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Abstract

Multiprocessor system-on-chip (MP-SoC) platforms represent an emerging trend for embedded multimedia applica-
tions. To enable MP-SoC platforms, scalable communication-centric interconnect fabrics, such as networks-on-chip
(NoCs), have been recently proposed. The shared memory represents one of the key elements in designing MP-SoCs to
provide data exchange and synchronization support.

This paper focuses on the energy/delay exploration of a distributed shared memory architecture, suitable for low-power
on-chip multiprocessors based on NoC. A mechanism is proposed for the data allocation on the distributed shared mem-
ory space, dynamically managed by an on-chip hardware memory management unit (HwMMU). Moreover, the exploita-
tion of the HwWMMU primitives for the migration, replication, and compaction of shared data is discussed. Experimental
results show the impact of different distributed shared memory configurations for a selected set of parallel benchmark
applications from the power/-performance perspective. Furthermore, a case study for a graph exploration algorithm is dis-
cussed, accounting for the effects of the core mapping and the network topology on energy and performance at the system
level.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction nect fabrics, such as high performance and efficient
networks-on-chip (NoCs) [10]. To meet the system-
level design constraints in terms of performance,

cost and power consumption, a careful design of

Multiprocessor system-on-chip (MP-SoC) archi-
tectures are emerging as appealing solutions for

embedded multimedia applications [10]. In general,
MP-SoCs are composed of core processors, memo-
ries and some application-specific coprocessors.
Communication is provided by advanced intercon-
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the memory subsystem and the communication
layer is mandatory.

The main focus of this paper is the exploration
of distributed shared memory architectures
suitable for low-power on-chip multiprocessors
based on the NoC approach. The three main
characteristics of our target MP-SoC architecture
are:
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e The communication, that is, based on the
PIRATE NoC [9] architecture composed of a
set of parameterized interconnection elements,
that can generate different on-chip micro-net-
work topologies. The router architecture is based
on a crossbar switch, the switching policy is
wormhole, the routing is distributed and the
algorithm is static and table-based.

e The memory subsystem, that is, based on a Non
Uniform Memory Access (NUMA) paradigm.
The latency of memory accesses is non-uniform,
because the system is built around a network
interconnect and the memory space is composed
on physically distributed and logically shared
memory modules. Besides the shared memory
space, the memory model is composed of private
memory spaces for each processing element (PE).
The shared portion of the addressing space repre-
sents one of the key elements of the MP-SoC to
support synchronization and data exchange
between PEs.

e The on-chip hardware memory management unit
(HWMMU), designed to dynamically manage
data allocation/deallocation on the physically
distributed shared memory space. The memory
management features are implemented in an
hardware module so as to reduce the overhead
due to the operating system memory manage-
ment in terms of energy and performance. The
on-chip HWMMU makes the memory utilization
more efficient especially for embedded applica-
tions whose memory requirements can change
significantly during run-time.

For the target multiprocessor architecture, the
paper explores different on-chip network topologies
and a variable number of distributed shared mem-
ory modules. Although the origins of the considered
interconnect topologies and memory architectures
can be tracked back to the field of multiprocessing
systems, a different set of design constraints must
be considered when adopting these architectures to
the system-on-chip design context. Energy con-
sumption and area constraints become mandatory
as well as high throughput and low latency.

In this paper, our previous work [22] has mainly
been extended in two directions. First, we discuss in
Section 4.2 a HWMMU design supporting migra-
tion/replication/compaction policies for shared
data. Second, we discuss in Section 5.3 an experi-
mental case study regarding the analysis of a
Breadth-First Search (BFS) algorithm for graph

exploration. This case study takes into account the
actual mapping of the system cores onto three differ-
ent NoC topologies.

The design space exploration has been carried
out by using GRAPES [31], a network-centric MP-
SoC modelling, simulation and power estimation
platform. GRAPES features a cycle-accurate simu-
lation environment for power and performance
evaluation of MP-SoC architectures based on a con-
figurable network-on-chip. Our analysis enables us
to identify power/performance trade-offs that repre-
sent critical issues for the design of network-based
MP-SoCs. In particular, the experimental results
show how an optimized design of the on-chip mem-
ory subsystem can save both system energy and exe-
cution time depending on the intrinsic nature of the
target application (communication- or computa-
tion-oriented). The exploration of NoC topologies
can identify energy/delay trade-offs and communi-
cation bottlenecks.

The paper is organized as follows. Some previous
works are discussed in Section 2 while, in Section 3,
the target system-on-chip multiprocessor architec-
ture is presented, focusing on the interconnection
and the memory subsystem. The proposed on-chip
memory management unit is discussed in Section
4, while experimental results are shown and dis-
cussed in Section 5. Finally, some conclusions are
pointed out in Section 6.

