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Abstract

An efficient technique for mapping application tasks to
heterogeneous processing elements (PEs) on a Network-on-
Chip (NoC) platform, operating at multiple voltage levels,
is presented in this paper. The goal of the mapping is to
minimize energy consumption subject to the performance
constraints. Such a mapping involves solving several sub-
problems. Most of the research effort in this area often ad-
dress these subproblems in a sequential fashion or a subset
of them. We take a unified approach to the problem without
compromising the solution time and provide techniques for
optimal and heuristic solutions. We prove that the voltage
assignment component of the problem itself is NP-hard and
is inapproximable within any constant factor. Our optimal
solution utilizes a Mixed Integer Linear Program (MILP)
formulation of the problem. The heuristic utilizes MILP re-
laxation and randomized rounding. Experimental results
based on E3S benchmark applications and a few real appli-
cations show that our heuristic produces near-optimal so-
lution in a fraction of time needed to find the optimal.

1 Introduction

In recent years System-on-Chip (SoC) design has be-
come extremely challenging due to the increasing complex-
ities in processor and semiconductor technologies. Multi-
core SoC based embedded systems may contain either all
homogeneous generic processing cores, or a varying num-
ber of heterogeneous PEs. These heterogeneous PEs may
represent programmable general purpose cores, task spe-
cific co-processors or hardware accelerators, etc. Network-
on-Chip (NoC) architectures provide an alternative to the
bus-based communication mechanism that can meet the
challenging requirements of performance, scalability and
flexibility [1, 2]. As the number of PEs on a SoC and the
data traffic between them continues to grow, energy mini-

mization subject to performance constraint has become one
of the most important objectives.

The problem of minimizing energy consumption during
application execution while satisfying the performance con-
straints can be divided into four main subproblems: (i) map-
ping of the application tasks to the PEs, (ii) mapping of the
PEs to the routers of the NoC architecture, (iii) assigning
operating voltages to the PEs (in case they can operate at
multiple voltages) and (iv) routing of data paths, i.e., traffic
movement on the NoC architecture. As consideration of all
four subproblems simultaneously increases the complexity
of the problem, most of the research effort in this domain
[4, 6, 8, 9] either solve problems (i), (ii), (iii) and (iv) in a
sequential fashion, or solve only a subset of them.

To find an energy efficient application mapping, all four
problems (i)-(iv) have to be solved. There are two options
available - solve them sequentially or solve them in a unified
way. The sequential approach has manifold disadvantages.
Firstly, decision taken at an early phase may turn out to be
expensive later. Secondly, because of some earlier decisions
may lead to violation of constraints at some later phase, and
thus resulting in re-execution of all the steps multiple times
involving an enormous amount of computation.

We show with a motivating example here and later with
extensive experimental results that the sequential approach
may lead to sub-optimal solution. To the best of our knowl-
edge, our proposed technique is the first that unifies all the
four subproblems under a single problem formulation and
develops optimal and heuristic solutions for the problem.
Although scaling down voltage levels of PEs is favorable
for reduction of energy consumption, excessive number of
voltage islands may be detrimental from the perspective of
physical design as it creates voltage island fragmentation of
the chip and increases the complexity of the power deliv-
ery network. Therefore, the number of voltage islands on
the chip should follow an upper bound. In literature [7, 8],
the constraint on the maximum number of voltage either has
not been captured properly or involves a huge computation
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(a) Application Task Graph (b) Mapping using 2-step approach (c) Mapping using 1-step approach

Figure 1. Task Graph and Mappings

time for the solution. We incorporate this constraint by an
efficient formulation of the upper bound on the number of
voltage islands created.

The motivation behind our unified approach comes from
the following example. Fig. 1(a) shows an example applica-
tion task graph consisting of four tasks T0, T1, T2 and T3.
The edges represent the task dependencies and the labels on
the edges represent the inter-task communication volume in
number of bytes. Tables 1 and 2 show the execution time
and power consumption of these four tasks on four avail-
able PEs P0, P1, P2 and P3, respectively.

