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Abstract—Achieving effective run-time mapping on multi-
processor systems-on-chip (MPSoCs) is a challenging task, par-
ticularly since the arrival order of the target applications is not
known a priori. This paper targets real-time applications which
are dynamically mapped onto embedded MPSoCs, where commu-
nication happens via the Network-on-Chip (NoC) approach, and
resources connected to the NoC have multiple voltage levels. We
address precisely the energy- and performance-aware incremental
mapping problem for NoCs with multiple voltage levels and pro-
pose an efficient technique (consisting of region selection and node
allocation) to solve it. Moreover, the proposed technique allows
for new applications to be added to the system with minimal in-
terprocessor communication overhead. Experimental results show
that the proposed technique is very fast, and as much as 50%
communication energy savings can be achieved compared to using
an arbitrary allocation scheme.

Index Terms—Low-power design, multiprocessor interconnec-
tion, networks on chip (NoCs), optimization methods, real-time
systems.

I. INTRODUCTION

ETWORKS on chip (NoCs) emerged as a novel com-

munication paradigm for systems on chip [2], [3]. The
NoC solution brings a networking approach to on-chip com-
munication and provides notable improvements in terms of
performance, scalability, and flexibility over the traditional
bus-based or more complex hierarchical bus structures (e.g.,
Advanced Microcontroller Bus Architecture and STBus) [1].
In general, the NoC architecture consists of multiple hetero-
geneous processors (in this paper, resources and processors
are used interchangeably) and storage elements interconnected
via a packet switched network. The “resources” can be an
application-specific processing element (PE), digital signal
processor, a general-purpose processot, efc. For this communi-
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cation architecture, the issue of managing the system resources
and optimizing the overall performance becomes crucial.

In this paper, we target real-time applications described as
task graphs as opposed to general-purpose best-effort applica-
tions usually found in chip multiprocessors (CMPs). These ap-
plications are mapped onto embedded multiprocessor systems
on chip (MPSoCs), where the basic architecture consists of
homogenous PEs operating at multiple voltage levels. More
precisely, we assume that only the PEs connected to the NoC
have multiple voltage levels, whereas the network itself (includ-
ing links, routers, efc.) is in its own voltage—frequency domain.
A global manager (GM) is responsible for system resource
management, which involves the mapping of the incoming ap-
plications to the available PEs and handling the interprocessor
communication. Since the arrival order and execution times of
the applications are not known at design time (i.e., applications
arrive at arbitrary times and leave the system after being exe-
cuted), performing effective run-time mapping is an important
and challenging task. Toward this end, we propose a run-time
mapping technique which allocates the appropriate resources
to the incoming application tasks such that the communication
energy is minimized, given some deadline constraints. At the
same time, all the preexisting applications still run on the initial
set of resources they have been allocated to.

To illustrate the proposed methodology, we assume a system
architecture with two voltage levels, as shown in Fig. 1. The
gray squares represent the PEs operating at higher voltage
levels, while the black dots show the tasks belonging to a pre-
existing application which cannot be reallocated. Applications
App 1 and App 2 shown in Fig. 1(a) and (b), respectively, need
to be mapped sequentially to the initial system configuration in
Fig. 1(c). Suppose that nodes 4 and 6 are the critical nodes for
App 1 while node 2 is the critical node for App 2, this means
that they must be allocated to the PEs operating at the highest
voltage level in order to meet the application deadlines.

After the arrival of each new application App %, a greedy
approach would map App ¢ to the NoC resources such that the
interprocessor communication cost of App ¢ is minimized for
the current configuration (i.e., ignoring any future arrivals). In
this simple example, the total system communication cost is the
sum of the communication cost of all applications, i.e.,

System communication cost = Z Z MD(v;, v;)
VAPD V(i)
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Fig. 1. Example of NoC incremental application mapping comparing the
greedy and our proposed solutions. The greedy approach, which does not
consider additional mappings, incurs higher communication overhead for
App 2, and the system communication cost as well, compared to our proposed
solution.

where MD(v;,v;) represents the Manhattan distance (MD)
between any two application nodes v; and v; connected to each
other. As shown in Fig. 1(d), even though the greedy approach
minimizes the communication cost for the current configura-
tion, the newly generated region consisting of the remaining
(available) PEs is quite scattered. Consequently, mapping any
additional application onto this configuration would be ineffec-
tive, as it can be seen for the noncontiguous region of App 2 in
Fig. 1(e).

As opposed to this, our newly proposed methodology does
consider applications that may arrive to the system at future
times, and consequently, it offers a more effective mapping
in the presence of dynamically incoming applications. Indeed,
as shown in Fig. 1(g), when App 2 is mapped after App 1,
the system communication cost becomes smaller than the cost
obtained using the greedy approach. Intuitively, since the pre-
existing applications cannot be reallocated, the performance
of the greedy solution becomes much worse compared to our
proposed solution.

Note that the task migration approach is complementary to
our incremental mapping; indeed, task migration is an effective
strategy to achieve load balancing and high resource utilization.
For distributed systems without shared memory support, the
task migration policy must be implemented by passing mes-
sages among PEs; the implicit migration cost is large due to
the need of moving the process context [18]. However, for
embedded MPSoCs with shared memory, we have two contexts
to worry about from a migration perspective: The user context
(called the remote) and the system context (called the deputy or
home node). Only the user context (i.e., stacks, memory maps,
and registers of the process) needs to be migrated, while the
system context is kept either on the home node or in the shared
memory. Therefore, the migration process can be implemented
with middleware support on top of the operating system (OS).

1867

In this paper, we do not focus on the task migration process.
Instead, we target an incremental mapping process which does
not need to change the current system configuration.

In summary, the novel contribution of this paper consists of
a new approach for dynamic application mapping such that the
total communication energy consumption in the system is min-
imized. At the same time, additional applications can be easily
added to the resulting system with minimal communication cost
overhead.

The rest of this paper is organized as follows. First, we review
the prior work (Section II) and present the platform descrip-
tion and the run-time mapping methodology (Section III). In
Section IV, we formulate the problem of run-time incremental
mapping. Then, we propose a two-step algorithm to solve
this problem; more precisely, the near convex region selection
problem is discussed in Section V, while the node allocation
problem is addressed in Section VI. The experimental results
appear in Section VII, while Section VIII summarizes our main
contribution.