2. Related work

Most of the previous researches in embedded sys-
tems have focused on static allocation and how to
synthesize memory hierarchies for a SoC [4]. For
applications whose memory requirements change
significantly during run-time, static allocation of
memory makes the on-chip memory utilization inef-
ficient and system modification very difficult [13].

Scratchpad memories have been proposed as an
alternative to large L2 caches [15], especially for
embedded systems. When adopting scratchpad
memories, a software controlled local storage is pro-
vided instead of L2 cache. The shared memory
design targeted in this paper can be seen as a set
of scratchpad memories, managed as a typical mul-
tiprocessor shared memory.

Several works focus on scratchpad/L2 design.
The authors of Ref. [14] present an algorithm to
optimally solve the memory partitioning problem
by dynamic programming. Regarding to multipro-
cessor systems, Kandemir et al. [20] present a com-



M. Monchiero et al. | Journal of Systems Architecture 53 (2007) 719-732 721

piler strategy to optimize data accesses in regular
array-intensive applications for a system based on
scratchpads. In [21], the authors propose composi-
tional memory systems based on the partitioning
and exclusive assignment of the L2 lines to running
threads. The authors of [17,24] propose task/data
migration schemes for NoC-based systems, based
on compile-time profiling.

These approaches are based on static or, for
more complex approaches, based on dynamic profil-
ing of the application, but they are not so effective
when the memory utilization changes dynamically
with the system load, especially in shared memory
multiprocessors [5]. On the other hand, the dynamic
memory management can consume a great amount
of the program execution time, especially for object-
oriented applications, without providing determinis-
tic timing behavior. Nevertheless, static techniques
can be considered orthogonal to ours, and can be
applied on the top of our hardware platform.

Many researchers have proposed hardware accel-
erators for dynamic memory management. The liter-
ature shows hardware implementations proposed in
[12,28,1]. Chang et al. [27] have implemented the
malloc(), realloc(), and free() C-Language functions
in hardware. They also proposed an hardware exten-
sion integrated in the future microprocessors to
accelerate the dynamic memory management [16].

In [25,26], the authors propose a memory alloca-
tor/deallocator (namely, SoOCDMMU) suitable for
real-time systems. The main characteristic is that
by using the SoOCDMMU, the memory management
is fast and deterministic. The main limitation of the
SoCDMMU architecture is that all memory acces-
ses need to pass through the SoOCDMMU, becoming
a bottleneck for multiprocessors.

De La Luz et al. [19] explore a multi-bank mem-
ory system and describes an automatic data migra-
tion strategy which dynamically places the arrays
with temporal affinity into the same set of banks.

Our work differs, since we choose to exploit the
NoC to enable efficient dynamic memory manage-
ment. We use a message passing mechanism and a
hardware MMU, while the authors of [19] proposes
a non-trivial software algorithm executed by the
processor.

3. Target on-chip multiprocessor architecture
In this section, we present the architecture of the

target multiprocessor system-on-chip, focusing on
the central points of our analysis: the interconnec-
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Fig. 1. Target on-chip multiprocessor architecture.

tion network, the organization of the memory sub-
system and the memory management unit.

Fig. 1 shows the architecture of the on-chip mul-
tiprocessor composed of several processing elements
(PEs), the memory modules and the HwWMMU. The
core of the system is the scalable communication-
centric interconnect fabrics (namely, PIRATE
NoC [9]). The PIRATE NoC is connected to each
module through the corresponding network inter-
face (NI), that implements the translation of com-
munication protocols and the data packeting.

The memory space is composed of a shared mem-
ory space and separate private memory spaces for
each processing element. Private data are cached
to improve performance without requiring the need
of cache coherency support.

Each processing element (PE) is composed of the
core processor, the L1 private data cache, the L1
instruction cache, the shared data translation
look-aside buffer (SD-TLB), the TLB for private
data and instructions, and the communication
coprocessor interfacing the NI. Two different TLBs
have been introduced to support different virtual-to-
physical addresses translation schemes (such as dif-
ferent page sizes). The L2 cache (unified for private
data of each processor and instructions) is central-
ized on a dedicated module interfacing the network.
The network also interfaces the off-chip main mem-
ory through the on-chip main memory controller.
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The memory modules for shared data are distrib-
uted across the NOC topology providing non-uni-
form memory accesses. For each shared memory
module, the corresponding memory controller inter-
faces the network. The proposed NoC-based archi-
tecture is scalable in terms of number of processing
elements and distributed shared memory modules.
The on-chip centralized MMU module supports
memory  allocation/deallocation  dynamically.
Finally, global asynchronous events are managed
by the interrupt controller module.