Following a sequential approach, the resultant mapping
is as shown in Fig. 1(b), with computation energy con-
sumption 3.8124µJ and communication energy consump-
tion 0.952µJ . Thus, the overall energy consumption for
the application is (3.8124 + 0.952) = 4.7644µJ . With
such a mapping, the execution finish-time of the appli-
cation is 86.104µs, well within the specified deadline of
122µs. For our proposed unified mapping, as shown in
Fig. 1(c), the total energy consumption is 3.8734µJ =
3.8575µJ + 0.0159µJ , leading to 18.7% save of energy as
compared with the sequential approach. With this mapping,
the execution finish-time of the application is 84.852µs, still
within deadline of 122µs.

Energy consumption can be further reduced if we take
advantage of operating the PEs of the NoC at multiple volt-
age levels. When the PEs are allowed to operate at different
voltages, a certain amount of energy will be consumed by

Table 1. Execution time (in seconds) for task-
processor pair

Tasks P0 P1 P2 P3

T0 7.7e-06 7e-06 6.9e-06 5.8e-06
T1 4.1e-06 5.2e-06 4.9e-06 4e-06
T2 7.2e-06 4.2e-06 5.95e-06 4.4e-06
T3 5.47e-05 4.15e-05 5.95e-05 7.2e-05

Table 2. Task Power (in Watts) for task-
processor pair

Tasks P0 P1 P2 P3

T0 0.16 0.14 0.12 0.15
T1 0.07 0.045 0.065 0.077
T2 0.102 0.25 0.131 0.21
T3 0.048 0.084 0.041 0.028

the generation of additional clock signals, voltage level con-
verters and mixed clock-mixed voltage FIFOs used by the
level shifters connecting adjacent PEs in NoC architecture.

From the example above, it is clear that a unified ap-
proach to application mapping to NoC PEs, operating at
multiple voltages leads to better energy utilization than a
sequential approach. The energy consumption model con-
sidered in this paper has three components - (i) energy con-
sumption due to computation, (ii) energy consumption due
to communication and (iii) voltage transition energy be-
tween adjacent PEs operating at different voltages.

In this paper, we have assumed a regular mesh architec-
ture as the communication infrastructure, where each router
has 5 ports. One of the ports is used for connecting it to
a PE and the other four are for connection to the neigh-
boring routers. The algorithms proposed in this paper can
be used with any other NoC topologies as well. Commu-
nication power consumption parameter values used for the
evaluation of our techniques are taken from [9].

2 Problem Formulation

In this section, we provide formal definition of the appli-
cation mapping problem. The input instance to this prob-
lem is explained in Table 3. The output of the problem is as
shown in Table 4. The objective is to minimize the overall
energy consumption, such that:
1. All the application tasks finish their execution before
deadline D.
2. Dependencies among the tasks are maintained.
3. Bandwidth constraint on each router link is satisfied.
4. The total number of voltage islands created does not ex-
ceed κ.
5. Total energy consumption (computation + communica-
tion + voltage transition) is minimized.

3 Computational Complexity

In this section we define the voltage assignment prob-
lem, subproblem (iii) of the application mapping problem
and prove it to be NP-complete and inapproximable within
any constant factor. If M1 (tj) = pi, then for each pi
we can find out an allowable set of voltage levels Li =
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Table 3. Input of the Problem
Symbols Explanation

G(VT , ET ) Set of tasks VT = {t1, t2, . . . , tm}; directed edge eij = (ti, tj) ∈ ET representing the dependency of task tj on task ti
wij For edge eij ∈ ET , the data communication volume (in Mbps) between tasks ti and tj
D Application deadline, by which all the tasks need to be completed
κ Maximum number of voltage islands created
P A set of processing elements {p1, p2, . . . , pk}
Pt ⊆ P For each task t ∈ VT , a subset of PEs, potential to execute the task t
Vp For each PE p ∈ P , an allowable set of voltage levels

