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Abstract

In this survey, we address the concept of network in three different
contexts representing the deterministic, probabilistic, and statistical
physics-inspired design paradigms. More precisely, we start by con-
sidering the natural representation of networks as graphs and discuss
the main deterministic approaches to Network-on-Chip (NoC) design.
Next, we introduce a probabilistic framework for network representa-
tion and optimization and present a few major approaches for NoC
design proposed to date. Last but not least, we model the network as a
thermodynamic system and discuss a statistical physics-based approach
to characterize the network traffic. This formalism allows us to address
the network concept in the most general context, point out the main
limitations of the proposed solutions, and suggest a few open-ended
problems.



1
Introduction

Living in a world where the concept of network is ubiquitous, makes the
quest for a science of network design inevitable. Informally speaking,
the science of network design seeks to discover and explain the main
properties affecting the network structure and behavior, as well as the
mathematical models for predicting their dynamics and guiding their
implementation.

The science of networks is primarily based on the graph theory, one
of the most successful developments in mathematics ever. Indeed, the
graph theory has led to an incredible number of real life applications
that continue to grow even today. The graph theory originates in 1736
when Leonhard Euler offered the first rigorous solution to the “Seven
Bridges of Konigsberg” problem. More precisely, by abstracting each
landmass with a node (or vertex) and each bridge with an edge (link)
(see Figure 1.1), Euler was able to show that a path that crosses all
seven bridges in the city of Konigsberg only once cannot exist [18]. The
newly proposed modeling paradigm based on sets of points linked by
edges and represented via adjacency matrices (i.e., a matrix of zeros
and ones, where each row in the matrix represents the connectivity of
a node) has found many real-world applications. For instance, Cayley
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Fig. 1.1 Deterministic perspective on networks: (a) Leonhard Euler invented graph the-
ory while trying to show that a path crossing all bridges in Konigsberg does not exist.
(b) Abstract representation of the “Seven Bridges of Konigsberg” problem: river sides are
depicted as nodes and bridges as arcs.

graphs have been applied in the field of chemistry for studying various
compound molecules [14]. Other applications of static graphs include
the graph coloring with applications to register allocation, scheduling
and compiler design; construction of trees with applications in designing
the railway system; the problem of finding the optimal cycle in a graph
(i.e., the traveling salesman problem) with application to VLSI design;
computation of voltages and currents in electric circuits via Kirchhoff’s
law [38].

Almost two centuries after the “Seven Bridges of Konigsberg” prob-
lem was solved, a new discovery in the graph theory, namely the random
graphs proposed by Erdos and Renyi [68, 69], revolutionized the way
we perceive real systems (e.g., rail, road, airplane, electronic networks,
etc.). Random graphs are similar to regular graphs with the distinc-
tion that any edge between two arbitrary nodes is established with a
certain probability. Consequently, the corresponding entry in the adja-
cency matrix is the probability p ∈ [0,1] that two nodes are connected
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(instead of a fixed 1 value which would correspond to the classical
graph model). This way, a new bridge is created between graph and
probability theories [35]; this introduces the possibility of naturally
modeling social communication, collaboration or biological networks
[62, 140].

Understanding the network behavior requires a deep analysis of
the topology and pattern of communication among network compo-
nents. Thus, a breakthrough in the field of graph theory took place
in the 1990s, when physicists questioned the evolution and structure
of real networks [8, 71, 78]. The fundamental contribution of this
new body of work is the replacement of the static view of random
graphs with a dynamic view based on probability distributions for node
connectivity in the hope of finding the optimal design of any commu-
nication network.

In recent years, the level of understanding of networking concepts
needed to design and control complex systems, has reached unprece-
dented peaks. As such, a holistic approach to the network paradigm
is essential. Such an approach involves understanding the theoretical
basis (e.g., graph theory, stochastic modeling and analysis), the essen-
tial properties (e.g., structure, dynamics, communication paradigm),
and the metrics (e.g., energy, fault-tolerance, robustness) which are
relevant to designing and characterizing different networks in either
engineered or biological systems.

In order to put the network concept into the proper perspec-
tive, we need to step back and consider Milner’s fundamental work
on calculus of communicating systems (also referred to as process
algebra) [132], which enables the compact description of communica-
tion actions between any two agents. Inspired by the synergy between
concurrency and communication, the design of electronic systems has
moved recently from computation-based design to communication-
based design. Indeed, nowadays, Systems-on-Chips (SoCs) represent
true distributed systems at nanoscale where communication aspects
dominate. From a technology point of view, this paradigm shift is
intended to mitigate the problem of interconnects, keep the design com-
plexity under control, and reduce costs. Since none of the classical archi-
tectures based on point-to-point or bus-based communication scales
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nicely in terms of power and performance figures, a networked architec-
ture based on packet switching has been suggested for future multicore
systems [58].

Starting from these overarching ideas, in this survey we address
the concept of network in Multiprocessor Systems-on-Chip (MPSoCs)
and identify specific design principles and optimization techniques
that are relevant to the design automation research community.
Understanding the structure and behavior of seemingly different
networks is crucial for our ability to master complex behaviors that
characterize the emergent application domains. For instance, for SoCs,
it has been suggested to replace the global interconnects with packet
switching communication via the Network-on-Chip (NoC) paradigm
[22, 30, 87, 88, 102] and then avoid the interconnect performance issues
[91, 115], while allowing for higher level of fault-tolerance in Deep
Submicron (DSM) technologies [24, 167]. Several concrete NoC archi-
tectures have been investigated in the literature [61, 116, 198, 201], as
well as energy-efficient Globally Asynchronous Locally Synchronous
(GALS) designs [20, 21, 42, 181, 212].

The emergent NoC communication paradigm consists of exchang-
ing packets of information among various nodes in the network. As
shown in Figure 1.2, each node consists of a core (e.g., DSP or CPU
modules, video processors, embedded memory blocks or application
specific Processing Elements (PEs)) and a router meant to forward
the incoming packets toward the appropriate destination according
to the header information. To support the inter-tile communication,
each core has embedded input and output buffers to temporarily store
the incoming packets from the neighboring nodes in the network. For
instance, a packet generated at source (1,1) that needs to be delivered
to destination (2,3) via a static XY routing, is first sent from the local
PE to its associated router at tile (1,1); then, at each intermediate node,
a routing decision is made based on the header information as shown
with the dotted arrows in Figure 1.2 for the shortest source–destination
path. To avoid the stalling of information flow due to the dependen-
cies on network resources (i.e., shared routing paths), the concept of
virtual channels (VCs) has been introduced as well [57, 114, 133, 141].
VCs share dedicated links and provide multiple buffers for each channel.
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Fig. 1.2 A 3×3 mesh Network-on-Chip (NoC) architecture consisting of Processing Ele-
ments (PEs), routers, and interconnection links. Flows F1 and F2 are used to depict a
stalling problem along the path from node (2,1) to (2,3) which can be solved by utilizing
virtual channels.

For instance, the problem of stalling the flow F1 from (1,1) to (2,3) due
to a flow F2 from (3,1) to (2,3), is solved by reserving the VCs between
nodes (2,1), (2,2), and (2,3) for F1.

A natural question now is what are the fundamental mathematical
techniques that can be used to design, control, and optimize such net-
works in a rigorous manner. One such powerful technique is the linear
programming (LP) approach used to solve maximum flow problems
[54]. The goal of the linear program is to find a legal flow assignment
of the edges of a given graph satisfying the flow conservation con-
straints. Another mathematical programming approach, namely the
quadratic programming (QP) was proposed for solving the max-cut
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problem [54, 86]. Due to the requirement of discrete values, many real
world optimization problems need an integer analysis done either via
integer or mixed integer linear programming [156]. For small problems,
efficient algorithms such as branch-and-bound or LP-relaxation have
been proposed. However, for large problems, the solution is still based
on heuristics.

Early studies of the network dynamics use queueing theory
first developed by Markov [128] and Erlang [70], formalized by
Kolmogorov [112] and Kendall [104], and extensively used in the context
of packet switching networks by Kleinrock [110]. Nonetheless, in order
to ease the mathematical tractability, most queueing approaches rely on
exponential type distributions for the event/job arrival and/or service
time. As shown in several studies, this may not be an accurate model
for the real network traffic. Consequently, one of our objectives in this
survey is to also highlight alternatives to the conventional paradigm of
network design. This new vision is based on rigorous developments in
the field of statistical physics and information theory that allow us to
model the network as a thermodynamical system. The hope is that this
new modeling paradigm enables not only capturing the intrinsic inter-
actions among various network components, but also helps proposing
more powerful techniques for predicting and optimizing the network.

These ideas are detailed in the remainder of this survey. More
precisely, Section 2 presents a graph-based formalism for the network
design and the major approaches proposed in a deterministic setup.
Section 3 takes a probabilistic view on designing NoC architectures
under the Markovian assumption. Finally, Section 4 introduces new
problems in a statistical physics-based context for network design
and enumerates some preliminary steps taken toward solving these
problems.



2
Deterministic Perspective

2.1 Representation

Deterministic approaches for system-level design are based primarily
on graph-based modeling of application and architecture. As shown in
Figure 2.1, a deterministic description of the application assumes com-
plete information about the interaction among tasks which is captured
via various parameters assigned to the edges of the application graph.

