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In order to fulfill the ever-increasing demand for high-speed and high-bandwidth, wireless-based MCSoC
is presented based on a NoC communication infrastructure. Inspiring the separation between the commu-
nication and the computation demands as well as providing the flexible topology configurations, makes
wireless-based NoC a promising future MCSoC architecture. However, congestion occurrence in wireless
routers reduces the benefit of high-speed wireless links and significantly increases the network latency.
Therefore, in this paper, a congestion-aware platform, named CAP-W, is introduced for wireless-based
NoC in order to reduce congestion in the network and especially over wireless routers. The triple-layer
platform of CAP-W is composed of mapping, migration, and routing layers. In order to minimize the con-
gestion probability, the mapping layer is responsible for selecting the suitable free core as the first candi-
date, finding the suitable first task to be mapped onto the selected core, and allocating other tasks with
respect to contiguity. Considering dynamic variation of application behaviors, the migration layer modi-
fies the primary task mapping to improve congestion situation. Furthermore, the routing layer balances
utilization of wired and wireless networks by separating short-distance and long-distance communica-
tions. Experimental results show meaningful gain in congestion control of wireless-based NoC compared

to state-of-the-art works.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, commercial Many-Core System-on-Chips (MCSoCs)
are available based on Network-on-Chip (NoC) [1] communica-
tion infrastructure [2]. It is also predicted that upcoming MCSoCs
will progressively continue operating on completely new princi-
ples and novel NoC-based architectures. In comparison with the
traditional or hierarchical bus interconnection networks, mesh-
based NoC provides more regular, scalable, and flexible framework.
Although mesh-based NoC architecture has many advantages, its
multi-hop nature places a negative impact on latency of the sys-
tem. This will become even more challengeable when the network
size will be increased by technology scaling. To address the above
problem, alternative technologies such as wireless, 3D, and pho-
tonic NoC have been emerged [3-5].

* This paper is the extension of the paper entitled “Efficient congestion-aware
scheme for wireless on-chip networks,” presented in the Proceedings of 24th Inter-
national Conference on Parallel, Distributed and Network-Based Computing (PDP-
2016).
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Since wireless NoC provides high-speed as well as high-
bandwidth and flexible topology configurations, this emerging
technology is gaining momentum to be a promising future on-chip
interconnection paradigm. However, wireless transceivers along
with associated on-chip antennas impose extensive area and power
overheads into the system. Accordingly, a hybrid wireless NoC has
been proposed using both wired and wireless links [6,7] rather
than a single NoC spanning the entire system. Besides, a Hierarchi-
cal Wireless NoC (HWNoC) architecture has been introduced where
the system is divided into a two-level network [8]. The wired
network is responsible for handling the short-distance communi-
cations, while the wireless network is capable of conducting the
long-distance communications by almost single-hop wireless links.
Also, a Wireless Router (i.e. a router equipped with a wireless in-
terface, WR) placement has been proposed for HWNoC to allocate
optimal number of WRs across the network [9].

On the other hand, NoC-based MCSoCs face fully-dynamic
workloads where diverse applications, as sets of communicating
tasks, enter and leave the system at run-time. The overall per-
formance of a NoC-based MCSoC is in a close correlation with
network congestion [10]. Congestion not only increases the net-
work latency severely [11], but also raises the network power con-
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Fig. 1. Triple-layer model of CAP-W.

sumption significantly [12]. Since each WR is shared by a clus-
ter of cores, WRs are more vulnerable to congestion than Con-
ventional Routers (CRs). This becomes to a critical bottleneck es-
pecially when the number of WRs that can be integrated into a
single chip is limited due to high area and power overheads of the
WRs. Moreover, we cannot change the number and the placement
of WRs after fabricating the chip.

Along similar lines, in this paper, a Congestion-Aware Platform
for Wireless NoC (CAP-W) is introduced in order to reduce conges-
tion in the network and especially over WRs. As shown in Fig. 1,
CAP-W consists of three main layers.