n
v1, v2, . . . , vnp

o
in which this PE can operate, where np denotes number of distinct

voltage levels it can operate
τ (t, p, vp) Execution time of task t ∈ VT on PE p ∈ Pt, when p is operating at voltage vp ∈ Vp
ε (t, p, vp) Computation energy consumption of task t ∈ VT on PE p ∈ Pt, when p is operating at voltage vp ∈ Vp
GR (VR, ER) An undirected n × n mesh architecture graph, where each node r ∈ VR denotes a router in the NoC architecture, whereas each edge

eij = (ri, rj) represents a router link in the NoC architecture between those two router nodes
β Capacity of each link eij ∈ ER
λ Data communication latency on each link eij ∈ ER
Lij Link length of each link eij ∈ ER
ψi Communication energy consumption rate at the router input port = 328nW/Mbps[9]
ψo Communication energy consumption rate at the router output port = 65.5nW/Mbps[9]
ψl Communication energy consumption rate at the router links = 79.6nW/Mbps/mm[9]
αvkvl Power consumption by the level shifter when two adjacent PEs are operating at voltages vk and vl, respectively

Table 4. Output of the Problem
Output Explanation

Task to PE Mapping function M1 : M1 (ti) = pj , which means that task ti has been mapped to PE pj ; ti ∈ VT , and pj ∈ Pti ⊆ P
PE to Router Mapping Function M2 : M2 (pi) = rj , which means that PE pi has been mapped to NoC router rj ; pi ∈ P and rj ∈ VR
PE to Voltage Assignment Function M3 : M3 (pi) = vj , which means that PE pi has been assigned to voltage vj ; pi ∈ P and vj ∈ Vpi
Task Edge to Path in Mesh Mapping Function
M4 :

If eix ∈ ET , M1 (ti) = pj , M2 (pj) = rk and M1 (tx) = py , M2 (py) = rz , then M4 (ti, tx) = rk →
rπ(1) → rπ(2) → . . . → rπ(l) → rz , where

˘
r1, rπ(1)

¯
,
˘
rπ(l), rz

¯
,
˘
rπ(q), rπ(q+1)

¯
∈ ER, ∀q ∈

[1, l− 1] and π(q) 6= k, z, ∀q ∈ [1, l− 1]

{vi1, vi2, . . . , vini}, such that the task tj can meet its dead-
line dj (obtained using deadline D and communication la-
tencies) whenever pi is operating at the voltage levels in Li.
We consider two components for energy consumption:
(1) Energy consumption by PE pi when operating at voltage
v ∈ Li. We denote this component by ηvpi .
(2) Energy consumption by the level shifter connecting two
adjacent PEs pi and pj , where pi is operating at voltage x
and pj is operating at voltage y, denoted by αxy .
Voltage Assignment Problem: Given an n × n = N grid,
where each node represents a router in the NoC architecture
with a PE attached to it and a list Li of allowable operating
voltages associated with each PE pi, the problem is to as-
sign a voltage vj to PE pi, where vj ∈ Li for all the PEs,
such that the following energy consumption expression is
minimized:∑

i=1 toN,v=M3(pi)

ηvpi +
∑

x=M3(pi),y=M3(pj),eij∈ER

αxy

The voltage assignment problem has one-to-one correspon-
dence with the minimum weight grid coloring problem, de-
fined as follows:
Minimum Weight Grid Coloring Problem: Given a grid
graph G = (V,E) of dimension a × b = M . Each node
u ∈ V has an associated set of colors Cu = {1, . . . ,Ku}
each with a certain color-cost c (k) ∈ <+, k ∈ Cu. Let
u,w ∈ V be neighbors in the grid-graph, i.e., {u,w} ∈ E.
We are also given combination-costs c (k, l) ∈ <+ for each

color combination k ∈ Cu and l ∈ Cw. The goal of the
minimum weight grid coloring problem is to find a coloring,
i.e., for each node u ∈ V a color k ∈ Cu, which minimizes
the following objective function:∑

v∈V
c (ku) +

∑
{u,w}∈E

c (ku, kw)

We now prove the decision version of this problem,
called MINCOL, to be NP-hard by reducing an instance of
the known NP-hard problem GRAPH 3-COLORABILITY
with no vertex degree exceeding 4 [5]-(page 85) to an
instance of MINCOL.