Definition 2.1. An application characterization graph (ACG), App =
App(VApp,EApp), is a directed graph, where each vertex vi ∈ VApp

denotes a computational module of the application referred to as a
task, and each directed edge eij ∈ EApp characterizes the communica-
tion process from vertex vi to vertex vj , where:

• Each vertex vi ∈ VApp is annotated with specific task infor-
mation (e.g., execution time ε(vi), energy consumption E(vi),
execution deadlines d(vi), etc.).

• In turn, each arc eij ∈ EApp is tagged with application-
specific information (e.g., communication volume
commvol(eij) from vertex vi to vertex vj in bits, etc.),
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Fig. 2.1 Two instances of mapping an Application Characterization Graph (ACG) onto
an NoC architecture with fixed parameters: (a) A simple one-to-one mapping of the ACG
onto the NoC cores when the platform resources are sufficient to accomodate application
requirements. (b) A task division/partitioning (corresponding to vertex v1 in the ACG),
plus clustering and mapping onto an NoC architecture such that the performance and/or
energy consumption are optimized. This is typically the case when one needs to map complex
applications on platforms with finite resources. In this particular examples, ε(v1), E(v1), and
d(v1) represent the execution time, energy consumption, and deadline of task v1. Similarly,
commvol(e14) and b(e14) denote the communication volume and bandwidth constraint.

and specific design constraints (e.g., communication band-
width b(eij) in bits per second, latency requirements lat(eij)
in seconds, etc. (see Figure 2.1(a))).

Similarly, a graph-based description of the NoC architecture is as
follows:

Definition 2.2. The NoC architecture is described by the triple
Arch = Arch(T (U,F ),Ω,SP ),1 where:

• The labeled graph T (U,F ) represents the network topology.
The routers (ri ∈ U) and channels (chij ∈ F ) in the network
are given by the sets U and F , respectively, as follows:

— ∀chij∈F , w(chij) gives the channel bandwidth;

1 For simplicity, we use sometimes the abbreviation Arch instead of the complete definition
Arch(T (U,F ),Ω,SP ).
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— ∀ri∈U , l(ri, chij) gives the buffer size (depth) of chan-
nel chij located at router ri;

— Pos(ri) gives the xy coordinates of the router ri;

• SP is the set of Processing Elements (PEs);

— card(SP ) = NPE
2 denotes the maximum number of

PEs in the set SP .

• Ω: SP × U → {0,1} is a function that maps each PE pk ∈ SP

to a router in rj ∈ U (i.e., Ω(pk, rj) = 1 if PE pk is mapped
to router rj , otherwise Ω(pk, rj) = 0). Note that, if the com-
munication demands for a subset of PEs from the set SP are
low, then a single router may be assigned to the PEs in order
to minimize the area and/or power overhead.

Based on these background definitions, we introduce next the con-
cept of communication paradigm:

Definition 2.3. The communication paradigm is defined as

�{R(vk, ri, chij , rsrc,psrc, rdst,pdst,ρ(t)),Sw}
vk ∈ VApp, ri, rsrc, rdst ∈ U, chij ∈ F, psrc,pdst ∈ SP , (2.1)

where

• R(vk, ri, chij , rsrc,psrc, rdst,pdst,ρ(t)) is the routing policy for
a packet (generated when executing task vk) at router ri ∈
U , given a source router rsrc ∈ U associated to PE psrc and
destination router rdst ∈ U associated to PE pdst;

— ρ(t): F × t → [0,1] is the utilization3 of the channels
connected to the neighboring routers at time t;

• Sw specifies the chosen packet switching technique (i.e., a
protocol to forward the flit through the channel chij ∈ F of
router ri ∈ U toward the router rj ∈ U).

2 The abbreviation card stands for the cardinality of a given set.
3 In the general case, the utilization can be a function of the architectural components so ρ
can be also defined on Arch.
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Note that in the above definition, the static routing functions do
not require the utilization information, while adaptive algorithms do
consider the level of congestion at the neighboring routers.

Both routers and channels are frequently characterized by
power/energy consumption values and performance parameters
(e.g., arbitration, routing or switching delay, link speed, etc. [59, 102]).
In the case of deterministic approaches, the application and architec-
tural models are described via fixed parameters, typically estimated
under worst-case assumptions.

The NoC design starts from the above descriptions, i.e., the com-
putational model of the application and the model of the hardware
platform, maps and schedules the application onto the target archi-
tecture, while enforcing a set of design constraints. The mapping and
scheduling steps implement the application on the given platform by
assigning the tasks and communication onto platform resources such
that the design specifications are met. In the sequel, we provide a
formal description of the mapping and scheduling problems in the
deterministic context.

Definition 2.4. The mapping function M : App × Arch × � →
{0,1} seeks to find the topological placement of a selected com-
putational task vi ∈ VApp on the PE pk ∈ SP connected to router
rj ∈ U , with or without considering the routing protocol ℘l ∈ � (i.e.,
M(vi,pk, rj ,℘l) = 1).

For instance, the goal of a mapping action can be, not only to
execute a certain application onto a given architecture, but also find the
minimum number of PEs which communicate through a deterministic
dimension ordered routing protocol [59] such that the total or only the
communication energy consumption stays within a certain budget. This
implies that a task graph App(VApp,EApp) as in Figure 2.2 is considered
to be mapped on the platform resources. If the routing policy (R) is
given, then it can be abstracted away from the mapping definition.

Definition 2.5. The scheduling function is defined as S : App ×
Arch × � × t → {0,1} and seeks to determine the start time t of the
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selected computational task vi ∈ VApp on the PE pk ∈ SP connected to
the router rj ∈ U , by considering the routing protocol ℘l ∈ � such that
the task deadlines are met (i.e., S(vi, rj ,pk,℘l, t) = 1).

Generally speaking, optimal scheduling consists of a set of ordered
messages based on their transmission time stamp and, in some cases,
the routing paths as well (e.g., under certain circumstances, the
scheduling is done by assuming that a minimal routing path offers the
best performance). Consequently, the design of the routing protocol
requires more attention. Next, we provide a definition for the routing
function.

Definition 2.6. The routing function/protocol is defined as
R : App × Arch × Arch × Arch × Arch × Arch × Arch × [0,1] × t →
{0,1} × t with R(vk, ri, chij , rsrc,psrc, rdst,pdst,ρ(t)) = 1 if the outgoing
channel chij ∈ F of router ri ∈ U is selected for each packet generated
by task vk ∈ VApp in the ACG, which is mapped on the PE psrc ∈ SP .
In its turn, each packet at source psrc needs to be routed from rsrc

to rdst ∈ U , where rdst is mapped to PE pdst ∈ SP with/without
considering the utilization (ρ(t)) of the neighboring routers.

An optimal routing policy R returns the minimum number of chan-
nels traversed between any source–destination pair, together with an
arbitration scheme, such that livelock and deadlock situations are
avoided. In order to avoid congestion, the limited amount of on-chip
resources need to be accounted for when designing the routing protocol.
Thus, routing is a dynamic function that seeks to find the best policy
of sending the packets around the network, given the application char-
acteristics, the network topology, and the PE-to-router mapping, such
that the performance, power/energy consumption, and/or reliability
metrics are met.

2.2 Problem Formulation

The problem of network design can be formulated as a mathe-
matical program which aims at determining one or more of the
unknowns (i.e., topology (T (U,F )), mapping (M), scheduling (S),
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and/or routing (R) functions) that optimize the objective function
O(Arch(T (U,F ),Ω,SP ),M,S,R):

max/min O(Arch(T (U,F ),Ω,SP ),M,S,R)

s.t. for a given application App(VApp,EApp)

and architecture Arch(T (U,F ),Ω,SP )

gk(App,Arch,M,S,R,t) ≤ hk, k = 1, . . . ,N (2.2)

where gk are some functions that represent performance (e.g., band-
width, throughput, node-to-node latency, average packet latency),
power/energy consumption, and/or reliability metrics, while hk are the
specified constraints of the design. The solution of Equation (2.2) is
greatly affected by the choice of gk functions. Also, to obtain efficient
NoC implementations, the optimization process should consider accu-
rate area and/or energy models. For instance, Balfour and Dally [15]
show how area and energy consumption is affected by the topology,
channel width, routing strategy, and buffer size.

In order to design highly optimized NoC architectures, the designer
should address some challenging problems like: topology synthesis and
floorplanning/placement, resource allocation, binding of computational
tasks and communication requirements to the target architecture, task
scheduling, etc. [145]. The degree of success in addressing each sub-
problem is measured in terms of power/energy consumption and per-
formance figures.

Based on modeling graphs via adjacency matrices, most determinis-
tic approaches to NoC design use traditional mathematical techniques
such as linear programming [175], quadratic programming [156, 157],
convex optimization, mixed integer linear and/or nonlinear program-
ming (MILP/NLP) [23, 156, 173], evolutionary computing or Genetic
Algorithms (GA) [169, 214], branch-and-bound approaches [41], or
classical greedy based heuristic algorithms [54, 131]. To solve com-
plex optimization problems many authors rely on various heuristics
such as simulated annealing [109], coloring algorithms [82], Fiduccia–
Mattheyses [73] or recursive searching algorithms [54].
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2.2.1 Topology Synthesis and Mapping Problems

To give a bit of intuition, let us consider first the topology synthesis
and mapping problems together. As such, we consider a shortest path
routing strategy (R), an earliest-deadline-first scheduling policy (S)
and also assume that complete information about the ACG is given.
We aim at determining the graph T (U,F ) (i.e., the number of routers
in the set U and number of links in the set F ), the number of PEs in the
set SP , the processor-to-router assignment function Ω, and the mapping
function M which assigns the computational tasks to the PEs such that
the performance and/or power/energy constraints are satisfied.

