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Abstract—Multicore architectures suffer from high core-to-core communication latency primarily
due to the cache’s dynamic behavior. Studies suggest that a directory-approach can be helpful to
reduce communication latency by storing the cached block information. Recent studies also
indicate that a wireless router has potential to help decrease communication latency in multicore
architectures. In this work, we propose a directory based multicore architecture with wireless
routers to minimize communication latency. We simulate systems with mesh (used in the
Standford Directory Architecture for SHared memory (DASH) architecture), wireless network-onchip (WNoC), and the proposed directory based architecture with wireless routers. According to
the experimental results, our proposed architecture outperforms the WNoC and the mesh
architectures. It is observed that the proposed architecture helps decrease the communication
delay by up to 15.71 percent and the total power consumption by up to 67.58 percent when
compared with the mesh architecture. Similarly, the proposed architecture helps decrease the
communication delay by up to 10.00 percent and the total power consumption by up to 58.10
percent when compared with the WNoC architecture. This is due to the fact that the proposed
directory based mechanism helps reduce the number of core-to-core communication and the
wireless routers help reduce the total number of hops.
Index Terms—Communication latency, directory based multicore architecture, energy-efﬁcient
multicore architecture, mesh topology, wireless network-on-chip architecture, wireless router

INTRODUCTION
In the present era, the computer has become a pervading electronic component from the
beginning to the end of the day, by providing large number of platforms for computing, research, and
entertainment. The contemporary usage of computer applications presents many challenges for design
engineers. In order to provide improved performance to customers, design engineers have to change from
building a single large complex core to many small simple cores on the computer chip [1], [2], [3], [4], [5].
Multicore chips have become the most predominant components in building a computer, which can meet
the demands of the present time and the evolution of these multicore processors has made a radical
change in the way of designing computer systems.
Multicore systems are designed in a way that two or more cores are coupled together to work
concurrently in parallel for increasing execution speed of complex jobs which need multiple operations to
be done at a single instant of time [6]. A large and/or complex job is divided into multiple tasks and the
tasks are processed concurrently on many cores; this leads to multicore systems. In a multicore system,
multitasking is done by assigning different sets of tasks to different cores. Multiple cores help improve the
computational capacity of the processor through parallel computing technology [7]. While multicore
processors have become certainly important, there are still many obstacles that designers have to face
while designing more than one processing core on a chip. More cores were embedded on a single die
which presents a need of interconnection between two cores and interconnection among the cores leads
to long wiring delays, huge power consumption, and other challenges (some of those are discussed in this
article).
A wide changeover from single-core to multicore chip processors has pleased many users by
providing increased performance and access to many applications which requires a very fast execution
speed. Multiple cores on a chip lead to some interesting challenges, such as implementing multi-threading

in order to provide better performance. Multi-threading is a process in which a central processing unit
(CPU) can execute several number of threads simultaneously [8]. Simultaneous multithreading (SMT) is a
technique in which several independent threads would issue instructions to a superscalar’s multiple
functional units in a single cycle [9]. Therefore, the advanced multicore chip multiprocessor (CMP)
supports a number of cores (10 to 100 or more) on a chip. Examples on CMP include Tilera’s 64-core
TILE64 [10], Intel’s 80-core TFLOPS [11], NVIDIA’s 128-core Quadro GPU [12], 240-core Tesla C1060 GPU
[12], and 2880-core Tesla K40 GPU [13].
With the evolution of multicore architectures, both simultaneous execution of instructions and
better communication among the cores are given equal priority to provide outstanding performance.
Coherence of cached data may be a major challenge as one large common memory is shared among many
cores in a multicore architecture. There are various solutions to address multicore data inconsistency [14],
[15], [16], [17].
Many multicore chip processor computers are capable of providing an adequate performance by
implementing additional instruction level parallelism (ILP). ILP is implemented to keep cores productive
as much as possible by executing several instructions at a time. This process requires access to memory
in order to fetch data and store results. Therefore, many operations may be carried out on a particular
memory location at a single instance of time. Data coherence mechanism ensures that the data fetched
by a particular core is the most appropriate data. Each core on a multicore processor should be provided
access to sufﬁcient resources at any particular instant of time for a successful outcome. Also, some cores
on the chip may depend on other cores because a number of execution units may require results
computed by the other cores; therefore, inefﬁcient communication among cores could result in a
considerable delay in overall execution of some instructions [18]. With the implementation of additional
parallelism and multithreading, efﬁcient communication among cores on chip becomes central focus to
achieve better performance [19]. In order to keep all the computing units (i.e., cores) active, these cores
must be supplied with data at the instance of time when the data is requested, without any delay.
Communication among cores can be viewed in two different perspectives: one is with respect to physical
infrastructure (i.e., how cores communicate) and the other one is what is being transferred between the
cores [20].
Designing of physical infrastructure deals with the resources and wiring, necessary to facilitate
efﬁcient transfer of the bits. There are many communication patterns that are proposed for efﬁcient onchip communication, but there are certain constraints to be considered, such as limited area,
communication latency, and power consumption, while proposing a mechanism for communication
between cores on-chip [21]. As more and more cores are tightly coupled in a multicore architecture, there
is a necessity for the coupling of an efﬁcient on-chip network with a proper design of coherence protocol
which results in a synergistic relationship between the two. If two cores are placed on a single die instead
of one, it should consume more power than that by a single core and generates large amount of heat. To
combat unnecessary power consumption many designs incorporate a power control unit which has the
authority to shut down unused cores and limits the consumption of power. In some proposed
architectures, multiple cores are run at a very lower frequency to reduce power consumption.
As we know, bus based multicore architecture is okay for small number of cores (say, 4-8). Usage
of dedicated wires to directly connect cores on-chip is one solution to provide direct communication in a
multicore architecture. However, the manufacturing of chips using dedicated wires is very expensive and
would consume more power and space; this inefﬁciency resulted in a shift to on-chip networks and
incorporating wireless communication among cores. Network-on-chip (NoC) provides a more scalable
solution for the multicore architectures [22]. NoC architecture is a technology, proposed to overcome the
problem of large communication delay among cores in a multicore architecture. It is proposed in order to
design a communication subsystem between various modules such as core processors, memories, and