3.1. Interconnection

The interconnect is the key element of the on-
chip multiprocessor system, since it provides a low
latency communication layer, capable of minimizing
the overhead due to thread spawning and synchro-
nization. This approach, when compared to bus-
based solutions, solves physical limitations due to
wire latency providing higher bandwidth and paral-
lelism in the communication.

PIRATE [9] is a Network-on-Chip composed of
a set of parameterized interconnection elements
(routers) connected by using different topologies
(such as ring, mesh, torus, etc.). The router internal
architecture is based on a crossbar topology, where
the Nx N network connects the N input FIFO
queues with N output FIFO queues. The number
of each input (output) FIFO queue is configurable
as well as queue length (at least one). The incoming
packets are stored in the corresponding input queue,
then, the packets are forwarded to the destination
output queue. The I/O queues and the crossbar
are controlled by the router controller, that includes
the logic to implement routing, arbitration and vir-
tual-channels.

The PIRATE router is 3-stage pipelined architec-
ture that implements table-based routing and worm-
hole switching. The PIRATE network interface
implements the adaptation between the asynchro-
nous protocol of the network and the specific proto-
col adopted by each IP-node composing the system.
The network interface is also responsible for the pac-
keting of the service requests coming from the IP
nodes. The service level is best effort and there is a
round robin priority-based arbitration mechanism.

3.2. Memory subsystem

The memory space is composed of separate pri-
vate memory spaces and shared memory space. A

private memory space exists for each PE and it can-
not be seen by any other PE in the system except for
the owner. Shared portions of the addressing space
are mainly used for synchronization and data
exchange. While private memories map to L1/L2
caches and off-chip main memory, shared memory
is only implemented by on-chip RAM modules dis-
tributed on the NoC (without caching).

Private data are cached to improve performance
without requiring the need of cache coherency sup-
port. Two levels of caching are provided: the L1-
caches for private data and instructions are placed
on each PE, while one L2 unified (private data
and instructions) cache is centralized on a dedicated
module interfacing the network.

The memory modules for shared data are distrib-
uted on the NoC topology providing non-uniform
memory accesses (NUMA approach). Shared data
are not cached to avoid the overhead of cache
coherency support. Globally, data locality is
exploited for private data by L1 and L2 (where no
coherency support is required), while shared data
access locality is assured by distributing the shared
memory modules on-chip. Shared memories are
directly exposed to the programmer, which can
explicitly place shared data or synchronization
variables.

4. Memory management unit

In the proposed target architecture, shared data
are dynamically managed and shared data alloca-
tion/deallocation mechanisms are provided by the
on-chip centralized HWMMU module. A virtual
memory mechanism decouples the logical address-
ing space, as seen by each processors, from its phys-
ical addressing implementation.

The memory management features have been
implemented in a hardware module to reduce the
overhead due to the operating system in terms of
energy and performance [26]. The HwMMU makes
the memory management fast and deterministic (if
we do not consider the network latency). The
dynamic management makes memory utilization
more efficient especially for embedded applications
whose memory requirements can change signifi-
cantly during run-time.

The HWMMU holds the table of the allocated
shared pages (Shared Page Table) and the virtual
to physical addresses correspondence for each
shared page. The SD-TLB in each PE is used to
cache this information and in our target architecture
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it has a fully associative structure. When a SD-TLB
miss occurs, physical page information are fetched
from the HWMMU and the corresponding SD-
TLB entry is updated.

Additionally the HwWMMU holds a table called
the Memory State Table (MST) where the state val-
ues (active or sleep) of the memory modules are
stored. When different HwWMMU operations are
performed, the memory modules can be power-
managed to reduce power consumption. The table
also stores the number of pages allocated in each
memory. Allocation and deallocation are performed
at the granularity of the page size. This design
choice reduces the memory fragmentation. In our
current implementation, the HwWMMU is the only
unit in the system that can change the memory
power states. This means that the shared memory
sleep and active signals are not exposed to the
software.

4.1. HwMMU primitives

In the following, the different primitives sup-
ported by the HWMMU are described. There are
two types of primitives that the on-chip HwMMU
can execute: Allocation/Deallocation and Movel
Copy. These primitives are described hereafter,
while Table 1 compares, for each primitive, the exe-
cution time required by the HWMMU and by the
corresponding software routine to completely exe-
cute the primitive from the user application. The
execution times have been calculated (for the target
architecture described in Section 5) by assuming
that one-hop network distance between each mod-
ule and that each memory involved in the operation
is already in a active state. For the computation of
execution times related to the software case, data
structures used for the memory management have
been assumed as already stored locally on private
data caches. This assumption represents a lower

bound for the execution time of software routines
since, typically, data structures to support memory
management in shared-memory multiprocessors
are stored in shared memory. The results reported
in Table 1 show how the dynamic memory manage-
ment provided by the HWMMU requires at least
half execution time with respect to the software
routine.