Mapping layer is responsible to dynamically map the incom-
ing applications to the available (i.e. free) cores of the system. The
mapping layer consists of three main functions. First, it selects the
suitable free core as the first candidate to start mapping. Second, it
finds the suitable first task to be mapped onto the first core. Third,
it allocates other tasks with respect to contiguity.

Migration layer considers the dynamic variation of application
behavior. It consists of three main components. First, an appli-
cation behavior prediction algorithm. Second, a cost comparison
function for initiating the task migration. Third, a task migration
controller to manage the migration process.

Routing layer separates the wired and wireless network rout-
ing in order to balance the usability of WRs.

The rest of the paper is arranged as follows. Section 2 addresses
backgrounds and motivations. A dynamic application mapping ap-
proach for HWNoC is presented in Section 3. Section 4 proposes
a self-aware migration scheme for HWNoC. Furthermore, an adap-
tive routing algorithm for HWNoC is suggested in Section 5. Lastly,
simulation results and conclusion are given in Sections 6 and 7 re-
spectively.

2. Backgrounds and motivations

Recent growth in silicon integrated circuit technology has per-
mitted the integration of tiny transceivers antennas on a single
chip, which results in introducing wireless NoC [3]. A low Tera-
hertz (324 GHz) frequency generator is realized in 90 nm CMOS
[13]. Moreover a signal source operating near 410 GHz that is fabri-
cated using low-leakage transistors in a 45 nm digital CMOS tech-
nology is reported [14]. Based on these techniques, the output
power level of the on-chip millimeter-wave generator can be as
high as —1.4dBm in the 32nm CMOS technology, which is large
enough for on-chip short distance communication [15]. Following
the rule of thumb in RF design, the maximum available bandwidth
is 10% of the carrier frequency. According to this experimental esti-
mation, up to 16 channels can be available for wireless NoC in the
range of 100 to 500 GHz. With recent developments of millimeter-
wave circuits, bandwidths of hundred GHz can be reachable. In ad-
dition to the bandwidth, wireless NoC requires low-power on-chip
wireless transceivers. Silicon Mach-Zehnder electro-optic modula-
tor at data rates up to 10 Gb/s with low RF power consumption of
only 5p]/bit is commercially available [16].

Since each WR is shared by many cores, an efficient task alloca-
tion technique is required to balance the utilization of WRs and re-
duce congestion. However, as task allocation is known as NP-hard
problem, different heuristics dealing with dynamic management of
workload in many-core systems, such as Nearest Neighbor (NN)
and Best Neighbor (BN) are presented [17,18]. In these heuristics,
a clustering mechanism for the first node selection is considered.
A set of cluster nodes are assumed to select the first node of the
mapping algorithm among them. In another approach called Incre-
mental Approach (INC) [19], the mapping problem is break down
into two steps: the region selection and the task allocation. In the
region selection step, the algorithm starts from the closest node to
the Central Manager (CM) and includes it in the region. Then, the
nodes are iteratively added to the selected region trying to keep
both the selected region and the remaining nodes contiguous. Af-
terward, in the task allocation step, application tasks are mapped
inside the selected region. Moreover, in [20] a Dynamic Application
Mapping Algorithm (DAMA) is presented and evaluated for HWNoC
that is inspired by CAP-W for application mapping scheme.

Due to significant vibration of application behaviors, even op-
timal congestion-aware task mapping may not meet the best per-
formance, which makes some re-mapping strategies take behavior
variation into consideration. Task migration has been traditionally
studied in distributed systems for dynamic load balancing. How-
ever, with the increasing popularity of MCSoCs in modern em-
bedded systems, task migration has also gained research attention
in this domain. By efficiently trace dynamic variation of workload
specifications, task migration can improve overall performance of
the system. In [21] a lightweight migration mechanism for bus-
based MCSoC is presented. The task migration method relies on
modification of program to define the checkpoints. When running
to a checkpoint, the program checks whether there is a migra-
tion request for the current task. The authors in [22] proposed a
methodology based on virtual channels to create connections that
provide low latency and low power paths for the task migration
flows. They adopted a 2D-mesh NoC, creating sub-meshes which
may contain one or more cores. In [23] a task migration proto-
col is presented. Task may be migrated at any moment, not re-
quiring migration checkpoints, and its context is also migrated.
Also, in [35] a run-time processor allocation mechanism is intro-
duced by monitoring the allocation/de-allocation of the network
nodes and remapping the task based on the currently available
processing nodes. Furthermore, an efficient Self-Aware task Migra-
tion (SAMi) approach is proposed for NoC-based MCSoCs depend-
ing on application prediction [36]. However, the proposed task mi-
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Fig. 2. Task graph of an application with 6 tasks and 7 edges.