special core blocks. Communication among these modules would be via multiple point-to-point links so
that each and every block can reach any other module by switching over several links.
Many alternative communication patterns have been proposed, such as optical interconnections,
radio frequency interconnect (RF-I) transmission lines, and complementary metal-oxide semiconductor
(CMOS) ultra-wideband (UWB) wireless interconnect technology [23], [24], [25], [26]. The main objective
of these architectures is to reduce transmission latency and power dissipation. However, challenges such
as designing of an efﬁcient transmitter and receiver and high manufacturing costs prevent these
architectures from becoming a feasible solution. A new platform for multicore architecture is proposed
which overcomes these limitations by using the CMOS UWB wireless interconnections which enables onchip multi-hop communications by embedding wireless communication channels between cores in a
multicore architecture [1], [27], [28], [29]. The effect of long distance transmission is reduced by using
express channels [27], [28].
In the present design of a multicore architecture, many routing algorithms have been proposed
to address the problem of communication delay. A routing algorithm determines the path through which
data has to travel, it can be deterministic or adaptive, and it can be further classiﬁed as minimal or nonminimal routing algorithms. A deterministic algorithm is one which is predetermined, allows only one
ﬁxed path from the requesting core to the destination core. Whereas the adaptive routing selects one
path from the multiple numbers of paths between source core and destination core and focuses on the
current state of the network. Minimal routing algorithms, as the name implies, chooses the shortest path
between the source and destination cores while the non-minimal routing algorithm may include some
additional number of hops.
Some multicore architectures use dimension routing (i.e., X-Y routing algorithm) in order to reach
the destination core from the requesting core. WNoC architecture uses an adaptive minimal routing
algorithm which takes buffer utilization into account when deciding the routing path. Buffer utilization
has been proven to achieve better performance than conventional routing [29]. The topology of a
multicore architecture on chip plays a predominant role in the communication latency. In this paper, we
propose a directory based architecture with wireless routers in order to reduce communication latency.
The rest of the paper is organized as follows: Section 2 summarizes some related published
articles. The proposed directory based multicore architecture with wireless routers is introduced in
Section 3. The experimental details are described in Section 4. Some experimental results and related
discussions are presented in Section 5. Finally, this work is concluded in Section 6.
LITERATURE SURVEY
This section provides an overview of interconnection topologies including mesh and WNoC which
are suitable for multicore architectures. Standford DASH multiprocessor architecture is also studied as we
propose a directory based mechanism in this work.
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Fig. 1. Different popular interconnection network
topologies.

Fig. 2. Subnets in a mesh.

Interconnection Network Topologies
Some popular network topologies (namely, bus, crossbar, ring, and torus) are depicted in Fig. 1
[20], [30], [31].
The emphasis on designing new on-chip interconnection network topology is increasing as more
and more cores have to be accommodated on a single chip. Using dedicated ad-hoc wires to connect cores
and related components is an alternative for building an on-chip network. However, as the number of
cores increases, the number of wires required to connect all the cores and components will become
expensive. Moreover, scaling becomes a very signiﬁcant problem along with massive power consumption.
The length of the dedicated wires used to connect results in long latency.
NxN Mesh Network
Mesh (a simpliﬁed form of torus) is a potential network topology for multicore architectures. In a
two dimensional (2D) mesh network, all cores are connected in a crossbar connection as shown in Fig. 2.
Mesh network topology is the most common topology used, due to its advantages of shorter wavelength,
low router complexity, and feasibility [11]. Wired mesh network provides very good reliability for
intercore communication. However, this topology has many disadvantages, such as network congestion,
poor scalability, high power consumption, and long latency. There are many routing algorithms used by
various topologies in order to reach the destination core.
Wireless Network-On-Chip
In a multicore CMP, NoC is considered as the most prominent technology providing a high degree
of integration among the cores. The 2D ﬂoor plan limits the choice of NoC topology. Express channels are
introduced to bridge the gap among the cores which are far apart [27], [28]. Proposed 3D NoCs has
advantages from both 3D integrated circuits (ICs) and NoCs and it provides improvements in latency and
power consumption [32].
An UWB NoC technology is proposed utilizing both wired signals and distributed medium access
control (MAC) protocol [24]. The proposed architecture achieves a data transmission range of 1 mm with
the antenna length of 2.98 mm and bandwidth achieves on a single channel was 10 Gbps. As the range of
wireless radio frequency signals are in the range of GHz, and the sizes of transmitter, receiver, and antenna
blocks have also reduced signiﬁcantly. A scalable wireless interconnect technology is proposed to evaluate
the feasibility of both hybrid wired and wireless platform by validating on-chip wireless communication
[22]. This work provides a two-tier hybrid wired and wireless architecture platform to demonstrate the
beneﬁts of long-range wireless links.
WNoC Topology
The basic component in a WNoC architecture is a network based processor array (NePA). Each
and every processing element (PE) consists of a processor core, network interface (NI), and a router. The
architecture of a NePA is shown in Fig. 3. Each of these routers has two bidirectional 64-bit links
connecting it with the neighboring routers and additionally they also have vertical ports. With the help of
the links, two subnets can be formed – an East subnet and a West subnet, separating the whole network
into two sub-networks. Fig. 4 shows the input and output ports of a NePA router.

Fig. 3. A 4 x 4 2D NePA architecture.
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Fig. 5. Wireless network on-chip (WNoC) architecture.