II. RELATED WORK

Resource allocation is a fundamental problem encountered
in a variety of areas, including processor allocation for super-
computers and task assignment in massively parallel processing
systems. While dealing with the resource management process,
Karp et al. in [21] study the problem of finding the shape
of a region assigned to tasks for minimizing the pairwise
distance of all points within that region; they observe that
there is no closed-form solution for getting the optimal region.
Bender er al. in [20] express the solution as a differen-
tial equation to solve the resource allocation problem and
provide a theoretical proof for getting the optimal solution.
Bender et al. in [17] present an approximate algorithm for
selecting processors such that to minimize the average number
of communication hops in supercomputers.

In terms of the offline resource allocation problem for NoC,
several approaches have been proposed. Hu and Marculescu [4]
propose a branch and bound algorithm to map IP cores onto
a tile-based NoC architecture, while satisfying the bandwidth
constraints and minimizing the total communication energy
consumption. The work in [5] considers the mapping problem
for minimizing the communication delay with split routing.

While dealing with the resource management problem for
“multiple applications” in the system, Pop et al. present an
approach to incremental design of distributed systems for
hard real-time applications over a bus [14]. More recently,
Murali et al. proposed a methodology for mapping multiple use
cases onto NoCs, where each use case has different communi-
cation requirements and traffic patterns [7].

In terms of the online resource management for NoCs, the
techniques proposed so far rely on a resource manager oper-
ating under OS control [13]. This OS-controlled mechanism
allows the system to operate effectively in a dynamic manner.
Smit et al. [6] propose a run-time task assignment algorithm
on heterogeneous processors. However, the task graphs are
restricted to have either a small number of tasks or a task degree
of no more than two. More recently, Carvalho et al. propose
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Fig. 2. Motivational example for incremental mapping process. (a) Optimal
solution. (b) Near convex region solution.

dynamic task mapping scheme in NoC-based heterogeneous
MPSoCs, targeting the channel load minimization for improv-
ing the performance [22].

As such, all the previous works mentioned earlier do not
maximize the system efficiency by considering the possible
addition of new applications and NoC-based communication.
In this paper, our goal is to optimize the communication energy
consumption for all possible system configurations (at different
time instances), considering that applications can dynamically
arrive and leave the system.

III. PRELIMINARIES
A. Motivational Example

We illustrate the incremental mapping process using three
applications. For simplicity, the system considered in this ex-
ample has only a single voltage level. As shown in the optimal
mapping solution in Fig. 2(a), whenever a new application
arrives in the system, we minimize the average communication
distance for the incoming application and all existing applica-
tions in the system. Applying the optimal mapping in practice
would be infeasible since the run time for deciding the config-
uration which gives the optimal solution and reconfiguring the
previous applications by migrating tasks is too high. However,
we can get a significant insight from analyzing the results
produced by an optimal solution. Indeed, by looking at Fig. 2,
we observe that each application tends to cover a convex region,
while the PE utilization of the system increases. Therefore, if no
task migration is allowed, allocating an incoming application to
a region which looks as convex as possible helps minimize the
communication overhead for any additional incoming applica-
tion [see our proposed solution in Fig. 2(b)].

In general, a region is convex if it contains all the line seg-
ments connecting any pair of points inside it. Bender et al. [20]
define the region to be optimal if the average distance between
all pairs of points is a minimum; as such, they expect the shape
of an optimal region to be convex. However, the concept of near
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Fig. 3. Homogeneous 2-D mesh NoCs with PEs having multiple voltage/

frequency levels and interconnect via the data and control networks.

convex region we use in this paper is slightly more general;
it stands for a region whose area is close to the area of its
convex hull [15]. The key goals in our approach for selecting a
near convex region are the following: 1) Minimize the average
communication distance (i.e., number of hops) between the
processors assigned to the tasks of the currently incoming appli-
cation and 2) minimize the noncontiguous regions which may
incur a higher communication cost if additional applications
are mapped onto them. Consequently, our problem formulation
generalizes the optimal region considerations [20] for dynamic
system configurations with limited resources.

B. Target NoC Architecture

The target NoC architecture consists of identical PEs inter-
connected by a 2-D n x n mesh network. Each PE consists of
a processing unit, local memory, and control unit, as shown in
Fig. 3. The PEs operate at fixed voltage and frequency levels,
which are selected from a finite set (V;, f;). When the voltage
level of a PE is different from that of the network, mixed-clock
first-in—first-out (FIFO) need to be utilized. We also assume
that the voltage/frequency assignment for PEs (or voltage island
partitioning problem) is already determined using an approach
similar to the one presented in [16].

As seen in Fig. 3, a GM is included in this architecture.
The GM runs the proposed run-time mapping algorithm for
allocating the incoming tasks to the appropriate resources. We
note that, for large NoCs, a hierarchical control mechanism
may be needed. Moreover, we have two types of networks
in this architecture, namely, the data and control networks.
The data network is responsible for delivering data packets
among PEs. The control network (i.e., the routers and links
represented by dotted lines in Fig. 3) is used to move around the
control messages. The data and control networks are separated
to ensure that data in the data network do not interfere with the
control messages in the control network.

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 15, 2008 at 22:42 from IEEE Xplore. Restrictions apply.



CHOU et al.: INCREMENTAL MAPPING FOR NETWORKS ON CHIP WITH MULTIPLE VOLTAGE LEVELS

| output input
{777 controller | | controller

H routing | _
‘L table "‘ﬂlir,b'til
X) - v

put
¢ yé’:mller

ouput
controller

Mo o @
A T ]
52 k-
e o o o £s 5X5
T 7T 1 3 switch
| -
e o o o oL
s 2 2 <2
4 4 4 2 £t
- =
e o o o " H

(a)

input
controller

output
controller

Fig. 4. (a) Logical view of the control network. (b) On-chip router microar-
chitecture that handles the control network.

TABLE 1
IMPACT OF ADDING THE CONTROL NETWORK ON AREA. THE SYNTHESIS
IS PERFORMED FOR XILINX VIRTEX-II PRO XC2VP30 FPGA

# of slices
one router in ‘pure’ data network 392
one router in our proposed network 401
area overhead 2.3%
4 x 4 mesh network with ‘pure’ data network 6737
4 x 4 mesh network with our proposed network 6891
area overhead 2.2%

Operation of the GM and the Control Network: The task
of the GM is to continuously track the status of the PEs
(idle/available or used/unavailable) in the system. When an
incoming application () enters the system, the GM runs our
incremental mapping process and makes the run-time decision
for the incoming application (). After the mapping decision
is taken, the necessary resources are allocated to the tasks of
this incoming application, and the application starts executing.
Once the application @ finishes its execution and leaves the
system, the PEs assigned to the application () send their address
back to the GM through the control network to notify the GM
that they become available.! Therefore, we do not need a fully
connected network but just a tree that accumulates the messages
for the GM,? as shown in Fig. 4(a).