gration strategies are for conventional NoCs and not considering
wireless NoCs which our paper is targeted.

On top of the application mapping and migration schemes,
adaptive routing algorithm can also alleviate the network con-
gestion. In [24] a comprehensive reference to routing algorithms
as well as discussions of advanced solutions applied to current
and next generation of NoC-based MCSoCs is provided. When the
shortest paths are congested, sending more packets though them
worsen the congestion condition considerably. Therefore, a non-
minimal routing algorithm for NoCs that provides a wide range of
alternative paths between each pair of source and destination is
presented [25]. Moreover, a partitioning method divides the net-
work into logical partitions. All the partitioning methods can be
supported by a deterministic routing algorithm. However, in or-
der to increase the performance, the authors in [26] proposed a
general minimal and adaptive routing algorithm which is based
on the Hamiltonian path and can be applied to all partitioning
methods. Again since most of the previous routing algorithms are
targeted conventional NoCs, we propose an adaptive routing algo-
rithm based on the separation of wired and wireless networks in
order to reduce congestion over WRs.

3. Mapping layer

Two types of congestion can be considered from the dynamic
application mapping perspective: external and internal conges-
tions. External congestion happens when a network channel is
contented by edges of different applications. To decrease external
congestion probability, the application mapped region should be
as compact as possible and minimally fragmented. On the other
hand, the internal congestion happens when a network channel is
contended by edges of the same application.

A directed graph, named as a Task Graph (TG), represents each
application in the system. Each vertex represents one task of the
application, while each edge stands for a communication between
the source task and the destination task as shown in Eq. (1). TG of
an application with 6 tasks is shown in Fig. 2. The amount of data
transferred from the source task to the destination task is written
on the edge.

Vfi eT, Vei,jeE, Ap:TG(T, E) (1)

CAP-W'’s task mapping approach consists of three steps. The
first step is to select the first node to map. The second step is pick-
ing up the first task of the application with the largest number of
edges to be mapped onto the first node, which reduces internal
congestion probability. After all, establishing a contiguous area of
available nodes around the first node to map the rest of the tasks
of the application is taking into account in order to reduce the ex-
ternal congestion. In the following we present each step separately.

Without loss of generality, we assume CM is resided to node ngg
in our examples.

3.1. First node selection

The most contiguous area is almost circular [19]. However, be-
cause adjacent regions share network links, choosing a circular re-
gion for an application in the mesh network increases the external
congestion. As an alternative, when tasks are mapped onto a rect-
angular region of a network with minimal routing, all packets will
be routed inside the region border and there will be no external
congestion. The most contiguous rectangle is the square, and thus
it is preferred in CAP-W. The Square Factor (SF) of a node is the
estimated number of contiguous, almost square-shaped, available
nodes around the first node. Accordingly, the suitable first node for
mapping of an application would be the node with the SF equal to
the application size [27].

Each running application in the system is modeled as a rect-
angle characterized by its corner nodes. Regarding the rectangle
model of a running application, there might be some nodes within
the rectangle which do not belong to the application. In this work,
the rectangle of each application is modeled to minimize the num-
ber of these nodes while to keep the model almost in the square-
shaped. The rectangle models of four running applications are
shown in Fig. 3a. For instance, the rectangle of the application 1
has two nodes which do not belong to it (ng; and n;,). Also the
rectangle of the application 3 includes one node (ng;) which is not
a part of the application. However, they are the best fitting rectan-
gles in order to stay close to square-shaped.