Whenever a packet is to be transmitted it is injected into the router via internal port (Int) and
accordingly it is directed to destination by directing it towards either East-subnet or West-subnet. NePA
utilizes an adaptive XY routing scheme to route the packet from source to destination. To balance the link
utilization and improve network performance, the router selects an alternative output port for incoming
packets. This process is useful, especially when the output port is congested. Wireless routers are capable
of transferring packets via wired as well as wireless.
Some of the routers in WNoC are replaced with wireless routers which have wireless links to other
routers in different subnets, in addition to the original wired links. Therefore, WNoC is capable of
transferring packets through wired and wireless links. In WNoC, processing cores are divided into various
subnets which have one wireless router responsible for providing wireless communication for the cores.
Fig. 5 shows the architecture of a WNoC, where the cores are divided into four rectangular subnets and
the wireless routers are placed in the middle (approximately) of each subnet. The dotted and curved lines
represent the wireless links and the solid lines represent wired links among the processing cores to
transmit the data packets between routers.
The frequency division multiple access (FDMA) technique is chosen to provide simultaneous
communication among the multiple wireless routers. Transmitter and receivers installed on a wireless
router are assigned with an independent carrier frequency to accommodate data from different channels.
Wormhole packet switching, which offers many advantages such as lower transfer latency and a low
buffer requirement, is used to transfer packets of data among the cores.
The whole network is divided into subnets and each and every node is identiﬁed within its subnet
using a local address. The address has three components (as shown in Fig. 5) – subnet’s X value, subnet’s
Y value, and a number for each node. Here, X ≥ 0, Y ≥ 0, the (X, Y) subnet speciﬁes the subnet location in
the network, and the node number identiﬁes the processing core within the subnet. The features of
addressing a speciﬁc core in a network help WNoC provide much faster routing decisions as well as a
scalable hierarchical system.
DASH (Directory Architecture for Shared Memory) Multiprocessor
Stanford DASH architecture is considered in this work because of its directory-based cache
coherence protocol and high scalability. The DASH system supports shared memory architecture inside a
cluster of a small number of cores and the message passing technique among the clusters [33].
This architecture provides high processor performance by maintaining coherence among the
caches of all the cores and also provides scalability of cores since it does not have any single control unit.
DASH protocol does not rely on broadcast messages and instead uses point-to-point messages sent
between processors and memories to keep caches consistent [34].

Fig. 6 shows the high level organization of a DASH system [35]. Typically, a DASH system may
consist of a large number of processing nodes via an interconnection network which has large bandwidth
and a low communication delay. The physical memory or the main memory is distributed among all the
clusters in such a manner that the memory is accessible from each and every core.
Each processing core has its own individual cache. In order to maintain cache consistency among
the cores of a cluster a bus-based snoopy scheme is used and a distributed directory-based coherence
protocol is used to maintain cache consistency among the clusters. In DASH architecture, shared memory
provides a major reduction in the communication latency.
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Fig. 6. A directory based DASH system.
Fig. 7. Proposed architecture with directory
and wireless routers.

PROPOSED DIRECTORY BASED ARCHITECTURE
The proposed architecture is a hybrid combination of the WNoC architecture and the DASH
architecture. The major goal of the proposed multicore architecture is to reduce the communication
latency among the cores by decreasing the number of hops required to travel from a source core to a
destination core using the directory and wireless routers. The key design considerations include: grouping
cores, designing directory, managing cache consistency, and communication among cores.
Grouping Cores
Considering the WNoC and DASH architectures, the proposed architecture divides the cores on
the die into clusters, called subnets, as shown in Fig. 7.
In each subnet, one special core (such as Core 4 in Subnet (0, 0.x) in Fig. 7) contains both wireless
and wired routers and the other cores contain wired routers. Considering a 6 x 6 mesh topology, the cores
are grouped into 3 x 3-core subnets, forming four quadrants. A new special core is introduced in the center
to hold the proposed directory. All the cores inside a subnet are local to the subnet and the cores outside
of a sub-net are remote cores for that subnet. A source core places its request for the data on the bus and
if the data is not found among the caches of all the cores in the subnet, a request is sent by the subnet
wireless router to the centralized directory for the requested block of data. The centralized directory has
the information of all ﬁrst level cache (FLC) blocks on the die. Each core may hold a number of memory
blocks in its cache to accommodate the data fetched from the main memory.

Designing Directory
A powerful processor (similar to the Power Processing Element in a Cell processor [36]) with a
wireless router is used to host the directory. The directory contains cores’ subnet addresses, the status of
each cached block (if any), and the addresses of the blocks that have been cached. The directory is
dynamic in nature and the total number of directory entries depends on the number of cache blocks/lines
per core. It is explained below with an example:
Say, the cache size per core is 1 KB (1,024 Bytes) and the size of each cache block (also known as,
cache line) = 128 Bytes. So, the number of cache blocks = Total size of memory in cache / Size of each
cache line = 1,024 Bytes /128 Bytes = 8. Therefore, for an n-core system, n x (1 + 8) entries are required.
(There should be ‘n’ rows for n columns. In each row, one column for the core number and eight columns
for eight blocks.) Table 1 shows one row for an 8-core system. Initially, the blocks for each core in the
directory will be empty. Whenever a core caches data, the particular block address of the speciﬁc data is
recorded to the corresponding block of that core. This technique is explained later using Tables 1, 2, and
3.
It should be noted that proper cooling mechanism is required to avoid any hotspot due to a large
number of activities in the centralized directory.
TABLE 1
A Row In Directory Representing Initial Stage ForCore-1
Core#

Block 0

Block 1

Block2

Block 3

Block4

Block S

Block 6

Block 7

Core1
(0, 0.o)

0 Addr
Empty

0 Addr
Empty

0 Addr
Empty

0 Addr
Empty

0 Addr
Empty

0 Add r
Empty

0 Addr
Empty

0 Addr
Empty

TABLE2
A Row in Di rectory Showing Changes Afte r Re ading a Block by Core-1
Core#

Block O

Block 1

Block2

Block 3

Block4

Block s

Block 6

Block 7

Core1
(O,O.o)

OAddr
Empty

OAddr
Empty

OAddr
Empty

OAddr
Empty

E 100th
Blk

0 Addr
Empty

OAddr
Empty

OAddr
Empty

TABLE 3
A Row in Directory S howing Changes for Write in a Block
Core #

Block O

Block 1

Block 2

Block 3

Block 4

Block S

Block 6

Block 7

Core1
(0, 0.o)