Design of the Control Network: As shown in Fig. 3, the
control network has limited connectivity requirements, and it
is physically separated from the data network. More precisely,
these two networks do not share any circuitry, such as links or
buffers.

Area Overhead of Our Proposed Network: In terms of im-
plementation, we employ the router described in [23] for the
data network. In order to evaluate the overhead of the control
network, we add extra buffers and a multiplexer/demultiplexer
pair to the existing router used for data network [see Fig. 4(b)].
After that, we implemented a 4 x 4 mesh network using
both the original and modified routers. Finally, the designs are
synthesized using Xilinx Integrated Software Environment to
evaluate the area overhead (see data in Table I).

IThis way, the GM always knows the status of the PEs in the system and can
take further decisions for new applications.

2This structure is equivalent to a broadcast tree. We can obtain the broadcast
tree by reversing the direction of all edges in Fig. 4(a).
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Fig.5. ACG characteristics. The tasks belonging to the same node are mapped
onto the same PE. Each edge represents the communication between two nodes.

Energy Overhead of the Control Messages in the Control
Network: In terms of the energy overhead for delivering the
control messages, we utilize the bit energy model, which is
the same metric used when dealing with data messages. As
mentioned before, the control network is used only to send the
status information from PEs to the GM. This status information
includes the address of the PE and an extra bit of information
showing the PE is busy or idle. Therefore, the size of control
messages is dependent on the network size. For an M x M
NoC, we only need [log,(M?)] bits to decode the addresses
of the PEs. Obviously, the volume of the control messages is
much smaller than the volume of the data messages. Moreover,
the control network is much simpler than the data network, as
described before. Consequently, the control network is expected
to have significantly smaller energy consumption compared
with the data network. Indeed, if the energy consumption to
send the information from PEs to the GM is comparable to
the data communication, then a more sophisticated hierarchical
control mechanism is more suitable.

C. Application Characteristics

The incoming applications are described by the application
communication graph (ACG), which is generated using an
offline technique like in [11] and [12]. Each ACG = G(V, E)
(see Fig. 5) is a directed graph and contains the following.

1) Nodes. Each node v, € V contains a set of tasks obtained
from an offline task partitioning process [11], [12]. The
tasks belonging to the same node are allocated to the
same idle PE. Note that, while dealing with the offline
task partitioning process, in order to meet the application
deadline, we use the worst case (WC) communication
time for communications between nodes (i.e., longest
communication path). Moreover, we use the WC execu-
tion time (WCET) for data-dependent tasks, where the
WCET of a task is the maximum length of time that the
task takes to execute on a specific hardware platform, i.e.,
PE operating at a certain voltage.

2) Edges. Bach edge e; ; € E represents the internode com-
munication from v; to v;, where node v; is any neighbor
of node v;. Weights w(e; ;) characterize the communica-
tion volume (bits) between nodes ¢ and j.

3) M (vy). Each node vy, has its minimum voltage M (vy;) at
which it should operate in order to meet the application
deadlines. Since the maximum operating frequency for
a given voltage level is selected, the higher voltage levels
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result in faster execution, assuming that the task execution
times (clock cycles) remain the same.

4) S;. All nodes in the node set S; will be allocated to the
PEs with the voltage level 4 later. |S;] is the node set size,
i.e., the number of nodes in that set.

D. Energy Model

We model the energy consumption of the network using the
bit energy metric proposed in [8]. Suppose that the source (PE;)
and destination (PE,) operate at static voltage/frequency levels
(Vi, fi) and (Vj, f;), respectively, while the entire network
uses a (constant) voltage/frequency level (V,,, f,,). The average
energy consumption to send one bit of data from PE, to PE; is
as follows:

Ebit(57 d) = ERbit(‘/i‘)Vn) + ENetWOTk(S’ d) + ERbit(Vn‘)‘/j)
(1

where the Eg, . (v,—v,) and Eg, (v, —v,) terms represent the
energy consumed while transferring data between the network
and the processors operating at different voltage levels. For
instance, when PE; operates at V; and the network operates at
V.., the energy consumption of sending one bit of data from the
processor to the network is Er . (v;—v;,)- On the other hand,
the ENetwork (S, d) is defined as

ENetWOIk(S7d) = ERbit(VnHVn) X (MD(S,d) — 1)
+FELink(s,d) x MD(s,d). (2)
The routers attached to nodes s and d are not included in this

equation since they are already accounted for in (1). Finally, the
total communication energy consumption is as follows:

>

Vei,]‘ :(Si7d]‘)EE

w(e; ;) X Epit(si,dj). 3)

Ecomm =

IV. INCREMENTAL RUN-TIME MAPPING PROBLEM
A. Problem Formulation

Our proposed methodology is summarized in Fig. 6. All
applications are described by ACGs which result from an offline
task partitioning similar to [11] and [12]. Our online mapping
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Fig. 7. Impact of MD on communication energy consumption for four differ-
ent scenarios (S1-S4).

process is activated only when an application arrives in the
system. Our objective is to first select a near convex region and
then decide on which PE within this region should each node
in the ACG be mapped to, such that the communication energy
consumption is minimized under given timing constraints. To
formulate this problem, we need a few notations as follows.

1) PE;; is the PE located at the intersection of the ith row
and jth column of the network. PE;; is the GM.

2) V(PE,;) is the voltage level that processor PE;; belongs
to.

3) MD(PE,;, PEy;) is the MD between PE;; and PEy;.

Using this notation, the problem of dynamic incremental
mapping for NoCs can be formulated as follows:

Given the current system behavior and the ACG of the
incoming application

Find a near convex region R and a node mapping function
map(), Vv, € V, map(v,) — PE,; in R, with the objective

min ¢ Energy = Z w(e; ;) x MD (map(v;), map(v;))
V(ii,j

4)
such that Vv, € V., V(PE;;) > M(vy).