Obviously, there is a cost for matching a subset of computational
tasks to a certain PE. For instance, Figure 2.1(a) shows a one-to-one
mapping of a set of computationally intensive tasks in the ACG onto
an NoC architecture. In contrast, Figure 2.1(b) illustrates how multiple
tasks can be clustered and mapped on a single NoC tile for improving
the system performance (e.g., the clustering of a few highly dependent
tasks like v3, v4, and v6 on a single PE can overcome the communi-
cation penalty). There are also restrictions on the maximum number
of computational tasks that can be mapped to a certain PE such that
the global or local execution time or the power/energy bounds are not
exceeded (see Figure 2.1(b) where the computational task v1 needs to
be split between two PEs).

As shown in Figure 2.2, we aim at finding the best matching between
the computational tasks, on one hand, and the processing elements and
routers, on the other hand, such that no resource overlap is allowed and
the total benefit/penalty is maximized/minimized. Obviously, from a
technology point of view it is desirable to minimize the number of
PEs and routers as this may translate into energy efficient or high
performance hardware platforms. Consequently, based on the ACG
information, we decide first on all the possible subsets of partitioned
configurations of computational tasks (e.g., an application partitioning
method for parallel architecture is discussed in [16]) which we denote
as Φ (see the left-hand side of Figure 2.2). Knowing the maximum
number of PEs (NPE) available to use, we construct the set Ψ of
all possible configurations; this implies that we can use one or more
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Fig. 2.2 The NoC design problem starts from the description of the application (i.e., a set of
task graphs App(VApp,EApp) obtained by clustering/partitioning as in Figure 2.1) and the
architecture Arch = Arch(T (U,F ),Ω,SP ). The goal is to find the topological graph T (U,F ),
the processor-to-router assignment function (Ω), the computational task-to-processing ele-
ment mapping (M), scheduling (S), and/or the routing (R) function. For instance, the map-
ping function M can be expressed by variable Xijklmn showing that the vertex vi ∈ V j

App

from a task graph Appj(V j
App,Ej

App) is assigned to processor pk ∈ SP from set Ψl and bound
to router rm ∈ Un from set Πn. Note that various PEs (e.g., CPU, DSP, ASIC) in the set
of available processing elements Ψ(t) are described via different graphical representations.

PEs to execute an application, but not more than NPE. We also con-
sider the set Π = {T j(U j ,F j)|1 ≤ j ≤ card(Π), card(U j) ≤ card(SP )}
of all topological configurations consisting of routers interconnected by
channels (see the right-hand side of Figure 2.2).

Using the above notation (also summarized in Table 2.1), we try to
determine the value of the binary assignment tensor Xijklmnτ (t), where
Xijklmnτ (t) = 1, if node vi ∈ V j

App in configuration Φj is mapped on the
PE pk ∈ Sl

P from the set Ψl which is connected to the router rm ∈ Un

from set Πn and scheduled to start at clock cycle t (i.e., τ = t); otherwise
Xijklmnτ (t) = 0. For instance, the expression Xv5j2p3l1r3n1τ (t) = 1 in
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Figure 2.2 shows that the task v5 ∈ V j2
App in configuration Φj2 is mapped

on PE p3 ∈ Sl1
P from Ψl1 which is connected to the router r3 ∈ Un1

from Πn1 . Obviously, each such assignment has associated a certain
cost cijklmnτ . The problem of topology synthesis and mapping can be
formulated as follows:

min︸︷︷︸
Φj∈Φ,Ψl∈Ψ,Πn∈Π

∑card(V j
App)

i=1
∑card(Sl

P )
k=1

∑card(Un)
m=1 cijklmnτXijklmnτ (t)

s.t. for a given application A ∈ App(VApp,EApp)

and possible configurations V j
App ∈ Φj , Sl

P ∈ Ψl,Un ∈ Πn

∑card(Ej
App)

i1,i2=1 b(ei1i2)I(cho1o2 , R(Xi1jk1lm1n(t),

Xi2jk2lm2n(t))) ≤ b0(cho1o2)

lat(Xi1jk1lm1n(t), Xi2jk2lm2n(t)) ≤ lat0(ei1i2),

i1, i2 = 1, . . . , card(Ej
App)∑card(Ej

App)
i1,i2=1 commvol(ei1i2)E(ei1i2 ,M(Xi1jk1lm1n,Xi2jk2lm2n)) ≤ E0

Ej
App ∈ Φj , ∀cho1o2 ∈ Fn,o1,o2 = 1, . . . , card(Un),Un ∈ Πn. (2.3)

Table 2.1 List of main variables used in the formulation of topology synthesis and mapping
problem (i.e., Equation 2.3). Note that for Φ(t), Ψ(t), and Π(t) sets, the time dependency
is intended for capturing both, the static and dynamic nature of mapping, scheduling, and
network reconfiguration.

Notation Description
Φ(t) The set of possible ACG configurations obtained via clustering and/or

partitioning operations at time t.
Φj An ACG configuration from set Φ(t) obtained via clustering and

partitioning operations.
V j
App The set of vertices in the ACG Φj .

Ej
App The set of edges in the ACG Φj .

Ψ(t) The set of all possible configurations that can be built with the
available PEs.

Ψl A chosen subset of PEs from the available set Ψ(t).
Π(t) The set of all possible topological configurations.
Πn A topological configuration from set Π(t) consisting of routers and

channels.
Xijklmnτ (t) If the binary tensorial variable Xijklmnτ (t) is equal to 1 then it shows

that node vi ∈ V j
App in configuration Φj is mapped on the PE

pk ∈ SP from the set Ψl which is connected to the router rm ∈ Un

and scheduled to start (i.e., τ = t) at clock cycle t.
cijklmnτ The cost associated to a particular assignment Xijklmnτ .
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The objective of Equation (2.3) is to determine the value Xijklmnτ (t)
and implicitly the optimal application-to-PE mapping, as well as the
best PE-to-router assignment. In general, the costs cijklmnτ also depend
on variables Xijklmnτ making the optimization problem nonlinear. For
example, the authors in [162] investigate the topology synthesis prob-
lem by clustering the communication constraint graph. The authors
assume that the cost of implementing a constraint arc is proportional
with the Euclidean norm of the distance between two computational
modules and a concave function of the required bandwidth. In con-
trast, if the costs cijklmnτ are constant and the constraints are linear in
Xijklmnτ variables, then the topology synthesis can be solved via the
LP approach as shown in [192].

Coming back to Equation (2.3), the first constraint computes the
traffic on each link in the architecture and ensures that the bandwidth
b0(cho1o2) (∀cho1o2 ∈ Fn, o1,o2 = 1, . . . , card(Un)) is not exceeded. Note
that in Equation (2.3) a simplified notation for the routing function
is used. Here, the routing function R(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t))
encodes the path from source pk1 to destination pk2 which is
assumed to be known (i.e., shortest path). The index function
I(cho1o2 ,R(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t))) can take only binary values
showing that the channel cho1o2 ∈ Fn from configuration Πn is used
when routing packets from source pk1 ∈ Sl

P to destination pk2 ∈ Sl
P .

The second constraint in Equation (2.3) quantifies the communica-
tion latency lat(Xi1jk1lm1n(t),Xi2jk2lm2n(t)) between two tasks vi1 ,vi2 ∈
V j

App from configuration Φj which are mapped to PEs pk1 ,pk2 ∈ Sl
P

in configuration Ψl. The PEs pk1 ,pk2 ∈ Sl
P are connected to routers

rm1 , rm2 ∈ Un from set Πn. This source-to-destination latency must not
exceed the design specification lat0(ei1i2).

4

The last constraint in Equation (2.3) expresses the fact that the
total communication energy needs to stay within a certain bound E0.
The function M(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)) shows that the appli-
cation vertices vi1 ,vi2 ∈ V j

App are mapped on the PEs pk1 ,pk2 ∈ Sl
P ;

it needs to be determined by finding the binary values Xijklmnτ (t).

4 Communication latency is usually expressed as the number of hops between source and
destination; other approximations are possible as well.
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The E(ei1i2 ,M(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t))) term represents the
average energy consumption of sending one bit of data from vertex
vi1 ∈ V j

App which is mapped on PE pk1 ∈ Sl
P to vertex vi2 ∈ V j

App which
is mapped on pk2 ∈ Sl

P .
In reality, only a subset of the above constraints are actually

imposed to lessen the optimization problem and shorten the design
time. Note also that to ease the understanding of the topology synthe-
sis and mapping problem, we assume uniform buffer assignment and
sufficiently large buffer sizes to accommodate the network traffic.