To calculate the SF for each node:

First, the largest square centered on the node is found, where it
fits within the mesh limits and has no overlap with other running
applications of the system. This is shown in Fig. 3b for the node
ny3 which is the first node of the application 5.

Second, there might be also some more nodes beyond the
square borders not belonging to system rectangles, as marked with
triangle in Fig. 3b. These nodes have one-hop distance to one of
the nodes within the square border. They are counted in order
to prevent available nodes from being isolated while keeping the
mapped area close to square-shaped.

Finally, The SF of a given node is calculated by adding the nodes
in the area of the largest square, with the available nodes beyond
the square borders. For instance, the SF for n;3 will be the square
area nodes, 9, summed up with marked nodes, 5, which is 14. As
shown in Fig. 3b, two WRs (ng47 and nq;) are also counted in SF
factor of ny3 because they have one-hop distance to the node n;4
that is inside the square border of the application.

The first node selection algorithm of CAP-W starts from the
nearest free node to CM and walks through the network to find the
appropriate first node. It first looks for the node with the smallest
SF value which is larger than or equal to the application size. Oth-
erwise, the node with the largest SF value is preferred. Note that,
when there are two nodes with equal SF, the one closer to CM is
preferred to decrease the incurred defragmentation of remaining
nodes. Also, in order to reduce congestion over WRs, they are not
chosen as first node of the application by CAP-W. The two candi-
dates for the first node of the application 5 are shown in Fig. 3b.
CAP-W’s first node selection will choose the node n;3 because the
SF factor of this node is 14 which is smaller than the node nyg
with SF factor of 15. Existing WRs, which have express paths to
other WRs, will help the application to be mapped as contigu-
ous as possible. In fact, WRs play the role of spreading contiguity
across the whole system. Fig. 4 shows flowchart of CAP-W’s first
node selection.
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Fig. 3. CAP-W's square factor calculation example.
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3.2. First task selection

The task with the largest number of edges is selected to be
mapped onto the first node. This provides the largest possible
number of available nodes around the first task. Therefore, the
edges of the first task can be controlled by almost one-hop links,
which reduces the internal congestion probability for the first task.
If there is more than one task having the largest number of edges,
then the first task would be the one with the most intensive com-
munication. For example, in Fig. 2, both tasks t3 and t, have 3
edges. Accordingly, since the total communication weight of t5 is
more than that of t; (26 vs. 22), t3 is selected as the first task to
be mapped onto the first node. Fig. 5 demonstrates flowchart of
CAP-W's first task selection.

3.3. Neighborhood allocation
After the first task is mapped onto the first node, the task map-

ping approach of CAP-W assumes the TG to be undirected and tra-
verses tasks through their predecessor tasks in the breadth-first

Start
Input: Task graph of an application t: task t, of the task graph
Output: The first task for mapping c: next task of the task graph
to the system p \
/
y Any untested t
task? =
\( End
/A\
\
Yes N ~ No @)=
t: choose ¢ 4—\/\ le(c)| > [e(t)| /—»Q AND
. N \W(c)>W(t) No
D 4
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Fig. 5. CAP-W's first task selection flowchart.

order, starting from the first task. Considering the set of available
nodes in the closest neighborhood of the predecessor task, tasks
are mapped onto the nodes which fit into the smallest square with
the first node.

For example considering the application 5 in Fig. 3b, after map-
ping the first task to the first node, which is n;3, the second node
will be randomly chosen from one of the nodes of the set A={ng3,
N7, N74, Ng3}. Then supposing that ng 3 is chosen from A, the new
set for choosing the third node will be B={ny,, ng,, ny4, Ng4}.
The demonstration is illustrated in Fig. 6. As a result, CAP-W's task
mapping approach maps the communicating tasks onto the closest
neighborhood, while keeping the mapped area as close to square
as possible. As can be seen, the application not only is mapped
onto a contiguous region without any internal congestion, but also
imposes no external congestion on its neighboring applications due
to the rectangularity of the mapped area. CAP-W’s neighborhood
allocation flowchart is shown in Fig. 7.