B. Significance of the Problem

To prove that the MD metric in the problem formulation
heavily affects the communication energy consumption, we
consider the following experiment. An ACG is generated using
the task graphs for free (TGFF) package [9]. Then, we imple-
ment four scenarios for mapping this application onto an 8 x 8
homogeneous NoC. Scenario 1 (S1) in Fig. 7 uses our method,
scenario 2 (S2) uses the nearest neighbor heuristic proposed
in [22], scenario 3 (S3) randomly maps the application nodes
inside a 4 x 4 rectangle region, and scenario 4 (S4) randomly
maps the application nodes onto any PEs in an 8§ x 8 NoC. The
x-axis in Fig. 7 represents the average MD between two nodes,
while y-axis represents the communication energy consumption
normalized to that of the first scenario. As we can see, the MD
between application nodes is an effective way to minimize the
communication energy consumption of the applications.
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V. SOLUTION TO THE NEAR CONVEX
REGION SELECTION PROBLEM

When dealing with region selection problem for the incre-
mental mapping process, we need to minimize the communi-
cation cost of the incoming application and, at the same time,
minimize the communication cost overhead for any additional
incoming application. To generalize and formulate this prob-
lem, the L, distance is defined as follows.

Definition 1: The L, distance of a region R with N tiles,
denoted as L;(R), is the total MD between any pair of these
N tiles inside R.

The scenario in Fig. 8(a) covers the general case of the
incremental mapping problem. Such a scenario includes some
preexisting applications (i.e., the black circles in Fig. 8) running
in the system, as well as a new incoming application which
needs to be allocated on the remaining/available PEs [these M
PEs in the thick line region R are shown in Fig. 8(a)].

Assume that this incoming application requires N PEs (with
N < M). Our objective is to find a subregion R’ with N PEs to
assign to this incoming application which minimizes the metric
Li(R')+ L1(R — R'), as shown in Fig. 8(b). Intuitively, it is
difficult to consider these two terms Li(R') and Ly (R — R/)
at the same time. In Section V-A, we first focus on minimizing
the first term Lq (R') (we call this the L; problem), which is a
special case of the general allocation problem. This gives us an
insight into the problem of minimizing L, (R') + L1 (R — R/),
which is discussed in Section V-B. Finally, in Section V-C, the
region selection algorithm is proposed for NoC platforms with
multiple voltage levels.

A. Minimization of L1(R')

Minimizing L, (R') for a region R’ with N tiles is the spe-
cial case of the general allocation problem in [17]. To find a
lower bound for L (R’), we first implement the best case (BC)
solution to conjecture the best shape of the region. Then, the
WC solution in a contiguous region for this problem is derived
as the upper bound. Note that, since the incremental mapping
process is done online, we need to look for near-optimal solu-
tions with very low cost (i.e., low computation time). Therefore,
we also propose four suboptimal solutions to see if any lower
cost solution gets close enough to the optimal case.?

3Note that neither the BC algorithm nor the suboptimal solutions have known
closed form formula in terms of V. Therefore, we can only obtain the optimal
result from exhaustive search and the results for suboptimal solutions from
simulation.
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Fig. 9 plots one region (with NV = 20) generated by each of
the six cases which include two possible extreme cases, the
BC and WC, and our proposed solutions [Euclidian minimum
(EM), fixed center (FC), random frontier (RF), and Neighbor-
aware Frontier (NF)].

1) BC. This corresponds to the optimal solution generated
by an exhaustive search, but obviously, this works only
for moderate values of V.

2) WC. The closed-form solution for the worst case of a
contiguous region R with [V tiles

:Nx(N—l)x(N+1)

ngorst) ( R) .

4)

Proof: The WC of L1 (R) with N tiles inside R is to place
the Nth tile to the resulting region with distance N — k from
the kth tile, i.e.,

ngorst)(R) =()+1+2)4--+(1+24+---+N-1)
=(1) x (N=1)+(2) x (N=2)+---
+ (N-1)x(1)
= N_lix(N_Z-):N X (N_é)X(N—Fl).

3) EM. While adding the Nth tile into the region, the
EM heuristic updates the center (z.,y.) by recalculat-
ing the arithmetic mean of N — 1 tiles and then se-
lects a tile (z,y) with minimum Euclidean distance
V7 — 22+ [y — ye|? to the updated center.

4) FC. The first tile of the region is always set as the FC
(¢, yc). While adding the Nth tile into the region, the
FC heuristic selects a tile (x, y) with minimum MD |z —
Ze| + |y — ye| to the FC.

5) RF. While adding the Nth tile into the region, the RF
heuristic randomly selects a tile from the frontier of the
region consisting of N — 1 tiles.

6) NF. Every tile has four neighbors. The tile is considered
to be available if it has not been selected into the region.
While adding the Nth tile into the region, the NF heuristic
searches the frontier of the resulted region and then se-
lects a tile with a minimal number of available neighbors.

We should note that there exists more than one solution for
these four cases (EM, FC, RF, and NF), even for the BC and
WC scenarios. Fig. 9 shows a few concrete instances of regions
generated by each of the six cases for N = 20. The numbers on
tiles in Fig. 9(b)—(f) represent the selection order when forming
the regions. We initially set the tile (5, 5) as the first tile of the
region.

As can be seen in Fig. 9(a), the resulting shapes of BC are
almost “circular.” However, this solution cannot be applied to
run-time incremental mapping due to its high run-time over-
head. For example, it takes more than 40 min to get the optimal
solution for N = 20 while running on an Intel Pentium 4 CPU
with 2.60 GHz. On the contrary, the EM, FC, and RF heuristics
take less than 10 us. We observe that, for EM and FC cases, they
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Fig. 10. Ly distance results showing the scalability of the solutions obtained via

differ by less than 1% compared with the optimal solution [see
Fig. 9(c) and (d)]. For the RF case, there may exist holes inside
the region, and this would greatly increase the L; distance
[e.g., for N = 20, 31.6% increase of the L distance compared
with the optimal solution in Fig. 9(e)]. In order to reduce
the probability of getting holes inside a region, we propose
the NF heuristic, which includes the neighbors’ information.
Indeed, the solution produced by the NF for NV = 20 is only by
1.24% away compared with the optimal solution, and it can be
obtained within 5 ps.

To show the scalability of these heuristics, we need to test re-
gions containing a large number of tiles. The simulation results
for the L, distance under BC, and the WC scenarios and these
four heuristics (EM, FC, RF, and NF) are shown in Fig. 10(a).
We plot the L; distance from running 1000 experiments with N
varying from 1 to 200 [see Fig. 10(a)]. Since it takes more than

the BC, WC, and four heuristics (EM, FC, RF, and NF).

40 min to get the result for the BC if N = 20, we do not report
results for BC scenario when N is greater than 20 tiles. We
do show, however, results for BC when IV varies from 1 to 20
[see Fig. 10(b)].