The centralized HWMMU does not represent a
bottleneck for memory accesses, because, in the tar-
get architecture, SD-TLBs are used on each PE for
locally caching address translations. The HwMMU
is used for allocation/-deallocation/-copy/-move for
shared data and in case of SD-TLB misses to access
the shared page table.

4.1.1. Allocationldeallocation
The basic allocation and deallocation primitives
for the shared data have the following structures:

MMU _MALLOC(MEM, size)
MMU_FREE(address)

where size is the number of data bytes to allocate,
MEM is the number of the memory module where
data must be allocated, and address is the pointer
of the space to release. By setting to —1 the value
of MEM, the memory allocation is assigned to
HwMMU. In all cases (when MEM is equal to —1
or not) the allocation request is sent to the
HwMMU.

The number of the shared memory modules
(MEM) represents an unique logic identifier for
each shared memory module. This value does not
represent a topological information regarding the
position of the module on the network. For this rea-
son while using an explicit MEM value we must
assume to know at software level the topology of
the system in order to map our allocation on a par-
ticular memory module.

Table 1
Comparison of execution time required by MMU primitives implemented by on-chip HWMMU or SW routine
Command On-chip HwWMMU SW routine

Execution time (clock cycles) Execution time (clock cycles)
MMU MALLOC(MEM, size) 61 >220
MMU_FREE(address) 58 >96
MMU_COPY(MEM, address, number) 66 + 54886 x page =220 + 94208 x page
MMU_MOVE(MEM, address, number) 69 + 54886 x page >316 + 94208 x page

Assuming a 5 ns clock period for the PEs. Variable page is the number of 4 KB-pages to be moved/copied.
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The allocation of a page on a memory module is
performed after checking the state of the memory
on the MST. If the memory module is already
active, it is used. Otherwise an active signal is sent
to the memory.

If the memory is not available for accepting the
request an invalid value is returned. It is thus
responsibility of the software layer to manage the
exception.

When the allocation operation is completely
assigned to the HWMMU, several strategies can be
adopted to choose which shared memory module
can be used. Round-robin strategy is the default
strategy, but power-aware strategies are also
possible.

4.1.2. Movelcopy

The HWMMU can be used not only to allocate/
deallocate space, but also to move and copy shared
data. These two operations are similar but, while
the move operation needs to free the original space
of the data to be moved, the copy operation does
not. The basic copy and move primitives have the
following structures:

MMU _COPY(MEM, address, number)
MMU_MOVE(MEM, address, number)

where address is the page virtual address, number is
the number of pages to be copied/moved (starting
from address), while MEM is the number of the
memory module where the pages must be placed.
When MEM is equal to —1, the decision on the des-
tination memory module is left to the HwMMU.

The MMU_MOVE primitive starts allocating
space in the destination shared memory module
indicated by MEM. Once performed the allocation,
the HWMMU broadcasts an invalidate request to
SD-TLB locations referring to the pages to be
moved in order to force each memory request to
those pages to pass through the HwMMU. Then,
the copy of the pages can be performed and, if a
request occurs during the copy, the HwMMU
delays the response until the move operation ends.
The source pages can be deallocated and the new
page address is updated in the HwWMMU table.
After the MMU_MOVE operation a MMU_FREE
operation, as the one explained in the Section 4.1.1,
is performed.

The MMU_COPY operation starts allocating
space in the destination memory module indicated
by MEM. The copy of the pages can then be done

and, at the end of the operation, the new page
address is sent back to the PE that required the
copy. Performing a move primitive, the virtual
address of the page is the same before and after
the operation, while the copy primitive returns the
new page address.

The MMU _COPY and MMU_MOVE primi-
tives can be useful to exploit memory locality
(by data migration and duplication) and space
compaction.

4.2. Exploitation of the HvMMU primitives

In this section, we discuss how MMU COPY
and MMU_MOVE primitives can be used to exploit
the memory locality (by data migration and duplica-
tion) and space compaction. The use of these fea-
tures of HWMMU primitives combined with the
use of the power states for the shared memory
banks can result in the reduction of both execution
time and energy consumption.