Theorem 1. Min weight grid coloring is NP-hard and even
inapproximable within any factor.

Proof. Let G′ = (V ′, E′) denote the given planar graph.
From this graph we construct an instance of the min weight
grid coloring problem as follows.

We embed G′ in a grid graph G = (V,E) of dimension
O (n′) × O (n′), where n′ is the number of nodes in G′,
using a polynomial algorithm for computing an orthogonal
representation. Let W ⊆ V denote the subset of nodes
in G which corresponds to the embedded node set V ′ of
the given planar graph. For each edge e′ = {u′, w′} ∈
E′ we denote by pe′ = u1, e1, u2, . . . , ej−1, uj the path
corresponding to the embedding of e′. P =

⋃
e′∈E′ pe′

denotes the set of all such paths. Fig. 2 gives an example of
how such an embedding could look like for a simple graph
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(a) Example
planar graph

(b) Embedding into a grid
graph of dimension 6× 6

Figure 2. Planar graph and its embedding
with four nodes. With each node u ∈ V of G we associate
3 colors Cu = {1, 2, 3}. We set all color-costs c (k) = 0
for k ∈ Cu and u ∈ V . Similarly, all combination-costs
of edges {u,w} ∈ E contained in none of the paths, i.e.,
{u,w} /∈ P , are set to zero as well: c (k, l) = 0 for k ∈ Cu
and l ∈ Cw. For each path p ∈ P we set the combination-
costs as follows:
i) For e1 = {u1, u2} we set c (k, l) = 0 for k ∈ Cu1 , l ∈
Cu2 and k 6= l. For remaining combinations with k = l we
set c (k, l) = 0. In other words, if u1 and u2 are assigned
different colors, we have cost 0, otherwise 1.
ii) For ei with i ∈ {2, . . . , j − 1}we set c (k, l) = 1 for k ∈
Cui , l ∈ Cui+1 and k 6= l. For the remaining combinations
with k = l we set c (k, l) = 0. In other words, if ui and
ui+1 are assigned the same color, we have cost 0, otherwise
cost 1.

If we aim for a total cost of 0, the path p will propagate
the color chosen for uj all the way to u2. For the cost to re-
main at zero, u1 and u2 (and therefore uj) must be colored
with different colors. Therefore, the given planar graph G′
is 3-colorable, if and only if there is a solution to the con-
structed min weight grid coloring problem of total cost zero.
This proves the problem to be NP-hard. The inapproxima-
bility within any factor follows, since any approximation
algorithm with multiplicative approximation ratio ρ and ad-
ditive factor ρ′ could be used to decide whether G′ is 3-
colorable as well: simply multiply all combination costs by
ρ′ + 1. If G′ is 3-colorable, the optimal solution has cost 0
and therefore the approximation algorithm must find a so-
lution with cost ≤ ρ · 0 + ρ′ = ρ′. Otherwise, if G′ is not
3-colorable, any solution has cost ≥ ρ′ + 1. Hence, the ap-
proximation algorithm distinguish between two cases.

4 Optimal Solution for Application Mapping

In this section we use the mathematical programming
techniques to solve the application mapping problem. We
formulate the problem as a Mixed Integer Linear Program
(MILP). In Table 5 we define a few of the variables used
in the MILP formulation and also declare their types. The
parameters used for calculation of energy consumption and
execution time are as follows:
τtpv = execution time of task t ∈ VT on PE p ∈ Pt at volt-
age level v ∈ Vp (in sec)
εtpv = computation energy consumption for task t ∈ VT on

Table 5. Varibales used in MILP Formulation
Variable Type Definition

δvtp Binary 1, if t ∈ VT , p ∈ Pt ⊆ P, v ∈ Vp, and
M1 (t) = p and M3 (p) = v; 0, otherwise