2.2.2 Routing Problem

Let us analyze now how a routing optimization problem can be for-
mulated when considering an already mapped and scheduled set of
applications onto a mesh NoC architecture. More precisely, we aim at
determining the shortest path routing function (R) for any source–
destination pair, such that the link bandwidth constraints are satisfied
(e.g., the volume of traffic along a particular link does not exceed its
capacity) and the overall communication energy consumption is mini-
mized. We also assume that if the link bandwidth constraints are sat-
isfied, the packets are successfully routed and transmitted from any
source to any destination.

Formally, the link bandwidth constraints can be expressed via a
matrix approach as follows:

R(t) · commvol ≤ B, (2.4)

where R(t) is an unknown matrix with the entries Rkl being 0 or 1
depending on whether or not link k is used by the source–destination
path l (its size is given by the total number of links and the num-
ber of source–destination pairs), each element commvoll(fij) in vec-
tor commvol gives the communication volume between source pi ∈ SP

and destination pj ∈ SP , and B is a vector of bandwidth constraints
(i.e., each entry Bk in vector B stands for the maximum flow that
link k can sustain). Similarly, we can express the energy consumption
constraint as follows:

E = eT · R(t) · commvol, (2.5)
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where eT denotes a row vector of per hop energy consumption per
transmitted bit; its size is equal to the total number of links. Since we
search for a shortest path between a source–destination pair l, we have
to minimize the number of links along such a path (i.e.,[1T · R(t)]l,∀l).
Consequently, the fixed routing problem can be formulated as
follows:

minR O = eT · R(t) · commvol + 1T · R(t)

s.t. for a given application A ∈ App(VApp,EApp)

mapped and scheduled on topology T ∈ T (U,F )

R(t) · commvol ≤ B. (2.6)

An example of a routing problem for irregular topologies is dis-
cussed in [37], where the authors try to find a fixed routing function R

with minimum hardware cost of routing tables. The authors propose
two routing techniques: the turn-table routing and the XY -deviation
table. The turn-table routing can be cast as an optimization prob-
lem described in Equation (2.6) with the distinction that it does not
search for a single shortest path from each source to each destina-
tion, but instead for a covering set of paths that minimize the total
number of entries in the network turn-tables. This implies that the
entries in the columns of matrix R (which are independent of time
t in the case of static routing) represent all possible paths between
all source–destination pairs. The result of the optimization problem
(Rkl = 1) shows that link k was selected for path l in the cover set of
selected shortest paths. In contrast, the XY -deviation routing seeks
to determine a single path l which minimizes the number of routing
steps (i.e., minimum number of 1 entries in the column l of matrix R)
and can be expressed as in Equation (2.6) if the energy consumption is
ignored.

To ensure fault-tolerance against faults in NoCs, Murali et al.
in [134] formulate a multi-commodity flow problem similar to the one
presented in Equation (2.6) with the goal of minimizing the traffic on
each link by spreading and splitting the traffic through multiple paths
across the network.
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2.3 Literature Survey

Network-based communication offers the possibility to commu-
nicate more efficiently and robustly than via dedicated wires
[22, 27, 60, 87, 118], but, at the same time, brings to attention dif-
ficult problems such as topology synthesis, router design, bandwidth
allocation or channel design, floorplanning and layout design [145].
Consequently, the NoC design problems cannot be solved indepen-
dently of the application characteristics (e.g., latency, throughput, area,
power/energy consumption) as such solutions may be inefficient or
impractical. Moreover, the designer needs to address also the fault-
tolerant component in DSM technologies via routing approaches [65,
134] or via error control schemes [10, 67, 135].

2.3.1 Communication Infrastructure

The communication infrastructure synthesis aims to find the topology,
size of the buffers, width of the channels and floorplanning, such that,
for a given application App(VApp,EApp), some performance constraints
are satisfied (e.g., network latency, throughput, etc.).

2.3.1.1 Topology Synthesis and Floorplanning

One of the early works designing minimal networks for special purpose
computer systems with well behaved communication patterns was pro-
posed in [90]. The proposed topology generation algorithm is based on a
recursive bisection technique. More precisely, the approach starts from
a set of topologies similarly to set Π in Section 2.2.1; then, based on a
contention model extracted by analyzing the communication behavior
of the application, it constructs the network via systematic partition-
ing. Each partitioning step is followed by simulated annealing, which
seeks to optimize the number of network partitions by determining
the placement of processors linked to the switches and the routing
protocol. Finally, a coloring algorithm is used to find the number of
links required to support the communication between these partitions.
We should note that the algorithm does not guarantee contention free
designs. The overall complexity of the topology synthesis algorithm is
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O(N2KL), where N is the number of partitions, K is the number of
contention periods, and L is the number of cliques.

Pinto et al. [162] propose a constrained driven communication archi-
tecture synthesis of point-to-point links by utilizing a heuristic based
on k-way merging. Similarly to Figure 2.2, the authors assume a con-
strained graph which characterizes the communication between two
already mapped vertices vi1 ,vi2 ∈ V j

App onto processing elements and a
communication library. The objective is to determine the assignment
function Ω in Equation (2.2) between the mapped application and the
communication library. The proposed heuristic approach does not con-
sider explicitly the routing issues and consists of two phases: First, a
quadratic programming technique estimates the cost of satisfying a set
of arc constraints (this is similar to the bandwidth constraint in Equa-
tion (2.3)). Second, one of the hierarchical heuristics (i.e., either divi-
sive clustering or agglomerative clustering) is used to explore efficiently
the set of all possible clusterings. From a complexity standpoint, the
approach improves over the previous method by requiring O(n2) steps
for the divisive clustering or O(n3) for the agglomerative clustering,
where n is the number of links in graph T (U,F ).

In [189], the authors propose a genetic algorithm for application-
specific NoC synthesis that corresponds to finding the binary values
of Xijklmnτ (t) variable in Equation (2.3) which optimizes the power
consumption and area of the design such that the performance con-
straints (e.g., required bandwidth in bits per cycle, latency in hops)
are met. This technique operates in an iterative manner by generating
and selecting a constant number of intermediate solutions that satisfy
the fitness criteria. Each solution consists of three levels: the first level
represents the number of routers (I), the second defines the mapping
of the communication task nodes to the router ports (J is the number
of port mappings), the third level specifies the routing protocol (K is
the number of mappings of the communication traces on the router
ports). The product I × J × K shows the space required by the genetic
approach. The fitness function is inversely proportional with the lin-
ear combination between power, area, and unmapped traces of a given
solution. However, the algorithm may pose serious problems in finding
the best topology since the accuracy depends on the fitness function.
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The work in [146] proposes a branch-and-bound algorithm to
decompose the communication requirements of the target application
and then construct the set Φ of application configurations as in
Section 2.2.1. The algorithm searches the entire design space Π for
a specific topology (i.e., determines a specific value for variable
Xijklmnτ (t)) which minimizes the communication energy consumption.
This means that the third constraint in Equation (2.3) is used as an
objective function.

Srinivasan et al. [192] solve the topology synthesis and floorplanning
problem via an MILP approach which accounts for link power consump-
tion. In contrast to the formulation presented in Equation (2.3), the
authors assume that the application is already mapped on a set of pro-
cessors and then try to minimize the cumulative traffic flow through the
ports of all routers in the network (i.e., the generic costs are replaced
by total bandwidth usage) such that the bandwidth, traffic routing
and latency constraints are satisfied and resource conflicts avoided. As
opposed to the approach in Figure 2.2, the authors assume that all
routers are identical and have the same number of bidirectional ports.
To determine the minimum number of routers and links in the set
T (U,F ), in this approach the binary tensor Xijklmnτ (t) is time inde-
pendent and split into two variables: a computational module-to-router
mapping variable and a router-to-router assignment variable.

In [191], Srinivasan and Chatha propose a heuristic approach to
topology synthesis and floorplanning which can be summarized as fol-
lows: First, a system-level floorplanning (i.e., an MILP or a slicing
tree based recursive partitioning algorithm) takes the communication
task graph and the characteristics of the NoC components as inputs
and generates the layout that minimizes the power consumption of the
interconnects; this is achieved by assuming that the power consump-
tion of the NoC is directly proportional to network bandwidth. Second,
a heuristic recursively determines the bandwidth of the physical links,
incorporates the routers to the previously obtained topology and maps
the communication traces, while minimizing the power consumption
and the number of utilized resources via a router merging technique.
However, since the merging of routers can have a high impact on net-
work performance, the design optimality is not guaranteed.
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Ogras and Marculescu [147] present a low-complexity methodol-
ogy which automatically synthesizes an irregular topology consisting
of inserting few application-specific long-range links to a standard
mesh NoC with the objective of maximizing the packet injection rate
at which the network saturates. This approach redefines the idea of
small world networks [207, 75] in the context of application specific
NoCs. As such, in contrast to Equation (2.3), the algorithm starts
from a regular mesh architecture and greedily inserts long-range links
between the tiles with the highest communication frequency. The algo-
rithm stops when the set of available resources becomes empty. This
approach can be cast in the spirit of Equation (2.3) by introducing
new variables Xijk which indicate that a long-range link i is inserted
between the nodes j and k. Although, this approach aims at max-
imizing the network utilization, it does not guarantee an optimum
design. Along the same lines, Chang et al. [47] investigate an NoC
design, where the long-range connections are established via wireless
communication.