The simplest way to take advantage of the
MMU_COPY and MMU_MOVE primitives is to
use them as dedicated DMA functions to manage
memory transfers in the shared memory space. This
feature can result useful for instance when designing
pipelined applications on multi-buffered data struc-
tures. While a buffer is transferred from a shared
memory to another, following the processing pipe-
line, another buffer is computed by the processing
elements. In such way, since transfers are assigned
to the HWMMU, the latency of the transfers can
be completely overlapped with useful computation.

Other more sophisticated uses of the HwMMU
primitives are supported in our proposed architec-
ture. In the rest of this section, we explain the mech-
anisms to support the migration, replication and
compaction of shared data.

The migration strategy can be used when shared
data are located in shared memory modules far (in
terms of network hops) from a PE that is currently
using them for most of the time. In this case, shared
data could travel in all the network before reaching
the interested PE. This results in a high latency of
the memory accesses (which causes the PE to stall)
as well as a high network traffic. Our solution sug-
gests to use the HWMMU to move the data in a
shared memory near to the PE which is using them
for most of the time.

We consider a system where the topology of the
architecture is known at application-level by all
the PEs. Our technique reminds the explicit data
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Fig. 2. Different steps of the user-level migration point algorithm.
Clock cycles are calculated for a configuration of 8 PEs connected
with a mesh network where the lists of virtual page addresses are
composed of 4 addresses encoded in messages of 4 Bytes.

migration approach used in distributed shared
memory multiprocessors [23]. The proposed idea
consists of inserting in the application some explicit
migration points, exploiting the above described
HwMMU primitives. Fig. 2 shows the structure of
the migration point algorithm as seen from each
processing element of the system.

In each migration point, each PE performs a glo-
bal communication exchange with the other PEs in
the system through a broadcast message. During
this all-to-all exchange each PE sends to the other
PEs a list of the most recently used virtual page
addresses. At at the end of this phase, each PE
knows which are the virtual page addresses that
each other PE is using. For all the virtual pages
addresses that do not generate a migration conflict
(i.e. are not requested by an other PE) each PE
sends a MMU_MOVE primitive to move the pages
in a shared memory module which is near to its loca-
tion on the network. If a migration conflict is
detected on a virtual page address, i.c. a PE detects
that a virtual page address is also required by
another PE, a different strategy can be employed
as for instance the replication of the page using the
MMU_COPY primitive. In this case, problems of
shared pages coherence must be explicitly managed
at software level by the user application. The expli-
cit migration points can be added manually by the
user or automatically by the compiler, and they
can be placed after global synchronization points
or at the beginning of high parallel data-intensive
portions of code.

In a system with pages of 4 KB and a total shared
memory size of few MBytes, the number of shared
memory pages is not dramatically large. In this case,

considering a list of 2-4 pages, we can encode the
broadcast message in a single word. Putting the
migration points after global synchronization or
before data-intensive segments of code, we ensure
low utilization of the network interconnect that can
deliver the broadcast messages in few clock cycles.
In Fig. 2, we report the number of clock cycles spent
in every phase of the algorithm for a configuration of
8 PEs connected with a mesh network topology. The
lists of virtual page addresses are composed of 4
addresses encoded in messages of 4 Bytes.

It is worth noting that at the end of the migration
points, the computation can restart without explicit
wait for the completion of the move operations per-
formed by the HwWMMU. The mechanism of inval-
idation of the SD-TLB implemented in the
MMU _MOVE allows the PEs to continue in the
computation, except when a SD-TLB miss occurs.
If either the programmer or the compiler can over-
lap the migration points with useful computation
(for instance when working on local data) the
migration cost can be reduced significantly.

Another technique that can take advance of the
HwMMU is the compaction of shared data. When
multiple shared memory modules are partially used,
a MMU_MOVE primitive can be issued in order to
compact data on a single module. In fact, for an
energy efficient use, all the memories involved in
the data compaction which do not contain any more
pages can be put in sleep state.

5. Experimental results

In this section, first, we give an overview of the
experimental setup used to obtain the results (Sec-
tion 5.1), second we discuss the exploration results
of the target MPSoC by varying the memory archi-
tecture (in Section 5.2). Finally, in Section 5.3, we
present a case study for a graph exploration applica-
tion, also showing the exploration results of NoC
topologies.

5.1. Experimental setup

The simulations have been carried out at the
cycle-accurate level. Power model parameters have
been estimated by gate-level simulation (with
130 nm STMicroelectronics CMOS technology)
and extracted by experimental data (from ARM
core [11] and from CACTI for memories [32]).
Accuracy of power models can be directly derived
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Table 2

Parameters of the target architecture

Parameter Value
Number of PEs 8

PE clock frequency 200 MHz
NoC clock frequency 400 MHz
NoC data-path size 1 Byte
NoC topology Mesh
Memory interface and control

logic clock frequency 200 MHz
Shared memory space 512 KB
SD-TLB size 8 entry
SD-TLB replacement policy LRU
Shared memory page size 4KB

from the accuracy of the models used for each mod-
ule ([9,11,32]).