4. Migration layer

Significant variation of application behavior places an upper-
bound on improving the performance by primary task mapping.
This makes some mapping strategies take behavior variation into
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consideration [28]. Task migration is a dynamic task re-mapping
mechanism which follows real-time variation of workload behav-
ior. Task migration in a HWNoC is described as transferring a task
from the source core where it is currently running to a destina-
tion core and then resuming its execution there in such a way that
some system performance objectives are improved. The main goal
in this paper is improving congestion.

CAP-W’s task migration scheme consists of three parts. First, an
application behavior prediction algorithm. Second, a cost compari-
son function for initiating the task migration. Third, a task migra-
tion controller to manage the migration process.

HWNOoC is represented by an architecture graph AG(C, L). The
AG contains a set of cores ¢; € C, which are connected together
through unidirectional links I, € L. Each ¢; € C may has a running
weighted task (t;, w;) € ¢; on it. The weight is defined as the com-
munication demand (i.e. the edge of TG in Section 3) of each task.
Task migration is defined as transferring the running weighted task
(ts, ws) € c¢s from source core ¢s € C to destination core c; € C and
then resuming its execution. In the following we present each part
separately.

4.1. Application behavior prediction

A general approach for predicting the future is to capture the
past behaviors. Most existing works rely on some counters for cap-
turing past behaviors because of the simplicity and low area over-
head of such counters [29]. There are two predictors supported
by CAP-W: short-term and long-term predictors. The short-term
predictor anticipates based on the recent information stored in
counter; , where (t;, w;) € ¢; and (ty, wy) € ¢, are the tasks com-
municating with each other. On the contrary, the long-term predic-
tor anticipates based on the pattern of communication experiences.
The prediction function is defined as follows:

o Al k), sel(i,k)y=0
P (k)= {tabletk(historyi, k). sel(i, ky=1 (2)

Where A;(i, k) is the actual traffic and P;(i, k) is the predicted
traffic from task (t;, w;) € ¢; to task (¢, wy) € ¢, at the t-th interval.
Also, history; j is the record of the communication pattern between
tasks (t;, w;) € ¢; and (f, wy) € ¢, while table; ;is the long-term
prediction table, in which each entry is indexed by history; j and
includes a prediction rate. The prediction rate traces the amount
of data transmitted when this pattern was encountered last time.
If the same pattern appears again, the traced value is used as the
prediction rate. The anticipation either comes from the short-term
predictor or the long-term predictor, decided by a selector func-
tion sel. The selector function is designed according to the system
requirements.

4.2. Cost comparison function

We define a trigger called Core Congestion (CC) in order to
control congestion of the system. The migration starts when the
amount of packets received by a core in the network reaches the
core congestion threshold (th.). The value for th. is defined adap-
tively based on the average traffic of the cores and prediction of
the application behavior.

A cost function is needed in order to determine the best des-
tination core for task migration. For this purpose, the destination
core is the one which has the minimum congestion among all
other cores while satisfying the neighborhood allocation constraint
after the task migration. (i.e. it fits into the smallest square with
the first node.) If there is more than one candidate as the destina-
tion, one of them is randomly selected. Note that the first node of
each application is not considered for migration. Simply speaking,
based on the application behavior and core congestion trigger, the



28 A. Rezaei et al./Microprocessors and Microsystems 52 (2017) 23-33

Task
PID-out Task Migration HWNoC-based MCSoC
= Ve &
R Migration
Manager
CcC CC
Measure Vector
Application a
Behavor Average Core L CcC
Congestion Matrix

Fig. 8. CAP-W's congestion control platform.

migration cost function modifies the random decision that is made
in neighborhood allocation phase.

4.3. Congestion control platform

Basically each controller compares the system output with a
target value. After comparison, it manipulates the system actua-
tors to minimize the error. The controller policy to tune the actu-
ators strongly depends on the dynamic model of the target system
and the system robustness against error disturbance. The dynamic
model defines how the system reacts to the inputs including ac-
tuations and other inputs. The system robustness is defined as the
system stability against overshooting of the output values from the
target intended output. CM is responsible to manage the migration
process. The proposed congestion control platform for HWNoC is
depicted in Fig. 8.