OAddr
Empty

OAddr
Empty

OAddr
Empty

OAddr
Empty

M 100th
Blk

OAddr
Empty

OAd dr
Empty

OAddr
Empty

Directory Mechanism
The directory mechanism is explained in detail by considering a scenario of Core-1 requesting for
data and the required data blocks are cached from the main memory to the cache of Core-1. The
information regarding the cached block will be stored in the directory as well. At the beginning, the
directory is empty and alterations to the directory are made according to the outcomes of the requests
for blocks made by the cores. For a 1 KB cache with 128 B lines:
1. Initially all the blocks of the directory would be empty with Status ‘0’ (as shown in Table 1)
2. After Core-1 makes a request to fetch 100th block of the next level cache/memory, the block
number is 100% 8 ¼ 4. The fetched data is stored in the fourth block of the cache of Core-1 (see
Table 2) with Status ‘E’ (for Exclusive).
3. If the same/cached data is read again by Core-1, then there will be no change in Table 2.
4. If Core-1 performs a write operation on the cached block, then the status of the block will be
changed to ‘M’ to indicate that the value is modiﬁed (as shown in Table 3). A protocol to manage
cache consistency is explained next.

Managing Cache Consistency
As we know, the cache coherence protocol deals with the consistency among all caches by
maintaining memory coherence. The well established MESI (short for Modiﬁed, Exclusive, Shared, and
Invalidate) protocol from the University of Illinois at Urbana-Champaign [37] is used for managing cache
consistency of the proposed architecture. Initially, the cache (of all cores) is empty – the states in the
directory are indicated with ‘0’ and the address ﬁelds are empty. With respect to the read/write requests,
the state of a block in the directory changes accordingly as illustrated in Tables 1, 2 and 3. The directory
keeps track of each cached block and maintains its state. For example, when a core requests for a read
operation for the ﬁrst time, the data of that particular memory location is read and stored in the
appropriate block, the directory is updated with an ‘E’ (for Exclusive) and the block address. When a core
requests a write operation on the same block, the state of that particular block is changed to ‘M’ (for
Modiﬁed). For every write operation, the directory is updated with an ‘I’ (for Invalidate) for other cached
copies. The state ‘S’ (for Shared) of a cached block means more than one cores are sharing that particular
block.
Communication Among Cores
Cores inside a subnet communicate via the wired network. To communicate with cores in
different subnets, directory and wireless routers are used. A directory is implemented in a special
powerful core as shown in Fig. 7 (the core in the center). The directory quickly provides information
regarding the status and address of a block cached by cores (if any). As a result, the communication latency
among the cores is reduced signiﬁcantly; this is because the source core gets the information about the
destination core (i.e., requested data) quickly from the directory instead of searching other subnets.
The search process is conﬁned to the directory core. For each and every request made by a core,
a unique thread should be generated, which is independent of the other threads generated by other cores.
The central directory core should be capable of performing simultaneous multithreading [38] in order to
serve all the requests simultaneously, as soon as they arrive at the directory core, without having the
requests wait in a queue for long time.
Many communication cases are possible in a 6 x 6 WNoC. Table 4 shows 25 different
communication cases that are considered in this study. We consider some cases where communication is
done between two cores in two different subnets, such as Case 1 (communication between Core (0, 0.0)
and Core (1, 1.8)). We also consider cases where communication is done between two cores in the same
sub-net, such as Case 25 (communication between Core (0, 1.7) and Core (0, 1.1)). The number of hop
counts from the source core to the destination core is the count of number of cores that the request has
to traverse to reach the destination core. We consider the communication delay as the delay caused by
all the intermediate and destination cores to process the header information and route the requested
packet. Power consumption in the process of inter-core communication is evaluated for all cases in
different architectures. In order to evaluate the performance of the proposed architecture, we consider
all three systems mentioned earlier, namely mesh, WNoC, and the proposed directory based architecture
with wireless routers.
EXPERIMENTAL DETAILS
We evaluate our work (a wireless NoC system with the proposed directory) by comparing it with
the popular mesh topology and WNoC architecture. We use VisualSim (a world-class modeling and
simulation platform suitable for almost all computing systems) [39] tool to model and simulate the
systems. In this section, we describe the experimental details including assumptions and workload. Then
we explain how latency, hop count, and power consumption are calculated.

Assumptions
It is assumed that the properties of the cores (except the central directory-core of the proposed
system) and wires in all three architectures (i.e., mesh, WNoC, and “proposed”) are same. Also assumed
that the wireless routers used in the WNoC and proposed architectures are identical. Multicore systems
with a small number of nodes (about 36) are considered so that the performance of the architectures can
be observed closely. Same workload is used to run the simulation programs of different systems.
Wormhole packet switching is considered for data delivery as it has very low transfer latency in
transmitting packets. Say, a packet size of 64-bit ﬂits is considered [19]. Where, the ﬁrst ﬂit is the header
ﬂit, which has the control information for delivering the packet to the destination address and followed
by the actual payload. Intermediate nodes process just the ﬁrst ﬂit of the packet to know whether the
packet is intended for itself or any other core. Only the destination core would process the whole packet.
Because of that the delay caused by the intermediate nodes is less compared to the delay caused by the
destination core. In an intermediate core, the delay is caused due to processing only the ﬁrst ﬂit (say, 8
Bytes). However, in a destination core, the delay is caused due to processing the entire packet (say, 80
Bytes). There-fore, if the delay due to an intermediate core is 4 units, the delay caused due to a destination
core is assumed to be 40 units.
TABLE 4
Source and Destination Nodes for Different Communication Cases

Case Number

Source N ode (S)

Destination Node (D)

Remark

Case 1
Case 2
Case3
Case 4
Cases
Case 6
Case 7
Case8
Case9
Case 10
Case 11
Case 12
Case 13
Case 14
Case 15
Case 16
Case 17
Case 18
Case 19
Case 20
Case 21
Case 22
Case 23
Case 24
Case 25