The parameters of the target MP-SoC architec-
ture chosen for the experiments are reported in
Table 2. The system is composed of 8§ PEs and each
PE is an ARM?7 core with a clock frequency of
200 MHz. The 200 MHz clock frequency has also
been used for shared memories interfaces and con-
trol logic. The PIRATE-NoC has a 400 MHz clock
to minimize the latency, while not dramatically
impacting the power consumption. The network
data-path size is equal to one byte to reduce the
hardware complexity of the on-chip network, while
the NoC topology has been configured as a mesh.
The mesh topology includes (12 + n) nodes, where
n is the number of distributed shared memory mod-
ules (varying from 1 to 5 in the experiments
reported in Section 5.2). Three different NoC topol-
ogies have been explored in Section 5.3.2.

The mapping of the IPs and memory modules to
the nodes of the network topology has been opti-
mized for each benchmark in order to minimize
the average network latency by using an in house
developed tool [31].

All the reported results have been obtained by
using the dynamic features of the on-chip HwMMU

by setting to —1 the MEM field in the MMU prim-
itives. The algorithm used by HwWMMU for data
allocation is round-robin.

A set of kernels have been extracted from the
SPLASH-2 suite [29] of parallel benchmark applica-
tions to be used as application benchmarks in Sec-
tion 5.2. The SPLASH-2 suite has been released to
facilitate the study of centralized and distributed
shared address space for multiprocessing. Two
other applications have been written by using PAR-
MACS macros [30]: a matrix multiplication algo-
rithm (Matrix) and a vector normalization
(Norm). PARMACS macros offer basic primitives
for synchronization, creation of parallel processes
and shared memory allocation. Table 3 summarizes
the selected set of benchmarks with a short descrip-
tion of the functionality and the origin of each
benchmark (SPLASH-2 suite or PARMACS-
based).

The main characteristics of the selected bench-
marks have been reported in Fig. 3 for the target
architecture with a single shared memory module.
For each benchmark, the breakdown of the
normalized execution time spent by each processor
in computation, shared memory accesses and syn-
chronization has been reported. Based on the results
shown in Fig. 3, the selected benchmarks can be
grouped in computation-intensive (FFT and Norm),
memory-intensive (Matrix) and synchronization-
intensive (LU-1, LU-2 and Radix).

5.2. Exploration of distributed shared memory
architectures

In this section, we show the results of the
exploration of the distributed shared memory
subsystem.

Fig. 4 shows the shared memory request latency
for the Matrix application by varying the number
of distributed shared memory modules from 1 to

Table 3
The selected set of benchmarks

Description From
FFT Complex 1 D radix-/n 6-step FFT SPLASH-2
LU-1 Lower/upper triangular matrix factorization SPLASH-2
LU-2 idem, but optimized for spatial locality (contiguous blocks) SPLASH-2
Radix Integer radix sort SPLASH-2
Matrix Matrix multiplication PARMACS-based
Norm Parallel vector normalization PARMACS-based
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Fig. 4. Shared memory request latency for Matrix benchmark by
varying the number of distributed shared memory modules from
1 to 5.

5. Each point has been computed by considering the
average value of shared memory request latency in
10 us time interval. Matrix benchmark has been
chosen since it is memory-intensive, so the effects
of memory exploration are more evident. The
shared memory request latency represents the
latency necessary to receive the response of a mem-
ory request. It includes the network request latency
(from source to memory module), the memory
latency, the network response latency (from mem-

ory back to the source of request) and the possible
latencies due to contentions.

Except for the initial behavior (in the time slot
between 0 ns and 1.5 x 10° ns), where the high val-
ues of request latency are mainly due to cold start
SD-TLB misses, the shared memory request latency
is almost stationary and its average value mainly
depends on the number of physical memories. In
Fig. 4, it can be observed that using a single physical
memory the request latency, on average, reaches the
higher value (712 ns approximately). Increasing the
number of physical memories, up to 4, we can
observe a reduction in the average request latency
(approximately 512 ns, 360 ns, 348 ns, respectively,
for 2, 3 and 4 physical memory). The reduction is
due to two main factors: first, the reduction in mem-
ory contentions, since with a higher number of
physical memories is less probable to have two
accesses at the same time to the same memory, sec-
ond, the reduction of the network latency, since
with a higher number of physical memory distrib-
uted in the network is more probable to find the
data at a reduced network distance with respect to
a single shared memory. For 5 distributed shared
memories, we can see how the average latency
(approximately 376 ns) slightly increases with
respect to the configurations with 3 and 4 physical
memories. This is due to the fact that increasing
the number of memories, the network size increases
consequently as well as the diameter of the network.
In the case of 5 memory modules, the advantages in
memory contention and data locality are not
enough to balance the disadvantage due to a greater
network size.