From Fig. 10(a), we observe that the results obtained from
EM and FC cases are close to each other. Of note, the NF
heuristic has only 2.63% increase of the L; distance compared
to the FC heuristic for N = 200. Moreover, from Fig. 10(b),
EM, FC, and NF cases are close to the optimal solution (i.e.,
the BC scenario) for N varying from 1 to 20.

B. Minimization of L1(R') + L1 (R — R')

Now, we have a better sense about minimizing L, (R’) +
Li(R — R'). Considering the configuration in Fig. 8(a),
assume that the new incoming application has 12 nodes, i.e.,
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TABLE 1I
L1(R’) + L1 (R — R’) MINIMIZATION PROBLEM WHEN USING THE EM, FC, AND NF HEURISTICS

Heuristics L{(R’) + L|(R-R’) = distance sum d evﬁ?;})i%zde an Min(distance sum) | Max(distance sum)
Euclidean Minimum (EM) 155.190 + 426.076 = 581.266 67.095/581 504 696
Fixed Center (FC) 159.086 + 404.782 = 563.868 55.503/564 502 672
Neighbor_aware Frontier (NF) 167.604 + 342.268 = 509.872 14.544/510 498 568
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Fig. 11. Histogram over 1000 runs for L1(R’) + L1 (R — R’) minimization

problem. We represent [L1(R’) + L1 (R — R')] distances on the z-axis and
their frequency of occurrence on the y-axis.

|R'| = 12. To minimize L, (R') + Li(R — R'), we implement
the EM, FC, and NF heuristics described earlier. The first tile
of each approach is selected from any boundary tile of R. Note
that compared with the problem discussed in Section V-A, the
Li(R') + L1(R — R') minimization problem has one obvious
limitation: the boundary constraint. Under this limitation, for
the EM, FC, and NF cases, we need to add one more constraint,
i.e., the grid which is selected should be inside the region R. In
addition, for the NF case, since the boundary condition greatly
influences the neighboring information, we need additional
modifications. Initially, every tile in the grid has four neighbors,
except the corner tiles which have only three neighbors. Other
steps are the same as in Section V-A.

Fig. 11 shows the histogram of [L;(R') + L1 (R — R')] val-
ues derived from 1000 runs for each heuristic (EM, FC, and
NF). For example, in Fig. 11(c) which uses the NF approach,
we can get the [L1(R') + L1(R — R')] distance equal to 498
for 369 times. Of note, neither EM nor FC can obtain this small
value. We also summarize these data in Table II, which lists
the L; distance of the selected region R’ and the remaining
region R — R’ for an average of 1000 runs. Moreover, we list
the standard deviation over the mean of L1 (R') + L1(R — R)
in 1000 runs and the best/worst results for each heuristic.

From Fig. 11 and Table II, we observe that the EM and
FC do not work well for solving the Li(R’) + L1(R — R)
minimization problem. As seen in Table II, even though the
value of Lq(R’) of EM and FC heuristics is quite small, the

pairwise distance outside the region, namely, L (R — R/), is
relatively high, i.e., the selected region does not help for addi-
tional mappings. On the contrary, the NF with the neighboring
information included helps for the additional mappings (the
decrease in Li(R — R') distance is 19% and 15% compared
to the EM and FC, respectively). Even if the distance L; (R/)
of the NF is about 8% and 5% larger than that of the EM and
FC, respectively, the total distance L, (R') + L1 (R — R') of the
NF is still 10% less than the solutions provided by the EM and
FC. In addition, when observing the NF in Fig. 11(c), we have
a higher probability to get the smaller L, (R') + L1(R — R)
value compared to EM and FC heuristics shown in Fig. 11(a)
and (b). This matches the goals of the incremental mapping
process, namely, to minimize the interprocessor communication
cost for the incoming application (i.e., smaller L;(R')) and
easily add additional applications to the resulting system with
minimal interprocessor communication overhead [i.e., smaller
Li(R—- R

C. Solution to the Region Selection Problem for Run-Time
Incremental Mapping Process

From the discussion in Sections V-B and V-C, we decide
to apply the NF heuristic to the region selection problem (see
Fig. 6). Since, for the aforementioned discussion, all grids were
considered to be the same (i.e., homogeneous system), we need
to define two new terms in order to deal with the heterogeneity
of our proposed platform (see Section I1I-B).

1) Dispersion factor (D). The dispersion factor of a PE,
D(PE), is defined as

D(PE) = C' — number of utilized neighbors of that PE
(6)

where C' is a constant. For the corner PEs, C' = 3; for
other PEs inside (including the boundary), C' = 4.

The PEs with the smaller D(PE) value indicate a
higher likelihood to be included into the current region.
Indeed, a PE that has most of its neighbors utilized [i.e.,
PE with a small D(PE) value] is very likely to be later
isolated; then, selecting this PE for the current region
helps reduce its dispersion probability.

2) Centrifugal factor (C'). The PE centrifugal factor C'(PE)
is defined as the MD between any PE and the border of the
current region. PEs with the smaller C'(PE) value indicate
a high likelihood to be included into the current region.
Indeed, since every PE in a near convex region should be
close to the borders of that region, the PE with smaller
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Fig. 12.  Dispersion and centrifugal factor calculation example.

Step 1): Assign each node v to S; where i is greater than M(v),
and sort them out in non-decreasing order, |S1|<|S5I< ... <ISy

Step 2): Start with Sy, select a PEywith minimum code transfer
energy consumption and include it into the region.

Step 3): Update the D(PE) and C(PE) for unselected and idle
PEs of that set. Select PEy with lowest D(PEy)+ C(PEy) in
the region. Continue with Step 3 until the number of PEs in the
selected region matches the size of this set.

Step 4): Repeat Step 3 for the remaining sets.

Fig. 13. Near convex region selection algorithm.

C(PE) is better suited for selection to form a near convex
region.

Examples of calculation of the dispersion and centrifugal
factors are shown in Flg 12. PElg, PE13, PE21, PEQQ, PE23, and
PE3; are running preexisting applications and considered to be
unavailable. The current region is framed with thicker lines. We
demonstrate how to select and bring PEs into the current region
while keeping its shape as convex as possible. In Fig. 12, four
PEs (PEs2, PEsy4, PEs3, and PE;7) are selected as examples
for calculating D(PE) and C(PE). For PE3y, D(PE3) =1
since its neighbors PEgs, PEs;, and PE4s are unavailable,
while C'(PE32) = 1 since it has an MD of one to the region
boundary. Other three PEs with dispersion and centrifugal
factor calculation are shown in Fig. 12. Since PE with minimum
D(PE) + C(PE) value indicates a higher likelihood to form
a near convex region, under the current region, PE3o is more
likely to be selected to become part of the region compared with
PEss3, PE3y4, and PE77. The steps of region selection (similar
to maze routing [19]) are used in Fig. 13 (assuming k voltage
levels in the system and my is the number of available PEs in
the kth voltage level).