Core - > (0, 0.Q)
Core - > (0, 0.4)
Core - > (0, 0.7)
Core - > (0, 0.3)
Core - > (1, 0.5)
Core - > (1, 0.7)
Core - > (0, 1.0)
Core - > (0, 0.8)
Core - > (0, 0.7)
Core - > (1, 1.5)
Core - > (0, 1.3)
Core - > (0, 1.4)
Core - > (1, 0.1)
Core - > (1, 1.2)
Core - > (1, 0.6)
Core - > (1, 0.4)
Core - > (1, 1.3)
Core - > (0, 1.2)
Core - > (0, 0.1)
Core - > (1, 0.2)
Core - > (0, 0.6)
Core - > (1, 0.7)
Core - > (0, 1.4)
Core - > (1, 1.6)
Core - > (0, 1.7)

Core - > (1, 1.8)
Core - > (1, 1.4)
Core - > (1, 0.1)
Core - > (0, 1.5)
Core - > (0, 1.2)
Core - > (0, 1.5)
Core - > (1, 0.Q)
Core - > (1, 1.6)
Core - > (0, 1.1)
Core - > (1, 0.2)
Core - > (0, 0.1)
Core - > (1, 0.6)
Core - > (1, 1.1)
Core - > (0, 0.8)
Core - > (0, 1.2)
Core - > (0, 1.7)
Core - > (0, 1.3)
Core - > (1, 1.0)
Core - > (1, 0.7)
Core - > (0, 1.6)
Core - > (0, 0.5)
Core - > (1, 0.8)
Core - > (0, 1.2)
Core - > (1, 1.2)
Core - > (0, 1.1)

S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in different subnets
S and D are in different subnets
S and D are in different subnets
S and D are in different subnets
S and D are in d ifferent subnets
S and D are in different subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in different subnets
S and D are in d ifferent subnets
S and D are in d ifferent subnets
S and D are in different subnets
S and D are in different subnets
Sand D are in the sam e subnet
Sand D are in the sam e subnet
Sand D are in the sam e subnet
Sand D are in the sam e subnet
Sand D are in the sam e subnet

Workload Used
Workload is used in the experiments to run the simulation programs and calculate latency, hop
count, and power consumption. We consider 25 different cases as shown in Table 4. The cases 1 to 20
represent the requests from one subnet to other and the cases 21 to 25 represents the requests from one
node to another node within the same subnet. The workload to represent the communications between
source nodes and destination nodes are generated using VisualSim tool.

Communication Latency
The communication latency of an architecture depends on their routing methodology. The
information from source to destination ﬂows through intermediate nodes. In mesh multicasting, XY
routing algorithm is followed which is an orthodox strategy and that can eventually lead to a longer delay,
especially for the end-to-end communications. The information is generally transmitted in packets that
have header, payload and trailer. Cases 1 through 20 can be better executed by WNoC architecture. In
WNoC, the routing to destination is primarily checked within subnet and if the address is not in the subnet,
then it broadcasts the same information to all other subnets. While broadcasting, the communication is
through wireless routers, so it has the possibility of skipping the unnecessary intermediate nodes and thus
reduces the latency. Even though the destination is just one hop away from its subnet, WNoC will follow
the broadcasting methodology and it may take longer path compared to the mesh multicasting. The
scenarios such as Case 9 and Case 18 prove the deﬁciency of such systems.
The worst scenarios of mesh multicasting (such as end-to-end communication) and one hop away
between two subnets scenarios of WNoC can be avoided in the proposed directory system. The proposed
system should take less time in all those scenarios. The detailed statistics of the use of the subnets is
maintained and monitored by the directory. The destination nodes are considered based on the activities
of the subnets. Thus, the directory should help balance load by selecting the destination nodes from
different subnets (if possible).
As shown in Table 5, for some cases (such as Cases 8 and 9) WNoC takes more time than mesh,
for some cases (such as Case 10) WNoC and mesh take same amount of time, and for some cases (such as
Cases 1, 2, and 20) WNoC takes less time than mesh. However, for most cases the proposed system takes
less time than the WNoC (and mesh).

TABLE 5
Communication Latency for Three Different Architectures

Different Scenarios
Case 1: (0,0.0)-(1,1.8)
Case 2: (0,0.4)-(1,1.4)
Case 3: (0,0.7)-(1,0.1)
Case 4: (0,0.3)-(0,1.5)
Case 5: (1,0.5)-(0,1.2)
Case 6: (1,0.7)-(0,1.5)
Case 7: (0,1.0)-(1,0.0)
Case 8: (0,0.8)-(1,1.6)
Case 9: (0,0.7)-(0,1.1)
Case 10: (1,1.5)-(1,0.2)
Case 11: (0,1.3)-(0,0.1)
Case 12: (0,1.4)-(1,0.6)
Case 13: (1,0.1)-(1, 1.1)
Case 14: (1,1.2)-(0,0.8)
Case 15: (1,0.6)-(0, 1.2)
Case 16: (1,0.4)-(0, 1.7)
Case 17: (1,1.3)-(0, 1.3)
Case 18: (0,1.2)-(1, 1.0)
Case 19: (0,0.1)-(1,0.7)
Case 20: (1,0.2)-(0, 1.6)
Case 21: (0,0.6)-(0,0.5)
Case 22: (1,0.7)-(1,0.8)
Case 23: (0,1.4)-(0, 1.2)
Case 24: (1,1 .6)-(1, 1.2)
Case 25: (0,1 .7)-(0, 1.1)

Mesh (multicasting)
4x9+ 40 =
4x5+ 40 =
4x4+ 40 =
4x4+ 40 =
4x4+ 40 =
4x3+ 40 =
4x5+ 40 =
4x3+ 40 =
4x0+ 40 =
4x3+ 40 =
4x4+ 40 =
4x3+ 40 =
4x2+ 40 =
4x3+ 40 =
4x1+ 40 =
4x6+ 40 =
4x2+ 40 =
4x0+ 40 =
4x4+ 40 =
4x9+ 40 =
4x2+ 40 =
4x0+ 40 =
4x1+ 40 =
4x3+ 40 =
4x1+40 =