An alternative approach to the above mentioned algorithms is to for-
mulate the topology synthesis as a convex optimization problem [76]. In
contrast to the formulation presented in Equation (2.3), the formalism
in [76] ignores the information about the possible applications run-
ning on the targeted architecture. Instead, it tries to find the minimum
number of links needed for maximizing the algebraic connectivity of
the graph T (U,F ) which corresponds to the second smallest eigenvalue
of the graph Laplacian.

Murali et al. [138] propose a heuristic to synthesize the topology
and find the floorplanning information. The design flow starts from
a set of specified objectives and constraints (e.g., application traffic
characteristics, cores size, etc.), varies the operation frequencies and
link widths within a prescribed range, the number of switches from one
to the total number of cores, and chooses a good topology for a certain
frequency, link-width, and switch count. Next, the algorithm floorplans
the synthesized topology via the Parquet algorithm [4] and chooses a
good topology that optimizes the predefined objectives (e.g., power
consumption, area, etc.). Nevertheless, the optimality of the solution is
not guaranteed.
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In order to solve the floorplanning problem alone, Ye and De
Micheli [211] use a QP approach. The physical planning tool addresses
the planarization process constrained by aspect ratios, preservation of
regularity and hierarchy, and minimization of wire length and power
consumption. To address the floorplanning issues, the problem formu-
lation in Equation (2.3) can be augmented with new binary variables
which account for the placement of the obtained architecture as given
by the Xijklmnτ (t) variables.

Besides the total area, regularity, power and inter-router dis-
tances, a good floorplanner should also consider the channel latency.
Consequently, an NoC floorplanner can place the routers and
repeaters according to the latency-insensitive design methodology.
More precisely, in [43], Carloni et al. propose a pipeline-based design
methodology based on a common clock signal and zero-delay channels.
This approach consists of relaxing the time constraints during the
design phase. Possible time mismatches between the initial time con-
straints and actual interconnect delays are resolved by partitioning
long intermodule wires into segments that obey the time constraints
and inserting relay stations which play a similar role to the latches
in a pipeline datapath. However, careful analysis is needed to make
sure this will not penalize the entire design in terms of area, power or
performance.

2.3.1.2 Buffer Sizing

Targeting the optimization of communication of application specific
NoCs, Manolache et al. [126] propose a strategy for synthesizing the
communication infrastructure of the application specific NoCs and
determining the packet release time such that the overall buffer space is
minimized. Similarly to the second constraint in Equation (2.3), an off-
line packet routing estimates the latency for a source-to-destination pair
under imposed buffer capacity constraints. This is done via a greedy
heuristic which maps each message to a source-to-destination path only
if it minimizes the buffer space that is, the overall buffer space becomes
the cost function in Equation (2.2). For each task vi ∈ V j

App mapped on
a certain path, a greedy heuristic is used to determine the amount of
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time the task can be delayed such that the contention at the destina-
tion buffers is minimized and deadlines are met. Although the proposed
greedy approach proves to be fast when compared to exhaustive search,
it does not guarantee the buffer space optimum solution.

To satisfy the prescribed performance level for multimedia
applications, Stuijk et al. [195] propose a technique for finding the
optimal trade-off between the network throughput and buffer size for a
given Cyclo-Static Data Flow (CSDF) graph. The iterative algorithm
starts from an initial set of buffer size distributions and then explores
the buffers in the increasing order of their size (i.e., smallest size
configurations are considered first). For each distribution size, a depen-
dency graph containing the causal dependencies between the node
firings of the communication periodic phases and its corresponding
throughput are computed. The loop terminates when the constructed
storage distribution offers the maximal throughput and all other
storage distributions of equal size have been already evaluated. The
next step is to remove all nonminimal storage distribution-throughput
pairs. To account for the buffer size of each channel in Equation (2.3),
the binary tensorial variable Xijklmnτ (t) should be augmented with
new indices which refer the buffer size for all channels connecting
router rm ∈ Un with its neighbors.

One major drawback of the approach in [195] is that some applica-
tions have a large number of throughput-buffering Pareto points which
can increase the runtime. The paper also presents an approximation
algorithm which increases the amount by which the bottleneck channels
are sized in order to reduce the number of storage distributions and
speed up the search. However, this approach affects the optimality of
the solution.

2.3.2 Communication Paradigm

2.3.2.1 Routing

Besides the synthesis of the architecture and the application mapping,
the NoC designers face the challenging problem of constructing the
routing protocol. Consequently, starting from the application char-
acterization graph and concrete description of the NoC architecture,
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one tries to determine a routing protocol such that the performance,
power/energy consumption, and/or reliability are optimized. If the
workload dynamics and reliability issues are ignored during the opti-
mization problem, then graph-theoretic approaches such as shortest
path algorithm [54] for irregular topologies, or dimension ordered rout-
ing algorithm [59] for regular topologies can be used. Typically, such
approaches seek to minimize the average distance (in number of hops)
each packet travels between any source–destination pair.

Addressing only the deterministic/static routing protocols (i.e.,
time-independent variable Rkl in Section 2.2.2) for irregular NoCs,
Bolotin et al. [37] propose path selection algorithms which minimize
the overall hardware cost of the routing tables. An LP approach to the
routing problem has been proposed in [191]. The goal of this approach is
to determine the topology, the floorplanning information, and the static
routing of communication traces such that the performance (e.g., band-
width) and power consumption are optimized.

An alternative approach to deterministic routing is to consider
the network workload, power or temperature related issues and
design an adaptive routing protocol that offers better performance
(i.e., determine the dynamic variable Rkl(t), which denotes that link
k should be used by the time-dependent flow along the path l in the
network). Catania et al. [45] propose a heuristic based on a prescribed
mapped application. This approach first constructs a graph of source–
destination pairs and then uses a heuristic to break the cycles in this
static communication graph. Again, the optimality of the adaptive
routing protocol cannot be guaranteed.

To lower the overhead of implementing adaptive routing,
Abad et al. [1] describe a router architecture which consists of two inde-
pendent rings forcing the packet to circulate through each port reducing
the head of line blocking.

In [93], Hu and Marculescu set forth a hybrid strategy (called
DyAD) that switches between the deterministic/static dimension
ordered (Rkl) and adaptive (Rkl(t)) routing approaches [64]. More pre-
cisely, during network operation each router monitors the traffic load
on its links. If the traffic load is low, then a deterministic XY protocol
is used. On the contrary, if the traffic load is high, then an adaptive
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routing (which avoids highly utilized links) is used. Along the same
lines, Nilsson et al. [142] propose the so-called deflective routing for
regular meshes. This approach aims at determining a dynamic Rkl(t)
function which routes the incoming packets to one of the free output
channel in case of weak congestion.

The work in [176] proposes an oblivious routing algorithm for regu-
lar mesh NoCs which generates single or multiple paths between source–
destination pairs without considering the actual network traffic.

In order to provide fault-tolerance to the communication protocol,
Murali et al. [134] propose an LP approach for finding the multi-path
routing strategy; the idea is rooted in [65] in the sense that it exploits
path based diversity. The objective in [134] is to minimize the maxi-
mum traffic on each link such that the application traffic requirements
are satisfied. To cope with transient and permanent link failures, the
authors consider the number of times a packet is retransmitted along a
certain path and the number of paths along which the packet is sent in
the expression of traffic flow constraints. This corresponds to augment-
ing the variable Rkl in Equation (2.6) with new indices (e.g., Rklm(t))
needed to denote that the packet generated at time t by node vk ∈ VApp

is sent along path l, m times. To ensure that a packet is sent via multiple
paths, a new constraint of the form eT · Rk,:,m(t) ≥ n, ∀k ∈ card(VApp)
(showing that the packet generated at vk ∈ V j

App is sent along at least
n paths) should be added to Equation (2.6).5 However, this approach
requires some hardware overhead and does not guarantee packet deliv-
ery, as faults can occur at node level too.

Using search algorithms, Kim et al. [107] investigate several rout-
ing approaches (i.e., minimal adaptive (MINAD), Valiants nonminimal
oblivious (VAL), universal globally adaptive load-balanced (UGAL),
adaptive Clos (CLOSAD)) in flattened butterfly networks. All these
adaptive algorithms use the output channel queue length information
to determine the next traversed channel at each intermediate node for
any source–destination pair. In all these cases, the routing problem is

5 The variable Rk,:,m(t) shows that the packet generated at time t by node vk ∈ VApp is
sent m times via multiple paths. The semicolon “:” denotes a vector of 0s and 1s showing
whether or not link l is chosen for routing (i.e., Rklm(t) = 1).
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similar to Equation (2.6) with the distinction that the queue sizes are
used to determine the dynamic variable Rkl(t).

The ultra-low latencies [79], very high frequencies [201], and highly
constrained power consumption values make the design of routing pro-
tocols for NoCs difficult. Moreover, the packet size influences the power
consumption too. Consequently, optimization techniques such as the
one suggested in Equation (2.6) are needed to determine the optimal
trade-off between power consumption and reliability.

2.3.2.2 Scheduling

The performance of an application running on NoCs depends on the
time spent for computation and communication. While the compu-
tation time is primarly determined by the design of the IP cores
implementing the application, the communication time depends, not
only on the routing protocol, but also on the manner in which the
communication and tasks are scheduled. Therefore, we review next the
solutions proposed so far for application scheduling problem.