ζrv Binary 1, if r ∈ VR operating at voltage v, i.e.,
M2 (p) = r andM3 (p) = v for some p ∈ P ; 0,
otherwise

fijxy Binary 1, if eij ∈ ET , exy ∈ ER, and exy ∈M4 (eij);
0, otherwise

PE p ∈ Pt at voltage level v ∈ Vp (in Joules)
αv1v2 = voltage transition energy consumption parameter
for two adjacent nodes operating at voltage levels v1 and
v2, respectively (in Joules)
The objective of the application mapping problem is to
minimize the energy consumption of the system subject to
the application deadline constraint, mesh interconnection
link bandwidth constraint and maximum allowed number
of voltage islands constraint, i.e.,

Obj: minimize E = Ec + Er + El + Evt

where Ec is the computation energy consumption, Er and
El are the communication energy consumed at the router
ports and links, respectively andEvt is the voltage transition
energy consumption, and calculated as:

Ec =
∑
t∈VT

∑
p∈Pt

∑
v∈Vp

(
δvtpεtpv

)
Er =

∑
∀exy∈ER

∑
∀eij∈ET

(
f ijxywij

)
(ψi + ψo)

El =
∑

∀exy∈ER

∑
∀eij∈ET

((
f ijxywij

)
Lxy

)
ψl

Evt =
∑
v1∈V

∑
v2∈V

∑
∀exy∈ER

(ζxv1ζyv2)αv1v2

In order to eliminate the quadratic term in the expression of
Evt, we define the following decision variable:
θv1v2xy = 1, if ζxv1 = 1 and ζyv2 = 1, otherwise 0

Hence, Evt =
∑
v1∈V

∑
v2∈V

∑
∀exy∈ER

θv1v2xy αv1v2

Constraints:
Due to the limitations in space, here we omit the mathemat-
ical details of the formulations of the constraints.
(1) Each task executes on exactly one PE, at exactly one
voltage, connected to exactly one router node.
(2) Each router operates at exactly one voltage level and is
attached with at most one processor.
(3) Each task needs to finish within the specified application
deadline, and need to maintain task dependencies.
(4) Bandwidth constraint on each router link: the total flow
passing through a link does not exceed its bandwidth.
(5) The number of voltage islands is less than or equal to
the specified maximum allowed value κ.
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5 Heuristic for Application Mapping

In this section we describe our proposed MILP relax-
ation and randomized rounding based heuristic. The algo-
rithm takes as input the parameters specified in the Section 2
and the corresponding MILP formulation. Output of the al-
gorithm consists of the mappings M1, M2, M3 and M4,
defined in Table 4. The heuristic is explained below.

Algorithm 1 Randomized Rounding based Heuristic
1: Relax all the integer constraints in the MILP (/* relaxation */)
2: Solve the relaxed LP using CPLEX
3: while (Solution NOT Integral) do
4: Set the integral variables in LP solution as constants and leave them unal-

tered during further iterations (/* variable fixing */)
5: for (each task t ∈ VT ) (/* rounding */) do
6: repeat
7: Round δvtp to 1 with probability as its value
8: until (δvtp = 1 for some p and v)
9: repeat

10: Round γtr to 1 with probability as its value
11: until (γtr = 1 for some r)
12: Round ζrv variables following co-relation constraints
13: Round σrp variables following co-relation constraints
14: end for
15: Solve modified LP
16: if (NO Constraint Violation) then
17: if (Integer Solution) then
18: Solution Found - break out of outer while loop
19: end if
20: else
21: Eliminate constraint violations by modifying the rounding of δvtp and

γtr variables for the corresponding t ∈ T
22: end if
23: end while
24: return Solution in terms of functionsM1,M2,M3 andM4

6 Experimental Results

In this section we present the experimental results to
evaluate our proposed approach. All our experiments can
be classified into the following three categories considering
the evaluation goal of the experiment:
i) The optimal solution for variable voltage setup is com-
pared with the optimal solution for fixed voltage setup.
ii) The optimal solution of our proposed unified approach is
compared with that of the sequential approach.
iii) The quality of the heuristic solution is evaluated by com-
paring it with the optimal solution.