76
60
56
56
56
52
60
52
40
52
56
52
48
52
44
64
48
40
56
76
48
40
44
52
44

WNoC Architecture
4x4+ 40 =
4x0+ 40 =
4x2+ 40 =
4x2+ 40 =
4x3+ 40 =
4x2+ 40 =
4x4+ 40 =
4x4+ 40 =
4x2+ 40 =
4x3+ 40 =
4x2+ 40 =
4x2+ 40 =
4x2+ 40 =
4x4+ 40 =
4x4+ 40 =
4x1+40 =
4x2+ 40 =
4x4+ 40 =
4x2+ 40 =
4x4+ 40 =
4x2+ 40 =
4x0+ 40 =
4x1+ 40 =
4x3+ 40 =
4x1+40 =

56
40
48
48
52
48
56
56
48
52
48
48
48
56
56
44
48
56
48
56
48
40
44
52
44

Proposed Architecture
4x2+40 =
4x0+40 =
4x1+40 =
4x1+40 =
4x1+40 =
4x1+40 =
4x2+40 =
4x2+40 =
4x1+40 =
4x1+40 =
4x1+40 =
4x0+40 =
4x1+40 =
4x2+40 =
4x2+40 =
4x0+40 =
4x1+40 =
4x2+40 =
4x1+40 =
4x2+40 =
4x2+40 =
4x0+40 =
4x0+40 =
4x2+40 =
4x1+40 =

48
40
44
44
44
44
48
48
44
44
44
40
44
48
48
40
44
48
44
48
48
40
40
48
44

Hop Count
In case of mesh multicasting, distance between two cores is one hop count if the two cores are
directly connected to each other. In order to transfer the information in mesh multicasting (and WNoC
architecture), the status of the block is required to fetch the data from destination core. To ensure that
the communication is successful in mesh architecture, return path or acknowledgement is essential. So,
the total number of hops (HT) is 2x the number of hops between the source and destination. The hop
count of WNoC has similar drawback because of its routing methodology for outer subnets.
However, the proposed architecture does not require any acknowledgement path for identifying
the status as well as fetching the data. The directory works as a commander and supervises the purpose
without any acknowledgement. The routing path has become straight forward and less due to the
introduction of directory in a multicore architecture. So, the total hops from source to directory are
simplex and requires only about one half of the hops compared to mesh and WNoC architectures in an
average. Table 6 shows the hop counts for the mesh, WNoC, and proposed architectures. For all cases
(except Case 15), the hop count for the proposed system is smaller than that for the WNoC (and mesh).
Power Consumption
The considerations and assumptions that are made for exploring the power consumption of the
three simulated architectures are listed in Table 7. It is assumed that each wired link consumes 1 unit of
power (Pwr). Studies indicate “a wired network connection would take less power than a wireless network”
[40], [42]. Therefore, a wireless link is assumed to consume 1.1 unit of power (Pwl). To be in the
conservative side, we assume that a core with wired router consumes 3 units of power (Pcwr). The XY
routing algorithm does not have a unique pattern path towards destination, so the average power
consumed by a core in a 6 x 6mesh (Pcanw) is average number of cores travelled x power needed for each
wired core (19.5 units). Similarly, the average power consumed by a wired link in a 6 x 6 mesh (Palwr) is 5.5
power units.
For the WNoC architecture, each wired core consumes 3 units of power (similar to a core in mesh)
and the special core with wireless router consumes 3.3 units of power (Pcwl). For a 3 x 3 subnet, the
minimum number of links is one and the maximum number of links is four. So the aver-age power
consumed by a wired link in a subnet (Pawrsn) is 2.5 power units. The average power consumed by a core
in a subnet (Pcasn) is 7.5 units of power.
In the proposed architecture, the power consumed by the directory (Pdr = 6 units) is assumed to
be twice the power consumed by the core, since the whole directory has to be scanned in a worst scenario.
Similarly, the power consumed by the directory-core with wireless router (Pcdr = Pdr + power needed by a
wireless core = 6 + 3.3) is 9.3.
The total power consumed by a system depends on the hop count and the routing methodology.
The reduced hop count due to the proposed architecture should minimize the power consumption and
offer better performance when compared with mesh and WNoC architectures. The power consumption
for a particular inside-subnet case is similar for WNoC and the proposed architectures (see Cases 21-25 in
Table 8).
RESULTS AND DISCUSSION
In this section, we present some experimental results. Fig. 8 illustrates the communication latency
due to the mesh, WNoC, and proposed architectures for all 25 cases. For most cases (except Cases 9, 13,
15, and 18), the latency due to the proposed architecture is smaller or same compared to that due to the
mesh and WNoC architectures.
For Cases 9, 13, 15, and 18, the cores are next to each other, so mesh provides the least delay. In
the WNoC and proposed architectures, the transmitting path will be a broadcasting technique for the
destination out of its own subnet. Considering all cases, it is observed that the proposed architecture helps

reduce the communication latency, in an average, by 15.71 percent compared to mesh architecture and
10.00 percent compared to WNoC architecture.
The hop counts due to the mesh, WNoC, and proposed architectures for all 25 cases are shown in
Fig. 9. It is observed that the hop count due to the proposed architecture is reduced by 67.45 percent
when compared with the mesh architecture and 59.41 percent when compared with the WNoC
architecture. This is because the proposed architecture does not require any acknowledgement or any
return path to the source to complete the task. To process any request irrespective of destination subnet,
the directory handles the request and ensures delivery.
TABLE 6
Hop Counts for the Mesh, WNoC, and Proposed Architectures