Fig. 5a and b show performance and energy
results obtained by exploring the number of distrib-
uted shared memory modules from 1 to 3 across the
network. The analysis for 4 and 5 distributed shared
memories are not shown because a negligible perfor-
mance speedup has been obtained for the selected
set of benchmarks (as confirmed by Fig. 4 for the
Matrix benchmark).

For the selected benchmarks, Fig. 5a reports the
execution times for 2 and 3 distributed shared mem-
ory modules, where the reported values have been
normalized with respect to a single shared memory.
For all the benchmarks, the distribution of shared
data implies shorter execution time. This is more
evident for LU-1, LU-2, Radix and Matrix (for
which the gain is up to 53%), even if some small
improvements can be observed also for the remain-
ing benchmarks (up to 3%).
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Fig. 5. (a) Performance, and (b) energy breakdown for the
selected set of benchmarks. In (b), each benchmark has been
labelled with (bench)-x, where x is the number of distributed
shared memory modules.

Distributing shared data in physical memories is
more effective for LU-1, LU-2, Radix and Matrix,
since these benchmarks are communication-based
(as seen in Fig. 3) due to large synchronization over-
head (for LU-1, LU-2 and Radix) or due to many
accesses to shared data (for Matrix). In particular,
Matrix obtains the highest performance advantage
with respect to LU-1, LU-2 and Radix because it
manages a large amount of shared data. In fact,
the other three benchmarks show a high communi-
cation rate, but limited to synchronization struc-
tures, that have small size. This behavior is more
evident by increasing the number of physical mem-
ories. In fact, passing from 2 to 3 physical memo-
ries, Matrix continues to reduce the execution time
(approximately 14%), LU-1, LU-2 and Radix gains
only approximately 2%. For FFT and Norm bench-

marks, the advantage in distributing shared data is
not evident due to the computation-based nature
of these applications. The time spent in communica-
tion is negligible and so the advantage of a reduced
shared memory request latency does not affect sig-
nificantly the system performance.

Regarding energy, Fig. 5b shows energy results
for systems including 2 and 3 shared memory mod-
ules normalized with respect to the system with a
single shared memory. The corresponding energy
breakdown between PEs, shared memory subsystem
and NoC is also shown. Energy contributions due to
HwMMU, L2 cache, interrupt controller and main
memory controller are not shown since their values
are constant by varying the number of shared mem-
ories. Energy saving in Fig. 5b is mainly due to two
aspects: the first one is due to execution time reduc-
tion; the second one is related to the reduced energy
cost of memory accesses for configurations of the
shared memory distributed on 2 and 3 memory
modules. The NoC energy is reduced, despite its
complexity increases. In fact, more routers are
needed to serve more memories, but the locality of
the communication (in the system with distrib-
uted memories) trade-offs the energy consumption
due to the additional routers. FFT and Norm do
not show significant energy saving (up to 3%),
while LU-1, LU-2, Radix and Matrix show up to
42% energy saving. The motivation of the small
energy savings for FFT and Norm is the same
shown for performance and proved from energy
breakdown: these two benchmarks are character-
ized by high computation and a few memory
accesses.

5.3. Case study.: a graph exploration algorithm

Many important applications require to navigate
data structures represented by graphs with semantic
information. Search or exploration algorithms play
an important role while looking for nodes or paths
with a certain property. Breadth-First Search (BFS)
[8] is of particular importance among different
graph search methods and it is widely used in sev-
eral applications [2,3,6,7]. A common query that
arises in analyzing a semantic graph, for example,
is to determine the nature of the relationship
between two vertexes in the graph, and such a query
can be answered by finding the shortest path
between those vertexes using BFS. Further, BFS
can be used to find a set of paths between two ver-
texes whose lengths are within a certain range.
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Algorithm 1. Perform a BFS exploration, starting
from vertex r

unmark all vertexes
mark the root vertex r
L—0
Q«r
QOnext — {}
repeat
while O # {} do
pop a vertex v from Q
for all unmarked neighboring vertexes n of v
mark n
add n to QOnext
end for
end while
Q «— Qnext
L—L+1
until Q = {}