4.1.1. Congestion meter

Each core measures the traffic dynamically by calculating the
moving average of packet flow in every link of its router. Then,
the congestion level of each router is transferred to CM. Then,
CM sends these information to Core Congestion Meter (CCM). CCM
computes average core congestion level and sends it to the thresh-
old calculator.

4.1.2. Threshold calculator

Threshold Calculator (TC) calculates the amount of th. based on
the average core congestion and also prediction of the application
behavior.

4.1.3. PID controller

A Proportional Integral Derivative (PID) controller for actuator
manipulation is employed. The general formula for the PID con-
troller is as follows:

de(t)
T 3)

Where PIDoy(t),e(t), Kp, K;, and K; are the controller output,
error, proportional gain, integral gain, and derivative gain, respec-
tively. The proportional part determines how fast or aggressive the
controller reacts to changes in the input signal. The main function
of the integral part is to ensure that the process output agrees with
the set point value in steady state. The derivative part determines
how the system reacts to changes in the reference value; It also
enhances stability in the system [30].

PID oy (t) = Kpe(t) + K; / e(t)dt + K,

4.1.4. Task migration manager

Task Migration Manager (TMM) performs the task migration
based on the information from controller outputs and congestion
vectors. When a core marked as congested by the PID output, the
TMM finds the best destination core for the task migration based
on the congestion vectors. (i.e. the cost comparison function of the
previous part).

In order to lower the overhead of task migration strategy, it
is implemented based on MCSoC Message Passing Interface [31],
in which task mapping is independent of task re-mapping. By
changing task mapping table, task is remapped to another core.
Then task state information is transferred. Hence, the migrated
task can restore execution on a different core. The task migration
contributes less communication overhead because task state infor-
mation excludes task code. Therefore, after choosing the destina-
tion, TMM transfers state information of the chosen task from the
source core to the destination core. The task then resumes its ex-
ecution there. Hence, remapping a task of application might not
affect the application execution since the communication handles
through the message passing interface regardless of the new loca-
tion of the migrated task.

5. CAP-W routing layer

In HWNoC, the communication can be handled by wired, wire-
less paths or a combination of wired and wireless paths. This can
be seen as a hybrid network that has been characterized by adding
express paths (i.e. wireless links) to a 2D mesh NoC. Therefore,
whether the packet will take or not take the express paths is an
important decision to make. For network efficiency, HWNoC is par-
titioned in a way that any core within a region has the minimum
hop-count towards the WR of that region than the WRs of the
other regions. For borderline cases that one core may have the
same hop-count from two or more WRs, the core will be randomly
assigned to one of the candidate regions. Fig. 9 shows the parti-
tioning of 81-core HWNoC into three regions. One of the bene-
fits of partitioning is that intra-subnet communications are han-
dled through wire paths while for inter-subnets communications a
function of hop-count and congestion is used in order to select the
efficient path.

Fig. 10 represents CAP-W’s routing algorithm. In order to bal-
ance the utilization of wired and wireless interconnections, a bal-
ance parameter called § is added to the routing decision. The value
of § depends on the network size and the utilization of WRs.

§=C xu (4)
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Fig. 9. CAP-W's partitioning example.
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As it is shown in Eq. (4), § consists of two major parame-
ters: the static parameter (C) defined as the ratio of WRs to CRs
and a dynamic parameter (u) that exponentially increases by wire-
less link utilization. In general, the larger the network size or the
higher the link utilization is, the larger the §. In each router, there
is a table stores and updates the § value based on different sit-
uations. Once § increases, lower priority will be given to wireless
links which can help alleviating the congestion in the wireless net-
work.

One of the principal subjects should be addressed in networks
using wormbhole switching is the deadlock avoidance. Although us-
ing a Dimension Order Routing (DOR) like XY routing, in each of
wired and wireless networks guarantees deadlock freedom, when
packets transmit through both wired and wireless paths, there is
a possibility of channel dependency as shown in Fig. 11a. In order
to overcome the problem, virtual channels are taken into account.
In each input port of the routers two sets of virtual channels are
used (Fig. 11b). One of them is for traffic transmission using near-
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Fig. 11. A deadlock prone situation in CAP-W (a) Without using virtual channels (b)
By using virtual channels.

est WR while the other one is utilized for either the wired network
or traffic transmission of the WR to the destination node.