Different Scenarios
Case 1: (0,0.0)-(1,1.8)
Case 2: (0,0.4)-(1,1.4)
Case 3: (0,0.7)-(1,0.1)
Case 4: (0,0.3)-(0,1.5)
Case 5: (1,0.5)-(0,1.2)
Case 6: (1,0.7)-(0,1.5)
Case 7: (0,1.0)-(1,0.0)
Case 8: (0,0.8)-(1,1.6)
Case 9: (0,0.7)-(0,1.1)
Case 10: (1,1.5)-(1,0.2)
Case 11: (0,1.3)-(0,0.1)
Case 12: (0,1.4)-(1,0.6)
Case 13: (1,0.1)-(1,1.1)
Case 14: (1,1.2)-(0,0.8)
Case 15: (1,0.6)-(0,1.2)
Case 16: (1,0.4)-(0,1.7)
Case 17: (1,1.3)-(0,1.3)
Case 18: (0,1.2)-(1,1.0)
Case 19: (0,0.1)-(1,0.7)
Case 20: (1,0.2)-(0,1.6)
Case 21: (0,0.6)-(0,0.5)
Case 22: (1,0.7)-(1,0.8)
Case 23: (0,1.4)-(0,1.2)
Case 24: (1,1.6)-(1,1.2)
Case 25: (0,1.7)-(0,1.1)

Mesh
(multicastin )
HC = Hr •2 (S to D)+
Hr ' 2 (D to S) = 20+ 20 = 40
HC = 12+ 12 = 24
HC = 10+ 10 = 20
HC = 10+ 10 = 20
HC = 10+ 10 = 20
HC = 8+ 8 = 16
HC = 12+ 12 = 24
HC = 8+ 8 = 16
HC = 2+ 2 = 4
HC = 8+ 8 = 16
HC = 10+ 10 = 20
HC = 8+ 8 = 16
HC = 6+ 6 = 12
HC = 8+ 8 = 16
HC = 4+ 4 = 8
HC = 14+ 14 = 28
HC = 6+ 6 = 12
HC = 2+2 = 4
HC = 10+ 10 = 20
HC = 20+ 20 = 40
HC = 6+ 6 = 12
HC = 2+ 2 = 4
HC = 4+4 = 8
HC = 8+ 8 = 16
HC = 4+4 = 8

WNoC Architecture

Proposed Architecture

HC = Hr ' 2 (S to D)+
Hr *2 (D toS) = 10+ 10 = 20
HC = 2+ 2 = 4
HC = 6+6 = 12
HC = 6+6 = 12
HC = 8+ 8 = 16
HC = 6+6 = 12
HC = 10+ 10 = 20
HC = 10+ 10 = 20
HC = 6+ 6 = 12
HC = 8+8 = 16
HC = 6+6 = 12
HC = 6+6 = 12
HC = 6+6 = 12
HC = 10+ 10 = 20
HC = 10+ 10 = 20
HC = 4+4 = 8
HC = 6+6 = 12
HC = 10+ 10 = 20
HC = 6+6 = 12
HC = 10+ 10 = 20
HC = 6+6 = 12
HC = 2+ 2 = 4
HC = 4+ 4 = 8
HC = 8+8 = 16
HC = 4+4 = 8

HC = Hr (S to Directory)+
Hr (D to Directory) = 3+5 = 8
HC = 1+ 1 = 2
HC = 2+ 3 = 5
HC = 2+3 = 5
HC = 2+4 = 6
HC = 2+3 = 5
HC = 3+ 5 = 8
HC = 3+ 5 = 8
HC = 2+ 1 = 3
HC = 2+4 = 6
HC = 2+3 = 5
HC = 1+3 = 4
HC = 2+3 = 5
HC = 3+ 5 = 8
HC = 3+5 = 8
HC = 1+2 = 3
HC = 2+3 = 5
HC = 3+5 = 8
HC = 2+ 3 = 5
HC = 3+5 = 8
HC = 3+3 = 6
HC = 2 + 1 = 3
HC = 1+2 = 3
HC = 3+4 = 7
HC = 2+ 2 = 4

TABLE 7
Consideration and Assumptions for Power Calculation

No.
1
2

3
4

5

6
7

8
9

10
11

12
13
14
15
16

Consideration

Notation

Power (Unit)

Power consumed by a wired link
Power consumed by a wireless link
Power consumed by a core with wired router
Core average of network- Mesh
Average links of wired network-Mesh
Number of wired links
Number of cores wired
Number of wireless links
Power consumed by whole path in WNoC between source and destination
Power consumed by whole path in WNoC between destination and source
Power consumed by a core with a wireless router
Power consumed by the wired links in a subnet on an average- WNoC
Power consumed by the cores in a subnet on an average- WNoC
Power consumed between source and directory-"proposed"
Power consumed by the directory-"proposed"
Power consumed by the directory core in "-proposed"

Pw,
P w1
PCWT

1.0

P ai.ow

P alwr

N w,
NCWT
N wl
P ;:;J

Pds

Pcw1
P awrsn
Pcasn

Psd,
Pd,

Poo,

1.1

3.0
19.5
5.5
(vary)
(vary)
(vary)
(vary)
(vary)

3.3
2.5
7.5
(vary)

6.0
9.3

Fig. 10 illustrates the power consumption due to the mesh, WNoC, and proposed architectures
for all the cases. According to the experimental results, the power consumption due to the proposed
architecture is reduced by 67.58 percent when compared with that of the mesh architecture and 58.1
percent when compared with that of the WNoC architecture. This is because the proposed architecture
does not use as many cores as other architectures do. The power consumption for transmission in the
directory based wireless architecture is lower (than that of the WNoC architecture), because in the
proposed architecture, the data is not sent to all other subnets individually. It should be noted that the
amount of power consumption should be increased with the increased number of subnets.
Scalability is a growing concern, especially when the total number of cores increases. As the total
number of cores increases, the total number of entries in the directory should increase. The proposed
directory is dynamic in nature. Assuming that there is enough storage in the directory, the proposed
directory helps make the system scalable by allowing more entries in the directory.
TABLE S
Total Power Consumption for Three Arehitectures
Mes.h Architectun!

c... , ,(0,0.0-0,18)

Ptot = Pl + f'2+P3

Pl =(Pwr'Nwr)+
(ltwr' Ncwr)=43
P2 =(Pwr"N wr)+
(ltwr" Ncwr)=43

P3 =Palwr+ Pcanw

C,$02'(0,0.4)-0,1.4)

c,.,3'(0.0.l)-M.1>
c,., 4,(0,03)-(0,1S)

c...s ,o .o.s>-<0.• 2l
C,.,6,0 ,0.,).(0,1S)
c,.,1,<o,1.0-M4)
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c,.,

'°'

0, 15).(1,02)
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C,$0 1~(0,U){l,0~

0.Sie 13: (l, 0.1>-(1,1.1)

c,., , .. 0, 1.2).(0,t)Jl>

c... , ~0,0i,).(0,12)
c,., 16' 0 ,0.4).(0,1.?)