The sequential BFS algorithm (Algorithm 1) vis-
its all the vertexes reachable from a selected root
vertex by using the following strategy: the root ver-
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Fig. 6. Performance (a) and energy (b) breakdown for our graph
exploration algorithm.

tex, from which the exploration starts, is added to a
queue Q. All the vertexes on Q are sequentially
examined and the neighbors of each vertex that
are not already touched by the algorithm are
appended to another queue called Qnext. Vertexes
appended to Qnext are marked in a structure in
order to skip them while the algorithm proceeds.
Note that at the first level, only the root vertex is
present in Q. When Q is empty, the level in the
exploration is increased by one, Q and Qnext are
swapped and the algorithm is executed again. The
entire algorithm terminates either when Qnext is
empty or when a vertex of interest is found.

In this paper, we evaluate a parallel implementa-
tion of the same algorithm where the queues Q and
Qnext, as well as the marked structure, are shared
among the PEs. A ticket-based mechanism is imple-
mented on the Q using a fetch and increment oper-
ation in order to get a chunk of vertexes to explore.
Parallelism is obtained by exploring in parallel dif-
ferent neighbor lists on the same level of BFS explo-
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Fig. 7. Performance (a) and energy (b) for our graph exploration
algorithm by varying NoC topologies and distributed shared
memory modules from 1 to 3.
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ration. The BFS algorithm seems to us especially
relevant, since it has poor locality properties. This
is due to the fact that there is small data reuse while
the graph is being explored. For this reason, caching
of shared data would be less effective, motivating
our approach based on distributed on-chip shared
memories.

5.3.1. System energy and performance evaluation

Similarly to Fig. 5, the performance and energy
for the BFS are shown in Fig. 6. Increasing the
number of shared memories up to 5, both delay
and energy can be reduced by 40% approximately.
A minimum can be found for the 3-SM configura-
tion, while, for a larger number of memories, both
metrics slightly get worse. This is due to the fact that
the overhead due to fetching data from a far mem-
ory becomes noticeable.

@ ®

()~~~

5.3.2. Exploration of NoC topologies

Since the NoC is one of the the key concepts in the
design of the target system, in this case study, a more
detailed analysis of the NoC is discussed. For our
architecture — where the latency of any memory
access is not uniform — it is especially important to
consider the mapping of the cores into the network
tiles, and the topology, because this influences the
network diameter and the average connectivity.

Three different NoC topologies have been consid-
ered: ring, spidergon [18] and mesh. The number of
distributed memory modules has been varied from 1
to 3 (corresponding to 13- to 15-node topologies).
This because the 3-SM architecture results the
optimal one. In Fig. 7, for each memory configura-
tion, the reported values have been normalized
with respect to the ring-based multiprocessor
architecture.

- O--®
-
®

@9

(1))

(c) 3 Shared Memories

Fig. 8. Mapping of the cores to the explored network topologies (ring, spidergon and mesh) by varying the shared memories from 1 to 3.
The nodes represent PE (processing element), SM (shared memory), MM (main memory), L2 (L2 Cache), IC (interrupt controller), and
HwMMU (hardware memory management unit). (a) 1 Shared memory; (b) 2 shared memories and (c) 3 shared memories.
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The exploration results reported in Fig. 7a show
how, due to the reduced average number of hops,
mesh offers the shortest execution time, followed
by spidergon and ring. This behavior is evident for
all memory configurations.

A similar trend has been reported in Fig. 7b,
where the energy saved by the reduced execution
time is more than the energy spent for a more com-
plex network (passing from 3-port router required
by ring, through 4-port router for spidergon up to
S-port router for mesh).

Finally, to better understand the previous results,
Fig. 8 shows, for each one of the explored topology,
the mapping of the cores into the network for 1-3
shared memories. The gray circles in the spidergon
topology represent routers not connected to any
physical IP, due to the fact that the spidergon topol-
ogy includes an even number of nodes, as explained
in [18].

6. Conclusions

This paper focuses on the power/performance
exploration of the distributed shared memory
approach in MP-SoC architectures based on the
NoC. A distributed shared memory architecture
has been proposed, that is suitable for low-power
on-chip multiprocessors and supported by an on-
chip hardware MMU. The exploitation of the
HwMMU primitives has been discussed in the con-
text of migration, replication, and compaction of
shared data. The scalability of the proposed archi-
tecture with respect to the number of distributed
memory modules has been evaluated in terms of
power and performance. Furthermore, a BFS graph
exploration algorithm has been used as case study to
shown how, the system-level latency and energy
reflect the influence of network topologies and the
corresponding core mappings.
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