The application scheduling problem starts with the communication
task graph and the architecture characterization graph and tries to
find a scheduling function (S) for each task such that the performance
and/or power/energy consumption and/or reliability are optimized.
More precisely, the function S returns the start time τ of a mapped
task represented by the tensorial variable Xijklmnτ (t) in Equation (2.3).

The scheduling problem has been first addressed in computer sci-
ence in the context of real-time operating systems and later on in
embedded systems. For instance, in [123], Luo and Jha present a power-
aware scheduling algorithm for multi-rate periodic task and aperiodic
task graphs in distributed real-time embedded systems [113]. The algo-
rithm schedules first the periodic tasks which have hard deadlines, and
then (via an online scheduler) the aperiodic tasks with soft deadlines
such that the overall response time is minimized. To lower the power
consumption, the online scheduler uses a dynamic voltage scaling and
power management technique.

Along the same lines, Shin et al. [184] propose an intra-task dynamic
voltage scheduling framework based on static timing analysis, which
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aims at minimizing the energy consumption for hard real-time appli-
cations by adjusting the voltage and the clock speed within a task.
This approach assumes that the Worst-Case Execution Time (WCET)
is available prior to the run-time execution of the application. In this
framework, the energy consumption of each task is dependent on a
speed update ratio parameter. To find the speed update ratio param-
eters, a gradient descent search algorithm is used. Nevertheless, the
approach does not guarantee the optimal solution as the sequence of
tasks and their worst execution time may not be available in advance.

Poplavko et al. [165] use Synchronous Data Flow (SDF) graphs to
model the computation and communication in MPSoCs. This approach
divides the application into processes that run on a specific processor
and determines the intra-job scheduling. Putting this into perspective,
the binary tensorial variable Xijklmnτ (t) in Equation (2.3) is reduced
to the simpler version Xikτ (t) meaning that the task vi ∈ V j

App mapped
on PE pk ∈ Sl

P is scheduled to start at time t. The timing analysis of
the intra-job scheduling is done via a static-order self-timed scheduling
described in [193]. The major drawback of this approach is that it
assumes that the jobs do not interact with each other. This is not a
realistic assumption for networked architectures.

To solve the scheduling problem, Hu and Marculescu [94] propose
a heuristic scheduling based on slack-budgeting. Simply put, the idea
is to allocate more slack to applications that have a higher impact on
performance and energy consumption. The algorithm computes first a
weighted cost which is proportional with the execution time and energy
consumption for each task in the ACG; this weight is used as a prior-
ity in the scheduling algorithm to find the start time τ . To compute
the slack to be allocated to the remaining tasks (i.e., the ordering is
based on their decreasing weights), the algorithm uses the total execu-
tion time derived from the ACG. To avoid missing deadlines, the algo-
rithm iteratively checks the generated schedule and swaps the order of
execution of noncritical tasks with critical ones mapped on the same
PE (i.e., updating the binary variables Xijklmnτ (t)). If the swapping
helps reducing the missing deadline, then the schedule is kept; otherwise
it is rejected. To reduce the impact of heavy computational tasks on
energy consumption, a task migration strategy is applied if it minimizes
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the missing deadlines. Finally, the algorithm does not guarantee the
optimum schedule as the ACG can contain dependencies among its
tasks.

In [108], Kim et al. propose a scheduling and arbitration algorithm
for CDMA-based NoCs. The approach consists of assigning Orthogonal
Variable Spreading Factor (OVSF) codes to channels on a time-slot
basis, which are obtained via a Dual Round Robin Matching
(DRRM) algorithm. The combination of OVSF code-words with
DRRM algorithm is meant to guarantee a schedule which minimizes
the modulation/demodulation overhead, the average packet latency,
and power consumption.

An ILP-based approach to the scheduling problem is proposed
in [120]. This approach starts from a task graph description of the
application which is mapped onto an NoC and considers both the
guaranteed service and the best effort traffic. Then, the packets
are scheduled on the links such that the maximum latency of the
guaranteed service application is minimized with minimum utilization
of network resources. In this case, the optimization problem tries to
determine the binary variable Xikτ (t), which shows that the packet
generated at vertex vi ∈ VApp (which is already mapped) is scheduled
to traverse the kth link when τ = t.

The work in [194] considers the scheduling of multiple communica-
tion patterns and proposes several heuristics (i.e., a greedy algorithm, a
backtracking approach, and an oracle approach which finds the utiliza-
tion of each link before scheduling the packets) to solve the scheduling
problem while minimizing the resource utilization.

An issue related to scheduling is task migration. In this context,
a prediction mechanism should identify not only the start time τ in
the binary variable Xijklmnτ (t), but also the migration time. In [26],
Bertozzi et al. propose an user-managed migration strategy based on
code checkpoint and user-level middleware support for minimizing the
execution time of a task migration event.

Most of the scheduling approaches to NoC design assume that
explicit start times and/or WCETs are computed statically for
each task vi ∈ VApp. However, many real-world applications do not
fall under the static cyclic scheduling framework. For instance,
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Manolache et al. [126] solves via a greedy heuristic the problem of
determining the timing of packet release (i.e., finding the binary vari-
able Xijklmnτ (t)) such that the destination contention is minimized and
its deadline is not missed.

Regarding the congestion in the NoC architectures, van der
Brand [200] propose a Congestion-Controlled Best-Effort (CCBE)
strategy which monitors the link utilization and, using a Model Predic-
tive Controller (MPC) [172], determines the maximum load that can
be supported by the CCBE connections under deterministic routing.
The MPC controller is obtained via a QP approach and takes as con-
straints the measured link utilizations. The objective of the controller
is to determine the set of actions needed such that the link utilization
reference is followed. An alternative to the congestion control mecha-
nisms is to use multiple priority levels for providing Quality-of-Service
(QoS) requirements (i.e., delay, throughput) [36, 127]. This implies that
the urgent traffic with higher priority is routed first.

2.3.3 Architecture Mapping and Optimization

2.3.3.1 Application Mapping

The mapping problem for NoCs has been first addressed in [92]
and later extended in [95]. In these papers, the authors propose a
branch-and-bound algorithm that maps a set of tasks onto a regular
NoC and provides a routing path allocation strategy such that the
communication energy is minimized while the bandwidth constraints
are satisfied. In this case, the binary tensorial variable Xijklmnτ (t)
in Equation (2.3) is time independent and so it simplifies to a
matrix element of the form Xik; this means that a computational
task vi ∈ VApp is mapped onto a processing element pk ∈ SP under
the assumption that each PE is attached to a local router; that is,
card(SP ) = card(U). While the branch-and-bound algorithm offers
optimal solutions for small examples, its exponential complexity is
avoided in [92] by computing some lower and upper bound costs used
to legalize the leaf node solutions which correspond to a complete
mapping of the computational modules to the NoC tiles.
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With the objective of minimizing the overall execution time of the
task graph, Lei and Kumar [119] propose a genetic algorithm that maps
the parametrized task graph onto a 2D regular NoC architecture. In
this framework, the authors assume that the topology T (U,F ) is given,
and therefore try to find a simplified version of the binary variable
Xijklmnτ (t) which shows on which PE pk ∈ SP a certain task vi ∈ VApp

is mapped. The complexity of the proposed approach is polynomial
O((〈NV 〉 × NPE)m) on the chromosome size m, where 〈NV 〉 and NPE

represent the average number of tasks mapped on a PE and the num-
ber of PEs. Nevertheless, the proposed algorithm does not guarantee
optimality.

Murali et al. [137] propose a greedy heuristic (called NMAP) for
mapping computational modules onto a mesh NoC. This solution
consists of two phases: First, the heuristic finds a good mapping solu-
tion Xik, where a task vi ∈ VApp is mapped onto a processing element
pk ∈ SP through an iterative swapping of vertices which improves the
communication energy consumption. Second, in order to satisfy the
bandwidth constraints (as in Equation (2.3)), the heuristic calls an LP
tool for solving the multi-commodity flow equations [7, 54]. As such,
this approach cannot guarantee an optimum solution.

Being inspired by evolutionary computing techniques, Ascia
et al. [13] set forth a multi-objective exploration framework which aims
at optimizing the performance and power consumption of a mapping
solution. Their approach samples the entire Pareto optimal set (i.e., the
cross-product among the Φ, Ψ, and Π sets in Figure 2.2) and evaluates
the performance and power consumption through a simulation-based
approach.

In [170], Rhee et al. present an MILP formulation for the mapping
problem which minimizes the hop-count distance between all source–
destination pairs, while satisfying the communication flow and link
bandwidth constraints. Toward this end, the authors assume a mesh-
based topology and each PE bounded to a unique router. Thus, the
binary tensorial variable Xijklmnτ (t) in Equation (2.3) simplifies to
Xik (i.e., task vi ∈ VApp is mapped onto processing element pk ∈ SP ).
To solve the MILP formulation, the authors resort to LP solver pack-
ages and thus, cannot guarantee the solution optimality.
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Along the same lines, Srinivasan and Chatha [190] propose a
polynomial time heuristic algorithm called MOCA which consists of
two phases. First, the algorithm uses the Fiducia–Mattheyses algorithm
to construct a partition-based slicing tree (i.e., the application graph
is partitioned into clusters with same number of nodes and a minimum
cumulative weight of the edges crossing the partitions; this determines
a graph App(VApp,EApp) from the set Φ), and then the tree is mapped
onto the network routers. Second, using this slicing tree, a unique route
is assigned to each communication trace; this is equivalent to solving
Equation (2.6) while considering that the bandwidth and energy con-
straints are satisfied in the first part of the algorithm. Although it is
reported that MOCA algorithm is faster than the NMAP, it does not
guarantee the optimum solution either.