0.Sie 17: (1, 1.3)-(0,13)
c,., 18' (0, 1.2).(1,1 /j
c,., 19' (0,0.1).(1,0.?)
c,.,2(), 0 ,0.2).(0,1 ~

c,.,n <O.MH0.0.5)
c,., n 0 ,0.7).(1.0Jl>
C,$0U (0, U).(0,12)
0.Sie2f: (1, l .6)-(1,12)

c,.,25, (0, 1.7).(0,1.1)

=S.S+ 195 =25
Ptot 43+t3+2S 111
Pl =24,. P2. =24, P3 =25
Ptot: =73
Pl =23, f'l =23, l'J =25
Ptot =71
Pl = 23, f'l = 23, l'J = 25
Ptot =71
Pl = 23, f'l = 23, l'J = 25
Ptot: =71
Pl = 19, P2. 19, P3 =25
Ptot =63
Pl =17, P2. =17, P3 =25
Ptot: =79
Pl = 19, f'2 19, P3 =25
Ptot =63

=

=

=
=

Pl =7, P2=7, P3=2S
Ptot: =39
Pl = 19, f'2 =19, P3 =25
Ptot: =63
Pl = 23, f'l = 23, l'J = 25
Ptot =71
Pl = 19, f'2 =19, P3 =25
Ptot: =63

=1S, P3 =25
=19, P3 =25
Ptot: =63
Pl = 11, f'2 =11, P3 =25
Pl = 1S, f'2
Ptot =SS
Pl = 19, P2.

Ptot = 47
Pl =31, P2. =31, P3 =25
Ptot =87
Pl = 1S, f'2 1S, P3 =25
Ptot =SS

=

Pl =7, P2=7, P3=2S
Ptot =39
Pl = 23, f'l = 23, l'J = 25
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Ptot = lll
Pl = 15, P2. 1S, P3 =25
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Ptot =SS
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Ptot: =39
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Ptot = 47
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Ptot = 47

=
=
=

WNoC An:hitectun!

Ptot = P~+ Pd s
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Ptot =3S
Psd= 11 11, Peli= 11.8
Ptot =23.6

Plot = Psdr + Pcdr
~ r = Pawrs.n+(Pcwr'Ncwl}+Pcwl+Pwl
25+(3 '2)+3 3+-1.1
= 12.9
~ r Pdrt-Pcwl
=6+3.3=9.3
Plot = 12.9+93 = 22.2

=

=

~ r = 6.9, Podr = 93
Plot= 16.2
fW r = 9.9, Pair = 93
Plot= 19.2
~ r = 9.9, Podr = 93
Plot= 19.2
fW r = 9.9, Pair = 93
Plot= 19.2
~ r = 9.9, Podr = 93
Plot= 19.2
~ f = 12.9,ltdr:93
Plot =22.2
fW r = 12.9,ltdr=93
Plot =22.2
~ r = 9.9, Podr = 93
Plot= 19.2
fW r = 9.9, Pair = 93
Plot= 19.2
~ r = 9.9, Podr = 93
Plot= 19.2
fW r = 6.9, Pair = 93
Plot= 16.2
fW r = 9.9, Pair = 93
Plot= 19.2
~ f = 12.9,ltdr:93
Plot =22.2
fW r = 12.9,ltdr=93
Plot =22.2
~ r = 6.9, Podr = 93
Plot= 16.2
fW r = 9.9, Pair = 93
Plot= 19.2
~ f = 12.9,ltdr:93
Plot =22.2
~ r = 9.9, Podr = 93
Plot= 19.2
fW r = 12.9,ltdr=93
Plot =22.2
~ r = 145, ltdr = 14.S
f>ot =29
fW r = 8..5, Pair = 8..5
Plol:= 17
~ r = 11 11, ltdr = n 8
f>ot=U6
fW r = 175,ltdr = 17.S
f>ot=JS
fW r = 11 11, ltdr = n 8
f>ot=U6

Fig. 8. Communication latency for different architectures.
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Fig. 9. Hop count for different architectures.
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CONCLUSIONS AND FUTURE WORK
Software developers generate more threads to take advantage of the multicore architecture.
Multicore architectures help improve performance to power ratio by concurrently using multiple cores at
a lower frequency. Contemporary multicore architectures have multilevel cache memory organization;
each core has its own FLC (ﬁrst level cache) and the system should have multiple levels of caches. Due to
the presence of caches, multicore architectures suffer from high core-to-core communication latency (due
to caches’ dynamic behavior) and power consumption (because cache is power hungry). Studies suggest
that directory based architecture with wire-less routers has potential to decrease communication latency

Fig. 10. Power consumption for different architectures.
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Number of hops

Power Consumption (unit)

in multicore architectures. In this paper, we present a novel directory based mechanism to minimize
communication latency in a multicore architecture by using wireless routers. We simulate popular 2D
mesh, recently introduced WNoC, and the proposed directory based architecture. According to the
experimental results, the proposed architecture helps decrease the communication delay by up to 15.71
percent and the total power consumption by up to 67.58 percent when compared with the mesh
architecture. Similarly, the proposed architecture helps decrease the communication delay by up to 10.00
percent and the total power consumption by up to 58.10 percent when compared with the original WNoC
architecture. This is due to the fact that the proposed directory based architecture helps reduce the total
number of hops.
For future research, we plan to model and simulate multicore systems with distributed directories
by applying various parallel techniques (such as data-level-parallelism and memory-level-parallelism) to
study the impact on scalability, latency, and power consumption.
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