA-LLC enables memory read requests to fetch data from
remote L1s and transfer data blocks between cores. Fig. 4a quan-
tifies the fraction memory requests sent and hitting in remote
L1s. The selected applications have different degrees of inter-
core locality. NN exhibits the highest inter-core locality and
more than 80 percent of the memory requests can fetch data
from remote L1s. On the other hand, FDTD3D and LPS are low
inter-core locality applications and less than 10 percent of the
memory requests are sent to remote L1s. On average, 40 percent
of the memory requests are sent to remote cores and 31 percent
of the requests are satisfied by remote L1s. In other words, LA-
LLC transforms 31 percent of the few-to-many traffic into many-
to-many traffic. The 9 percent requests that cannot find the data
in another core’s L1 cache are sent back to the L2 cache again.
As the request network experiences less traffic and is not the
bottleneck [6], [8], sending requests to access remote L1s does
not incur noticeable overhead.

By fetching data from remote L1s, the LA-LLC utilizes unused
inter-core bandwidth and mitigates the bottleneck of the reply net-
work. This reduces the reply network latency which is an important
component of the overall memory access latency. As shown in
Fig. 4b, for applications such as B+TREE, HOTSPOT and NN, the
reduction in memory access latency exceeds 40 percent, and on aver-
age, LA-LLC achieves a 21.2 percent memory access latency
reduction.

TABLE 1
Configuration of GPGPU-Sim

Parameters Value

Number of Cores 56
Schedulers/Core 2 (GTO)
L1 Data Cache/Core 16 KB, four-way, LRU, 128B line
Number of MCs 8
L2 Cache/MC 64 KB, eight-way, LRU, 128B line
DRAMModel FR-FCFS, 16 banks/MC
GDDR5 Timing tCL=12, tRP=12, tRC=40, tRAS=28,

tRCD=12, tRRD=6, tCCD=2, tWR=12

Total Memory
Bandwidth

59.1 GB/s

Topology 8�8 2D Mesh
Routing Function XY routing
Channel Width 128 bits
Buffer Configuration 2VCs 4flit/VC

TABLE 2
Benchmarks

Name Abbr. Injection Rate
(flits/cycle)

2dconvolution [11] 2DCONV 0.673
3dconolution [11] 3DCONV 0.583
BFS Graph Traversal [12] BFS 0.622
B+ Tree [12] B+TREE 0.616
CFD Solver [12] CFD 0.704
3D Finite Difference Time Domain [13] FDT3D 0.651
Gaussian Elimination [12] GAUSSIAN 0.324
Rodinia Hotspot [12] HOTSPOT 0.591
Laplace Solver [14] LPS 0.639
LU Decomposition [12] LUD 0.352
Matrixmul [15] MM 0.598
Minimum Spanning Tree [16] MST 0.567
Neural Network [14] NN 0.446
Pageviewcount [15] PVC 0.628
Pageviewrank [15] PVR 0.609
Survey Propagation [16] SP 0.552
Wordcount [15] WC 0.331

Fig. 4. Evaluation of LA-LLC.
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Fig. 4c shows the performance improvement of LA-LLC over
the baseline. By reducing memory access latency, cores can get
data replies faster. This reduces pipeline stalls due to memory
operations and improves performance by 21.1 percent on average.
As for B+TREE, HOTSPOT and LUD, they experience the largest
performance improvements and performance improves by more
than 50 percent. Although NN has the largest memory latency
reduction, its performance improvement is not the highest. The
overall performance improvement does not depend only on the
reduction in memory latency. Only a fraction of the memory
latency is exposed as stall cycles that directly affect performance.
Other factors/components (e.g., L1 hit rates and structural bottle-
necks) also play a role in the final performance figure. Applications
exhibiting low inter-core locality, such as FDTD3D and LPS, get
limited benefit from LA-LLC and their performance only improves
by 0.76 and 3.98 percent, respectively.

5 RELATED WORK

Previous NoC research leverages the many-to-few-to-many traffic
pattern in GPGPUs to achieve a low-cost or high-performance
design. To reduce hardware cost, Bakhoda et al. [2] simplify the
crossbar structure by exploiting a checkboard routing algorithm.
Ziabari et al. [17] propose asymmetric NoC designs for different
types of traffic to achieve an energy-efficient network. Zhao et al. [8]
eliminate conflicts in the request network and simplify the router
architecture using a conflict-free design. To achieve higher perfor-
mance, Kim et al. [4] propose the DA2mesh network which exploits
a simplified router architecture and doubles the NoC frequency to
improve performance. Jang et al. [6] assign more VCs to reply pack-
ets as the reply traffic generally requires more bandwidth. To main-
tain performance in high-throughput workloads in a bufferless
network, Kim et al. [7] propose clumsy flow control to reduce the
amount of deflection caused by network contention. Compared to
these designs, LA-LLC is the first study to notice and leverage inter-
core communication to mitigate the reply network bottleneck. LA-
LLC does not modify the NoC architecture and mitigates the reply
network bottleneck by exploiting inter-core locality.

6 CONCLUSION

GPGPUs have a unique traffic pattern called many-to-few-to-many
which causes serious congestion in the reply network. In this
paper, we observe that the underutilized core-to-core communica-
tion can be leveraged to alleviate this bottleneck. To exploit inter-
core locality in GPGPUs, we propose LA-LLC which enables mem-
ory requests to fetch data from remote L1s instead of the LLC. By
utilizing inter-core communication, LA-LLC transfers few-to-many
traffic into many-to-many traffic and thereby mitigates the reply
network bottleneck. Our evaluation shows that LA-LLC transforms
31 percent of the few-to-many traffic into communication between
cores. This reduces memory access latency and improves perfor-
mance by 21.1 percent on average.
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