Another approach, called unified mapping, routing, and slot allo-
cation (UMARS+), is proposed in [85] with the objective of mapping
multiple QoS-constrained applications (similarly to the set Φ(t)) onto
an NoC architecture (set Π(t)), statically routing the communication
among tiles and allocating the TDMA time-slots on network chan-
nels such that the application constraints (i.e., bandwidth, latency) are
met. To determine the binary tensorial variable Xijklmnτ (t) in Equa-
tion (2.3), an iterative search picks the most critical flow from the set
Φ(t) (to which a path and a time slot needs to be assigned), checks the
availability of the required resources, and allocates the resources such
that the QoS constraints are satisfied. The bottleneck of the heuristic is
represented by the path search which tries to find Rkl in Equation (2.6)
that guarantees a certain QoS. Since the algorithm never backtracks to
find whether or not another flow assignment may be used to improve
the overall solution, the algorithm does not guarantee the optimality
of the solution.

To exploit the heterogeneity of various models of operation (i.e.,
number of applications or use-cases which can be represented as in
Figure 2.2), Murali et al. [136] propose an UMARS-inspired heuristic
mapping which maps multiple use-cases onto the target NoC architec-
ture while satisfying the constraints of each application. The proposed
heuristic starts with an initial target architecture and refines it (i.e., it
increases its size) until all applications are mapped while satisfying the
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bandwidth and delay constraints (i.e., first and second constraints in
Equation (2.3)).

In order to provide a thermally balanced design, Hung et al. [99]
use a genetic algorithm to solve the mapping problem (i.e., find the
variables Xik) by encoding the IP virtualization and placement infor-
mation into chromosomes. The algorithm starts with a random configu-
ration and iterates based on the fitness of the chromosomes. The fitness
function associated to each chromosome is directly proportional with
the inverse of the communication cost quantified as the number of hops
between the source and the destination and the communication volume.

In [49], Chou et al. propose a run time mapping algorithm consist-
ing of two phases. First, the algorithm determines via a maze routing
approach the set of neighboring resources (called near convex region)
where the incoming application can be mapped. Then, a recursive
heuristic is used to allocate the nodes of the incoming application com-
munication graph (i.e., the Φ(t) set) onto the available resources (the
topology is fixed to a mesh NoC and so Ψ(t) denotes the PEs avail-
able at time t) together with voltage level assignment. The goal of the
heuristic is to minimize the inter-node communication energy. However,
the obtained solution is not optimal since the heuristic may be trapped
in a local minimum.

2.3.3.2 Techniques for Power, Energy, and Thermal-based
Optimization and Management

All the approaches discussed so far rely on the accuracy of estimating
various metrics used during the optimization process. One of the earli-
est attempts of estimating the power consumption of multi-chip inter-
connection networks is addressed in [159]. In that paper, the authors
quantify the message latency as a function of network topology, switch-
ing technique and power budget. The message latency can be substi-
tuted as an objective in Equation (2.2) with the goal of determining the
network topology that satisfies a specified power budget for a certain
set of applications Φ.

Several other studies analyze the power consumption of NoCs. For
instance, a framework for quantifying the power consumption on switch
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fabrics is presented in [210]. In [204], Wang et al. analyze the power
consumption of network microarchitectures, while in [205] the impact of
process technologies on network energy consumption is investigated. A
network simulation environment meant to report the power consump-
tion is described in [206].

An architectural methodology for estimating the leakage power con-
sumption based on technology dependent variables has been proposed
in [48]. In [17], a cycle accurate RTL model is used to evaluate the
dynamic and leakage power consumption of NoCs. Eisley and Peh [66]
propose a power analysis framework by estimating the link utilization
based on message flows. All these methodologies can provide insights
into formulating the optimization problem in Equation (2.2).

In terms of approaches available for optimization and management,
Shin and Kim [183] consider a periodic task graph description of the
application (similar to App(VApp,EApp) in Definition 2.1) and present
an offline genetic algorithm that explores the design space in Figure 2.2.
This approach statically assigns the speed of links by minimizing the
energy consumption (the objective in Equation (2.2)), while guarantee-
ing the timing constraints. To minimize the leakage power, the authors
also propose to turn links off when no communication is scheduled.

To minimize the power consumption, Sun et al. [196] propose an
iterative heuristic to system-level thermal optimization of 3D-MPSoCs
via task scheduling and voltage scaling. Mapping this to our frame-
work and determine the voltage supply at which a certain PE should
run at, the binary tensorial variable Xijklmnτ (t) should be augmented
with a new index which picks the right voltage from the given set of
values in accordance with the specified design constraints. We denote
by Ξ = {V o

dd,1 ≤ o ≤ card(Ξ)} the set of available supply voltages at
which each PE pk ∈ Sl

P can run. In this context, the optimization
problem in Equation (2.3) aims at determining the tensorial variable
Xijkolmnτ (t) for which task vi ∈ V j

App in configuration Φj is mapped on
the PE pk ∈ Sl

P from the set Ψl. The PE pk ∈ Sl
P has assigned the

supply voltage V o
dd from set Ξ and is connected to the router rm ∈ Un

from set Πn and scheduled to start at clock cycle t.
To tackle the problem of run-time power optimization, Shang

et al. [178] propose a history-based dynamic voltage scaling algorithm
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that adjusts the link frequencies and voltages in accordance to their uti-
lization. To account for frequency and voltage assignment, new binary
variables representing the assigned frequency and voltage should be
added into the problem formulation presented in Equation (2.3).

In [179], Shang et al. consider an interconnection network as in
Definition 2.2 and present a distributed run-time mechanism (i.e., the
Power Herd approach), which seeks to steer the routing decision (i.e.,
variable Rkl(t)) and regulate the network power consumption such that
it stays within the specified budget. Along the same lines, Jin et al. [103]
propose a credit-based peak power control strategy that regulates each
flow injection rate at the source, for both real-time and best effort
traffic, such that the performance degradation and overall power con-
sumption are minimized.

In [106], Kim et al. propose a heuristic for shutting down the links
with low utilization instead of using dynamic voltage scaling techniques.
The heuristic uses two hardware modules, namely the shutdown deci-
sion module and the output port selection module, to decide whether or
not there is a minimal set of links providing connectivity with minimum
performance degradation such that one can power down the links with
the least utilization. If there is such a set, then a shortest path search
algorithm is used to determine the adaptive routing strategy (Rkl(t)).
If there is no minimal set ensuring the connectivity, then the heuristic
powers up the link having the maximum number of appearances in the
routing tables.

Li et al. [121] present a compiler-driven approach to communica-
tion link voltage management. Their strategy is to extract the data
communication patterns from the application and determine the uti-
lization patterns of the links. This information is used to select the
voltage/frequency level of each link and insert control code instruction
for achieving these levels.

To minimize the energy consumption and overcome the difficulties
of a single clock signal distributed across the chip, Ogras et al. [150]
propose a design methodology that iteratively partitions the NoC
architecture into multiple voltage-frequency islands such that the
performance constraints (e.g., deadlines, throughput) are satisfied.
This methodology can be incorporated into our general framework of
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network design by including in the binary tensorial variable Xijklmnτ (t)
indices accounting for each selected voltage-frequency island. Let us
assume that Ξ = {(V o

dd,V
o
th),1 ≤ o ≤ card(Ξ)} represents the set of

available supply (Vdd) and threshold (Vth) voltages at which each PE
pk ∈ SP can run. In this context, the optimization problem formu-
lated in Equation (2.3) aims at determining the tensorial variable
Xijkolmnτ (t) for which task vi ∈ V j

App in configuration Φj is mapped
on the PE pk ∈ SP from the set Ψl. The PE pk ∈ SP has assigned the
voltage tuple (V o

dd,V
o
th) from set Ξ and it is connected to the router

rm ∈ U from set Πn and scheduled to start at clock cycle t.
Another metric of interest for NoC design is the thermal dissipa-

tion. In [180], Shang et al. develop an architectural thermal model for
characterizing the thermal profile of the MIT RAW chip. Based on this
model, the authors also propose the so-called Thermal Herd mechanism
which dynamically predicts and regulates the network traffic, and uses a
proactive/reactive routing protocol (variable Rkl(t) in Equation (2.4))
to minimize the impact on performance.

Murali et al. [139] propose a convex optimization approach to
thermal-aware processor frequency assignment problem. Their app-
roach seeks to determine the operating frequencies of the processors
such that the performance (i.e., total amount of instructions that
can be executed in a certain time interval) is maximized and the
temperature and power budget constraints are met.