6. Experimental results

In this section, we assess the impact of CAP-W platform on im-
proving the congestion of the system. Several set of applications
with 4 to 35 tasks are generated using TGG [32]| where the amount
of data transferred from the source task to the destination task are
randomly distributed between 4 to 16 flits of data. Also to measure
the effectiveness of the CAP-W’s routing algorithm, some applica-
tion benchmark suites selected from SPLASH-2 [33] are used. Ex-
periments are performed using XMulator [34] an integrated sim-
ulation platform for interconnection networks. Different mapping
and first node selection methods are evaluated over the network
size varying from 8 x 8 to 16 x 16 nodes. A random sequence of
applications is entered into the scheduler according to the desired
rate, A. The sequence is kept fixed in all experiments for the sake
of fair comparison. Applications are scheduled based on the First
Come First Serve (FCFS) policy and the maximum possible schedul-
ing rate is called Ag. An allocation request for the scheduled ap-
plication is sent to CM, residing in the node ng. In order to have a
holistic view of the results and enable real case comparisons, each
set of experiments are performed over ten million cycles where
hundreds of applications enter and leave the system.

6.1. Evaluation metrics

Cost of a packet delivery is related to the number of hops it tra-
verses. Hence, a metric to evaluate a mapping is the Average Man-
hattan Distance (AMD) between tasks of the mapped application.
Since the communicating nodes are placed close to each other, the
smaller the value of AMD is, the lower the average packet latency.

3w o, MD(map(t;). map(t;))

AMDimap(a) = IE]

(5)

The packet delivery cost depends not only on the length of its
path, but also on the size of the packet. Thus, a more precise eval-
uation is to also include the weight of edges. Average Weighted
Manhattan Distance (AWMD) is the sum product of Manhattan
Distance (MD) and all edges’ weight of the mapped application,
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Table 1
Latency evaluation for different mapping algorithms.
NN [17] BN [18] INC[19] CAP-W
AWD 1.25 1.30 142 1.00
AWMD  1.29 1.32 1.36 1.00
NMRD 1.24 1.62 1.21 1.00
ICR 1.52 1.21 2.01 1.00

averaged by the total communication weights.

Y e e Wij x MD(map(t;), map(t;))
> Wij
To assess how contiguous the mapped region of an application

is, Mapped Region Dispersion (MRD) factor is defined that is the

mean value of all possible node pairs MD in the mapped region:

2Vt tjeT MD(map(ti), map(tj))
(%)

To decrease external congestion probability, the application
mapped region should be as compact as possible and minimally
fragmented. As it is mentioned before, the most contiguous area,
which has also the smallest MRD, is almost circular. Regarding the
mesh topology of the network, however, a circular region will gen-
erate irregularity in remaining available nodes and more area frag-
mentation in long term. On the other hand, a rectangular alloca-
tion forms regular regions, decreases applications overlap and thus
isolates their communications. Thus, the best mapped area would
be square as it is the rectangle with the smallest MRD. It can be
shown that the MRD of a square with |T| nodes will be:

2 x . /|T| (8)
3

Therefore, the Normalized Mapped Region Dispersion (NMRD)
metric is defined which assesses the squareness of the mapped re-
gion independent of the size of the application. NMRD increases as
the mapped area is getting more fragmented and less similar to a
square shape:

(6)

AWMD pay =

MRD pap(ay = (7)

MRDsq )y =

|MRD nqp(a) — MRDsq(r))|

map(A) |MRD5Q<\T|) |

(9)

On the other hand, the internal congestion occurs when a net-
work channel is contended by edges of the same application. Inter-
nal Congestion Ratio (ICR) is the number of edges of an application
using the same communication channel (according to the XY algo-
rithm) with respect to its total number of edges (|E|). Of note, we
do not count overlapped edges that are originated from the same
source. In such case, their injection is limited by source injection
rate limit and they will never contend.