We now consider a simple example and describe our ap-
proach step by step. The ACG of the incoming application
and system behavior are given in Fig. 14(a) and (b), where the
black dots show the preexisting applications in the system. The
number marked on each PE (e.g., {3} on PEj32) in Fig. 14(c)
represents the selection order in forming a near convex region.
PEs with the same number show that they are selected into the
region at the same time.

We can see from Fig. 14(a) that there are two nodes (4 and
vg) with M (v4) = M (vg) = “H,” which are supposed to be
mapped onto the PEs at high (“H”) voltage level; the other
nodes can be mapped onto the PEs in “L” voltage level, namely,
|Su|=2(Sy = {va,v6}) and |SL| = 7 (Step I). Let us start
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with Sy (Step 2), and assume that PE,s is selected first to
become part of the region for minimizing the code transfer
energy consumption [Fig. 14(c)]. Then, PE,3 is the second
node selected for the region (Step 3) since it has the lowest
D(PE43) + C(PE43) =3+ 1(D(PE43) =3, because PEgss,
PE,4, and PEs3 are all idle. Comparing this to D(PE44) +
C(PE4y) =4+2 or D(PEy) + C(PEy) =4 +4 implies
that PE,3 gets selected. Step 3 terminates since the PEs in
Sp are all selected inside the region. Now, we deal with the
selection of Sy, (Step 4). Going back to Step 3, PE3s is selected
since it has the lowest D(PE) + C'(PE) = 1 + 1. After that,
PE33 is selected with D(PE33) + C(PE33) = 1 + 1, and then,
PE4; is selected with D(PE4;) + C(PE4;) = 2 4 1. With the
same rule, PE5;, PE5o, and PEs3 are selected with the low-
est D(PE) + C(PE) = 4. Finally, PEg; is randomly selected
among PEg;, PEga, PEgs, PEsy, and PEs4, with all of them
getting the same value of D(PE) + C(PE).

D. Complexity of the Region Selection Algorithm

In order to determine the time complexity of the region
selection algorithm, assume that the ACG = (V, F) and the
system contains a total of n x n PEs organized in k voltage
levels, where |V| < n?. Therefore, |S1| + |Sa| + -+ + |Sk| =
|[V|, where S; is the size of node set which is about to be
selected for the ¢th voltage level, and my + mo + - - - + my <
n2, where m; is the number of available PEs in the ith voltage
level.

In Step 1 of Fig. 13, calculating the size of PE sets takes
O(V) time, and the run time for sorting them is O(V log V') if
using QUICKSORT. Steps 24 need O(m3 +m3 + - +m2)
since, in Step 3, we need to update D(PE) + C'(PE) for each
PE in a certain set, which takes linear time. The worst case
scenario occurs when only one PE is selected into the re-
gion each time. Thus, the total run time of region selection
algorithm is O(n* 4+ VlogV), ie., O(n*) since VlogV <
n?logn? < n*. However, in Steps 3-5, we can record the
frontier of the region and store the information D(PE) + C(PE)
of this wavefront in a HEAP. Using this data structure, the run
time for Steps 3-5 is reduced from O(m? +m3 + -+ +m3)
to O(S11log S1 + Salog Sy + -+ 4+ Sk log Sk) = O(Viog V).
Thus, the total time complexity of the region selection algo-
rithm becomes O(V log V).

VI. SOLUTION TO THE NODE ALLOCATION PROBLEM

After the near convex region is selected, we continue al-
locating nodes of the incoming application to the PEs with
specific voltage levels in the selected region (see Fig. 6) while
minimizing the interprocessor communication. To keep track
of the node allocation process, we color each node white, gray,
or black. A gray node indicates that it has some tentative PE
locations but its precise location will be decided later. On the
contrary, a black node indicates that it has been already mapped
onto some PE, and this mapping will not change anymore. All
nodes start out being white and may later either become gray
and then black or become directly black. A PE is set to be
unavailable after a black node is mapped onto it.
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Fig. 14.
allocation process.

Step 1): Color all nodes white. Then, start with the first white
node t in the smallest node set based on the ordered set.

Step 2): IF neighbors of node t are neither gray nor black,
then do DISCOVER for node t.

Step 3): IF neighbors of node t are either gray or black, then
do FINISH for node t.

Step 4): Go back to the first node of the ordered set, do Steps 2
and 3 for each nonblack node t until the color of any nonblack
node changes. Then go to Step 5.

Step 5): Repeat Step 4 if there exists any nonblack node in the
ordered set; otherwise, stop the algorithm.

Fig. 15. Node allocation algorithm.

We define two actions for nodes.

1) DISCOVER. This consists of the following: 1) Select
available PEs with a specific voltage level for node ¢
and 2) color node ¢ gray; then, node ¢ is considered as
“discovered.”

2) FINISH. This consists of the following: 1) Select a
specific PE for node ¢ such that the distance between
node ¢ and its gray or black neighboring nodes is mini-
mized (note that, if more than one PE gets the minimum
distance, we select the PE;; with its D(PE;;) closest to
the number of nonblack neighbors of node t) and 2) color
node ¢ black; then, node ¢ is considered as “finished.”

In short, we first sort nodes into an ordered set using the
nonincreasing order of their total communication volume, i.e.,
the higher communication volume a node has, the earlier it
is discovered or finished. The node allocation algorithm is
summarized in Fig. 15.

Let us follow now the same example in Fig. 14. The ACG
in Fig. 14(a) is going to be mapped onto the region R;, which
has been selected in Section V-C. The final result is shown in
Fig. 14(d); Fig. 16 shows the node allocation process step by
step. Remember that, for this ACG, the smallest node set is
S H = {1/47 1/6}.