The experiments are performed using applications (auto-
industry, consumer, networking and office-automation)
from the E3S benchmark suite [3] and three real applica-
tions MPEG4, MWD (Multi-Window Display) and OPD
(Object Plane Decoder). The following six voltage setups
were used, the first one as variable voltage (VV) setup and
the other five as fixed voltage (FV) setups: a) Case I : Volt-
age level varies in the range from V0 to V4, b) Case II : Volt-
age level is fixed at V0 = 1.9V , c) Case III : Voltage level
is fixed at V1 = 2.3V , d) Case IV : Voltage level is fixed at
V2 = 2.5V , e) Case V : Voltage level is fixed at V3 = 3.3V ,
f) Case VI : Voltage level is fixed at V4 = 3.6V .
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Figure 3. Optimal with variable voltage levels
vs. Optimal with fixed voltage Energy Con-
sumption Comparison for E3S Benchmark

For low voltage setups, no feasible solution was found.
On the other hand, for high voltage setups feasible solutions
were found with higher energy consumption values. The
heuristic is implemented in C++. The MILP for achieving
the optimal solution and the corresponding relaxed LP as
part of the heuristic were executed on the same machine
using ILOG CPLEX 10.0 Concert technology.
Experiments with E3S Benchmark Applications: Mesh
dimension 4× 4 was used for the auto-industry application
and 3 × 3 for all the other three applications. The value
for the maximum number of voltage islands κ was set to
4 and 3, respectively, for these two different sizes of mesh
topologies. Fig. 3 compares the optimal solution while us-
ing the variable voltage (VV) levels with the optimal solu-
tion while setting a fixed voltage (FV) level, i.e., optimal at
Case I with the optimals for all other cases. On average for
these four applications, the variable voltage setup can save
18% energy consumption over the fixed voltage setup.We
compare the solution quality of our proposed unified ap-
proach with the sequential approach in Fig. 4. For these
four applications, on average, we are able to save 16% en-
ergy consumption. Fig. 5 shows the quality of our proposed
heuristic as compared with the optimal solution. i.e., the
optimal and heuristic solution for Case I. In all the cases,
the heuristic is able to find near-optimal solutions. Fig. 6
shows that the time taken to obtain the heuristic solution is
negligible compared to that required to solve the MILP for
the optimal solution.
Experiments with Real Applications: Mesh dimension
3×3 for MPEG4 and MWD applications and 4×4 was used
for the OPD application. The value of maximum number of
voltage islands κ was set to 3 and 4, respectively, for these
two different sizes of mesh. Fig. 7 compares the optimal
solution while using the variable voltage (VV) levels with
the optimal solution while setting a fixed voltage (FV) level,
i.e., optimal at Case I with the optimals for all other cases.
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Figure 7. Optimal with variable voltage levels
vs. Optimal with fixed voltage Energy Con-
sumption Comparison for Real Applications

On average for these three applications, the variable voltage
setup can save 11% energy consumption over the fixed volt-
age setup. Fig. 8 shows the quality of our proposed heuristic
as compared with the optimal solution. i.e., the optimal and
heuristic solution for Case I. In all the cases, the heuristic is
able to find near-optimal solutions within seconds.

Thus, the experimental results support our claim of
achieving near-optimal solutions from the heuristic. It also
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Figure 8. Variable Voltage Optimal vs. Heuris-
tic Energy Comparison for Real Applications

shows that the optimal solution with flexible voltage lev-
els is more energy-efficient than the optimal at some fixed
voltage level. Moreover, it shows that optimal solutions can
be achieved using the unified approach as opposed to the
sub-optimal solution obtained by the sequential approach.

7 Conclusion

In this paper, we have proposed a unified approach to
solve the application mapping problem on a heterogeneous
NoC platform for energy minimization. The voltage assign-
ment problem is proven to be NP-hard. Our solution tech-
niques are evaluated using benchmark suite E3S [3] and
three real applications. Experimental results demonstrate
effectiveness of our heuristic, superiority of the unified ap-
proach over sequential approach and advantage of operating
the PEs at multiple voltage levels for energy minimization.
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