6.2. Latency evaluation

The packet latency and values of different evaluation are sum-
marized in Table 1. Evaluation metrics are normalized to the CAP-
W results to ease comparison. The mapping results for applications
with different packet sizes are the same, because the application
TG and system behavior remain the same. The application injection
rate is 2/3 Agy- As can be seen, CAP-W outperforms BN algorithm
by 40% and 20% reduction in external and internal congestion fac-
tors, respectively. It also obtains 50% gain over INC algorithm in
internal congestion and more than 15% in external congestion. In
addition, CAP-W has 25% gain in average for all evaluation aspects
in comparison with NN algorithm.

As shown in [19], decreasing MD between tasks of application
edges is an effective way to minimize the communication energy
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Fig. 12. Percentage of delivered packets in different path lengths.

Table 2
Time complexity of task migration scheme.

A (% Agat) 04 05 06 07 08 09 1

# of clock cycles 30 132 383 536 680 840 1080

consumption of the application. We illustrate the percentage of
packets that are delivered over different path lengths (MD). The
experiments have been run for different algorithms in the injec-
tion rate of 2/3 Ag. As depicted in Fig. 12, more than 80% of the
packets are delivered by one hop distance using CAP-W scheme.

In addition, Fig. 13 shows the average hop-count and the aver-
age packet latency among the baseline NoC without any WR in-
tegration, HWNoC using the XY routing and DAMA mapping [20],
and HWNoC equipped with CAP-W. As it can be seen, although
HWNoC with XY and DAMA outperforms the HWNoC using CAP-
W in average hop-count, it suffers from network latency caused by
congestion over WRs.

6.3. Time complexity assessment

The average number of clock cycles that is elapsed in CM to
map applications with number of tasks varying from 4 to 10 is pre-
sented in Fig. 14a. The injected rate is set to 3/4 Ag. Furthermore,
the time complexity of different mapping for applications with 8
tasks is presented in Fig. 14b, when the injection rate varies from
0.4 Agy to Agyp- As can be seen, CAP-W provides a reasonable time
complexity next to NN. As it is shown in Fig. 14, all mapping algo-
rithms scale well when the injection rate is increased.

Furthermore, Table 2 shows the average number of clock cy-
cles required for all the task migrations taken place in each injec-
tion rate. From Fig. 14b and Table 2, the overhead time of task mi-
gration is negligible compared to mapping time complexity, about
0.1x in the worst case scenario.

6.4. System utilization measurement

System utilization is another important factor has been ana-
lyzed among the baseline NoC, HWNoC with XY and DAMA [20],
and HWNoC with CAP-W. Note that the system utilization is based
on the number of tasks that can be mapped on the cores which
communicate with each other without dropping due to the high
congestion. As shown in Fig. 15, CAP-W increases the average sys-
tem utilization compared to the baseline NoC and HWNoC with
XY and DAMA. In Addition, the maximum system utilization is de-
fined as the highest percentage of the utilization during the simu-
lation time shown in Fig. 15. CAP-W also increases the maximum
utilization compared to the baseline NoC and HWNoC with XY
and DAMA. As can be noticed, the proposed platform cannot reach
100% utilization because area fragmentation usually occurs due to
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the dynamic mapping policy. (i.e. when applications does not ex-
actly fit onto the many-core system.)

7. Conclusion

In this paper, we proposed an efficient congestion-aware plat-
form, CAP-W, for wireless-based MCSoC. CAP-W targets at reducing
internal and external congestions, and includes three main layers.
First, a dynamic task mapping approach that tries to minimize con-
gestion probability; Second a task migration strategy that consid-
ers dynamic variation of application behaviors; Third, an adaptive
routing algorithm that balances utilization of wired and wireless
networks. Existing WRs, which have express paths to other WRs,
help the system area to stay as contiguous as possible. In fact, WRs
play the role of spreading contiguity across the whole system. Ex-
perimental results showed that CAP-W accomplish a reduced in-
ternal and external congestions as targeted. For future work, task
migration overhead can be reduced using hierarchical managing
scheme [37].
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