Assume now that, based on the total communication volume,
the node ordered set is {9,6,7,5,8,4,1,3,2}. Moreover, as-
sume that all nodes are initially white [Fig. 16(a)]. We start
with node 6, since it has the smallest order among the nodes
in Sy (Step 1). Since, at this time, its neighbors’ nodes 5 and 7
[see in Fig. 16(a)] are white, we DISCOVER this node (i.e.,
color it gray) and select PE45 and PE,3 (because these are the
only PE locations at “H” voltage level in region R1) to map it

Incremental run-time mapping process. (a) ACG of the incoming application. (b) System behavior. (c) Near convex region selection process. (d) Node

(Step 2), namely, node 6 will be allocated onto PE45 or PEy3
later [Fig. 16(b)]. Then, continuing with Step 4, we go back
to the first node in the ordered set. At this moment, the color
of node 9 changes from white to gray since all neighbors of
node 9 are white; we select PEsy, PEs3, PE4y, PE5q, PEss,
PE53, and PEg; for it [Fig. 16(c)]. With the following repeat of
Step 4, the color of nodes 9 and 6 remains unchanged. Then, we
consider node 7; its color changes from white to black directly
since nodes 6 and 9 are gray. We allocate node 7 onto PE5,
[Fig. 16(d)] and then repeat Step 4. Node 9 becomes black since
its neighbor node 7 is colored black [Fig. 16(e)], and we allocate
node 9 onto the precise location PE5; [Fig. 16(f)]. We continue
this process until all nodes are colored black and each node is
allocated a precise PE location. Fig. 14(d) shows the final result
of the node allocation process.

Complexity of the Node Allocation Algorithm: The total run
time of our algorithm has a complexity of O(V?2 + E). This
is because the body of the loop (Steps 4-5) executes |V| times
while reaching at most | V| vertices each time. In addition, since
each node will be reached at most two times (i.e., DISCOVER
and FINISH), and the adjacency list of each node is scanned
only when the node is reached, the total time of scanning the
adjacency lists is O(E).

VII. EXPERIMENTAL RESULTS

We first evaluate the impact of the near convex region se-
lection and node allocation steps of the incremental mapping
process using synthetic benchmarks (see Sections VII-A and
VII-B, respectively). To show the potential of our proposed
mapping algorithms for real applications, we later apply it
to the embedded system synthesis benchmark suite E3S [10]
(Section VII-C).

A. Evaluation of Region Selection Algorithm on
Random Applications

To show that the choice of a near convex region heavily
impacts the communication cost of the incremental mapping
process, we consider the following experiments. Several sets of
applications are generated using the TGFF package [9]. The
node number and the communication volume are randomly
generated according to some specified distributions. Then, ap-
plications are randomly selected for mapping onto the system
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Fig. 16. Node allocation process based on the example in Fig. 14. (a) Initial configuration with every node white. (b) Node 6 is discovered. (c) Node 9 is
discovered. (d) Node 7 is finished and colored black. (e) Node 9 is colored from gray to black. (f) Node 6 is colored from gray to black.
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(a) Impact of selection region process on interprocessor communication. (b) Communication energy loss: Optimal mapping versus our allocation

algorithm given a selected region. (c) Optimal versus our allocation algorithm under different communication volumes. (d) Communication energy savings:

Arbitrary mapping versus our allocation algorithm.

or being removed from it. For mapping onto the resulting sys-
tem while preexisting application remains fixed, two different
strategies are implemented: 1) a greedy approach minimizing
the interprocessor communication cost of the current configu-
ration but without considering the newly incoming applications
and 2) a near convex region is first selected using the proposed
approach, and then, the application is optimally mapped onto
this region using exhaustive search.

The number of nodes per application ranges between five and
ten. The system consists of 7 x 7 PEs with PE;; being used as
the GM. The variance of the communication volume per edge
in one application is set arbitrarily between 0 and 10°. Initially,
there is no application in the system. The sequence of events

in the system is incremented whenever an application comes to
or departs from the system. If the number of idle PEs in the
system is smaller than the number of nodes of the incoming
application, then the incoming application is not accepted.

Fig. 17(a) shows the interprocessor communication cost ratio
between the mapping using Strategy_1 (i.e., without selecting
a region) and that in Strategy_2 (with selecting a near convex
region). Here, the interprocessor communication contains all
communications (i.e., preexisting and the incoming applica-
tions) in the system. We also show the number of utilized PEs
(except the GM) in that particular system configuration.

As shown in Fig. 17(a), there is a slight increase in the com-
munication ratio in the beginning because the greedy approach
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performs well when the number of utilized PEs in the system
is small. Once the number of utilized PEs increases due to the
incoming applications, the benefit of our proposed algorithm
becomes obvious. Finally, the ratio becomes stable since, for
Strategy_1, when the application leaves the system, there is
always a scattered region left for additional mapping. This ex-
ample demonstrates that near convex region selection definitely
helps the incremental mapping process.

B. Evaluation of Node Allocation Algorithm on
Random Applications

We first compare the run time and solution of our algo-
rithm against exhaustive approach. Experiments in this paper
are performed on an Intel Pentium 4 CPU (2.60 GHz with
768-MB memory). The run time for finding the optimal map-
ping within selected region increases exponentially with the
number of nodes in each application: For 8, 9, 10, 11, and
12 nodes in one application, it takes 0.2 s, 1.5 s, 4 min, 10 min,
and 2 h, respectively, to obtain the optimal mapping. On the
other hand, the run time of our algorithm stays within 3 us,
when the number of nodes varies between 8 and 20. Since find-
ing the optimal mapping for a region with 13 nodes takes more
than 26 h, we vary the number of nodes per application from
8 to 12 [see points on z-axis in Fig. 17(b)]. More specifically,
there are five categories (|V'| = 812), each category containing
40 applications generated with TGFF.

We denote the energy consumption of our allocation al-
gorithm by FEj and the energy consumption of the optimal
mapping with the same region by E.. Thus, (E};, — E.)/E. X
100% is the percentage of reported energy loss compared to
the optimal solution. As shown in Fig. 17(b), the energy loss
for each category is always less than 21%. Therefore, our node
allocation algorithm provides good results for large designs.

Now, we address the impact of variance of communication
volume per edge on the energy consumption in Fig. 17(c). The
node number in one application used in this experiment is fixed
to ten, and the variance of communication volume per edge is
set from 10°,10',102, ..., to 10° (seven categories). For each
category, we run 50 different ACGs and calculate the averages.
It can be seen from Fig. 17(c) that our average communication
energy loss in all categories is within 21.5% compared to the
optimal solution under the same region.

Last, in Fig. 17(d), we compare the solution of an arbitrary
mapping against our algorithm. Since the run time of arbitrary
mapping is very small, we can consider ACGs with a large
number of nodes [i.e., 30 in Fig. 17(d)] and see if our algorithm
scales well. The number of nodes per application used in this
experiment ranges between 8 and 30 (i.e., six categories, |V| =
8,10, 15,20, 25, and 30). We generate 20 different regions with
PE locations corresponding to the number of nodes in each
category and then run 20 different applications on each selected
region. The variance of communication volume per edge and
per application is set between 0 and 10°.

We denote the energy consumption of our allocation al-
gorithm by FE} and the energy consumption of the arbi-
trary mapping solution by E,; then (E, — E},)/E, x 100%
is the percentage of the reported energy savings compared

1877

. (NF + our) /our_all
: (EM + our)/ our_all -
. (FC + our) / our all

. (NF + random) / our_all

. (EM + random) / our_all -
: (FC + random) / our_all

=@=: Nearest Neighbor [22] / our_all

0 2000 4000 6000 8000 10000 12000
Total comm. volume per application (bits)

0.5F--==-------

Comm. energy consumption ratio

Fig. 18. Communication energy consumption comparison using random
applications.

to the arbitrary mapping solutions, which are averaged from
500 random results. As shown in Fig. 17(d), at least 45%
savings can be achieved in all categories; of note, the savings
increase as the node size scales up.

C. Random Applications Considering Energy Overhead for
the Entire Incremental Mapping Process

We compare seven scenarios to our near convex region
selection and node allocation technique (denoted as “our_all” in
Fig. 18) in terms of the communication energy consumption.*
For all these scenarios, we first perform the region selection
process using NF, EM, FC, or our near convex region selection
technique (our). Then, we perform node allocation using either
random mapping (random) or our proposed approach (our)
presented in Section VI.

For example, in Fig. 18, the notation “NF + our” indi-
cates that we implement the “NF” algorithm (in Section V-A)
for region selection step and then use “our” node allocation
solutions (in Section VI) for mapping nodes into the selected
region. The experimental results in Fig. 18 already include the
energy overhead of running these algorithms, i.e., “NF,” “EM,”
or “FC,” and “our.”

Finally, the last scenario we consider is the approach pro-
posed in [22]. In this case, we allocate the nodes as close as pos-
sible without considering a particular region. The comparison
with this scenario is marked as “Nearest Neighbor” in Fig. 18.

As observed in Fig. 18, when the total communication vol-
ume per application is over 10 000 b, we can achieve more than
37.5% communication energy savings compared to all other
scenarios.

“4In this comparison, we consider the energy overhead of running our online
processes. This overhead is measured by executing the C programs on Micro-
Blaze processor running on Xilinx Virtex-II Pro XC2VP30 field-programmable
gate array (FPGA). The energy overhead of delivering control messages (see
Section III-B) is also included here.

SNote that the results in Fig. 18 assume the “random” algorithm has zero
energy overhead.
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D. Real Applications Considering Energy Overhead for the
Entire Incremental Mapping Process

The communication energy overhead of online processes
contains the message transmission into the control network and
our online algorithms (i.e., near convex region selection and
node allocation). The incremental mapping process is activated
only when a new application arrives, and therefore, the PEs
need to send their status to GM. The communication volume
for all control messages is [a bits (for showing PE address,
which depends on network size) + 1 bit (PE status)] xMD (MD
of all PEs to GM). For the 6 x 6 network, a = 6(2° > 36)
and MD = 180; therefore, all control bits for one incoming
application are within 1 kb. Compared to the communication
volume in real applications (which is in the megabit range),
the energy overhead for transmitting the control messages is
negligible.

Next, we evaluate the extra energy overhead of our online
algorithms. Our system contains 6 x 6 PEs of AMD ElanSC520
(133 MHz), AMD K6-2E (500 MHz), and one MicroBlaze
core (100 MHz) for the GM running our online algorithms. To
evaluate the potential of our online algorithms for real appli-
cations, we apply it to embedded system synthesis benchmark
suit E3S [10]. We first do the offline partitioning process for
each benchmark. The communication energy consumption is
measured by a C++ simulator using the bit energy model [8].
We start with a given system configuration running a set of
preexisting applications. We denote some terms for energy
saving calculation.

1) P, is the communication power consumption of our

mapping algorithms.

2) P, is the communication power consumption of the im-
plementation of arbitrary allocation scheme which maps
tasks on a contiguous region as far as possible.

3) Ponline is the power consumption of running the on-
line algorithms (a constant, obtained from MicroBlaze
datasheet).

4) T is the execution time of that application.

5) Tonline is the execution time of running our online algo-
rithms (obtained from MicroBlaze processor running on
Xilinx Virtex-1I Pro XC2VP30 FPGA).

Thus, the communication energy savings of our algorithms

compared to an arbitrary mapping is calculated as follows:

(Pa X Tct) - (Ph X Tct + Ponlino X Tonlinc)

1 .
P T x 100%

As shown in Table III, if running the telecom benchmark for
only 0.007 ms, we cannot achieve any communication energy
savings; the energy overhead of running our algorithms plus
the energy with our algorithms applied is almost the same as
the communication energy with arbitrary allocation scheme.
However, if running the telecom benchmark longer ( 0.03 ms for
example), we already gain 25% communication energy savings
compared to the arbitrary mapping solution; we note that the
overhead of running our algorithms is included.

We observe that about 50% communication energy savings
can be achieved, on average, compared to an arbitrary im-
plementation when the execution time of applications is over
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TABLE III
ARBITRARY MAPPING VERSUS OUR ALGORITHM RESULTS
Benchmark T,;, Application exec. Communication
time (msec) Energy savings
0.007 0%
telecom 0.03 25%
>0.2 50.3%
0.0005 0%
consumer 0.008 25%
>0.04 47%

0.2 ms. The run-time overheads of executing incremental map-
ping process on MicroBlaze (i.e., Tonline) for telecom and
consumer are 53 and 42 us, respectively.

VIII. CONCLUSION AND FUTURE WORK

In this paper, we have proposed a run-time approach to
incrementally map a number of applications onto a homoge-
neous tile-based NoC with multiple voltage levels. As shown,
using the near convex region selection technique, the mapping
results of our algorithms can be obtained very efficiently; in
addition, they are not far from the optimal case. Moreover,
additional incoming applications can be added into the system
with minimal communication overhead.

We plan to extend this work in several directions. First, for
SoC applications, we intend to consider more heterogeneity
(i.e., cores with different functionality), while including energy
consumption as well. Another direction is to address the run-
time incremental scheduling and processor sharing problems.
Last but not least, we plan to consider the resource management
for platforms allowing dynamic voltage and frequency scaling,
as this can provide further energy savings.
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