2.4 Implementation Issues

2.4.1 Prototypes

To close the topology synthesis loop, an NoC design has to be imple-
mented and accurately evaluated via prototyping. Several NoC imple-
mentation prototypes have been presented in both academia [83, 116,
198] and industry [161, 201]. For instance, Guerrier and Greiner [83]
present an architectural study of on-chip interconnect networks arguing
why bus-based designs are not a viable solution for future computa-
tional platforms.

In [116], Lee et al. present a comprehensive evaluation (in terms
of performance area and energy consumption) of three communication
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architectures (i.e., bus-based, Point-to-Point (P2P), and NoC commu-
nication architectures) targeting multimedia applications (i.e., MPEG-
2 encoder). Direct measurements obtained from a Field Programmable
Gate Array (FPGA) implementation of the three communication
architectures show that the NoC performs better in terms of area,
performance, and energy consumption.

Along the same lines, Angiolini et al. [11] compare a traditional
multi-layer bus-based design (i.e., advanced microcontroller bus archi-
tecture (AMBA)) with an NoC architecture (i.e., xpipes [101]) and
show that the NoC approach has higher processing speed and is more
scalable.

Gratz et al. [79] present the design, implementation, and evaluation
of a 4 × 10 2D mesh on-chip network with four VCs which provides low
latencies between I/O units, L2 caches, and TRIPS processors.

To solve the wire-delay problem, Taylor et al. [198] propose the
RAW microprocessor architecture which uses a scalable Instruction
Set Architecture (ISA) and provides a software interface to on-chip
resources.

A 32-port on-chip network implemented in 130 nm process and using
a credit-based flow control is presented in [2]. Along the same lines,
Bartic et al. [19] describe the implementation of a flexible FPGA-based
NoC which allows to dynamically change the packet routing. In [122],
Liang et al. present an adaptive SoC which supports software for appli-
cation mapping and compile-time scheduled communication.

Lee et al. [117] present a hierarchical star-connected on-chip net-
work supporting 11.2 GB/s bandwidth, operating at 1.66 GHz and
implemented in 180 nm process.

To offer higher performance and lower energy consumption, Ogras
and Marculescu [147] investigate the impact of adding long-range links
to a 2D mesh NoC on an FPGA prototype. To avoid livelocks and dead-
locks due to link insertions, a static routing strategy is implemented
via lookup tables. The FPGA prototype shows that a 4 × 4 mesh NoC
with four long-range links has higher throughput and shorter average
packet latency when compared with a simple 4 × 4 mesh NoC.

More recently, Intel presented an 80-tile 2D mesochronous NoC
implemented in 65 nm process, operating at 4 GHz and providing a
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256 GB/s bisection bandwidth [201]. Targeting a 16 GFLOPS perfor-
mance for LAPACK algorithms, each PE consists of two blocks of a
9-stage pipelined single precision Floating Point Multiply Accumulator
(FPMAC), a 3 KB single cycle instruction memory, and 2 KB local
data memory. Each PE is connected to a 5-port wormhole switched
router with mesochronous interfaces and round robin arbitration logic.
To save power, each tile is partitioned into 21 sleep regions and each
router is powered down when the network traffic allows it. The 80-core
NoC architecture achieves a peak performance of 1TFLOP at 1 V
supply voltage.

Kim et al. [105] address both architectural and circuit-level tech-
niques for NoC implementation. Their analysis of the NoC topology
confirms the arguments set forth in Equation (2.3). More precisely,
for localized traffic, the energy consumption and area of mesh NoCs
is larger than for customized hierarchical NoCs. This fact was also
exploited in [147]. Concerning the circuit level techniques, the authors
discuss the On-chip Serialization and De-serialization (SERDES)
mechanism which reduces the link width and several low power
strategies (i.e., low voltage swing interconnects, partial activation
mechanism for crossbar switches).

Along the same lines, Shacham et al. [177] discussed the possibility
of designing hybrid NoCs which combines the photonic link transmis-
sion with an electronic control layer.

While considering the topology synthesis together with floorplan-
ning and prototyping offers the possibility of evaluating the power-
performance characteristics, it is also important to test and verify the
designed NoCs to ensure the targeted functionality. Several built-in
NoC self-testing mechanisms have been proposed in the literature
[6, 9, 28, 80, 160]. More precisely, Ahn and Kang [6] present a
test scheduling algorithm which generates the test packet routing
and test pattern generation with multiple test clocks for minimizing
test time.

In [9], Amory et al. describe a test strategy for the control logic of
routers and input FIFOs. To test the interconnected routers, a series of
test vectors are applied from a single pin in the network interface and
broadcasted to all routers. Next, a comparator block checks the test
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responses of the routers and identifies a defective router by recording
iteratively the output of each router. Finally, an IEEE 1500 compliant
wrapper is used to explore the whole NoC and to provide same test
stimuli for all routers. Along the same lines, Grecu et al. [80] propose
a test strategy of the routers and FIFO buffers.

Petersen and Oberg [160] present a Built in Self Test (BIST) mech-
anism for the 2D mesh NoC switches and links at a maximum of few
thousand clock cycles. The proposed test method detects and localizes
the faults. Later on, this information is used to reconfigure the NoC
architecture.

Regarding NoC verification, Goossens et al. [77] propose to monitor
the NoC traffic based on the information about the communication
requirements of the application. In [153], Ost et al. present the MAIA
framework which verifies the NoC design for certain traffic patterns
and load conditions. Focusing on NoC verification as well, Borrione [39]
propose an ACL2 theorem prover which verifies whether the design
specifications are met by the NoC design starting from a LISP
description of the implementation. Finally, Salaun et al. [174] describe
a model checking inspired verification methodology for asynchronous
architectures.

2.4.2 Tools

To asses and evaluate the performance of NoC architectures several
Computer-Aided Design (CAD) tools and design flows have been
proposed by both academia [25, 52, 143, 144, 208] and industry
[12, 100, 187].

One quick solution for architectural exploration and evaluating its
critical performance metrics (e.g., average packet latency, throughput)
is to rely on producer–communication–consumer abstraction models
and build flit-accurate NoC simulators. Several simulation based archi-
tectural explorations are presented in [111, 154, 155, 205].

Among the proposed NoC simulators, Wormsim [208] offers the pos-
sibility of simulating a wide range of NoC architectures (i.e., mesh
and torus topologies, deterministic and adaptive routing algorithms)
for specific design parameters (e.g., channel buffer size, routing engine
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delay, crossbar arbitration delay, etc.). It also supports both synthetic
traffic models (e.g., uniform, hotspot, transpose) and input-trace based
models of specific applications.

Targeting a simulation environment for NoCs, Nostrum [144]
provides a SystemC implementation of various layers (e.g., physical,
data link, network, transport, and application). The simulator allows
to adjust the size of the topology (i.e., mesh, torus, ring, tree), choose
the flow control scheme and routing protocol, and set the network traf-
fic. The performance of a given design is reported in terms of average
packet latency and network throughput.

Along the same lines, Nirgam [143] is a discrete event cycle accurate
simulator implemented in SystemC which allows to investigate the
impact of various design parameters (e.g., topology, buffer parame-
ters, virtual channels, switching techniques, clock frequency, routing
algorithms) on network design. In addition to these features, the
designer can investigate the performance (i.e., average packet latency,
average flit latency, average throughput for each channel) of various
applications with synthetic traffic models (e.g., constant bit rate,
bursty, input trace based).

Targeting primarly the communication infrastructure synthesis,
COSI offers the possibility of constructing a network from a library
of building blocks with specific communication protocols and compar-
ing their performance [52, 163]. The main feature of COSI is that
it allows to synthesize a general communication infrastructure based
on the available library elements and their associated performance
metrics.

The NetChip tool [25] offers the possibility of designing an NoC
architecture by first evaluating the performance metrics for each topol-
ogy in the library and then by generating SystemC simulations.

Analytical power/energy models, as well as, simulation environ-
ments for on-chip networks have been proposed in [17, 46, 48, 66,
152, 159, 179]. For instance, Orion is a dynamic power simulator
which allows to obtain on-chip network power estimates for 70, 50,
and 35 nm technologies based on switching energy model [152]. The
Orion methodology consists of dividing the entire power estimation
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function into atomic components (e.g., an atomic component contains
the gate ends of NMOS and PMOS transistors of an inverter together
with their drain ends), estimating the equivalent capacitances of each
atomic component, identifying the on-chip network operations and
estimating the switching activity based on information about these
operations.

SonicsSX Smart Interconnect also offers NoC design capabilities
[187]. Targeting high quality and increased video processing SonicsSX
supports 2D data transactions and data busses of up to 256 bits wide.
This solution is based on interleaved multichannel technology (IMT)
allowing multi DRAM channel access and a peak interconnect perfor-
mance of up to 16 GB per second for each port. In addition to these
features, the tool offers also the possibility of desinging Globaly Asyn-
chronous Locally Synchronous (GALS) on-chip networks which can
provide low power and high performance solutions.

Focusing on compatibility issues of the communication standards
for NoCs, Arteris solution [12] simplifies the well-known Open System
Interconnection (OSI) model to only three network layers: transaction,
transport, and physical. The transaction layer connects each IP in the
set SP to the network via a Network Interface Unit (NIU). The trans-
port layer defines the packet format and priority (depending on targeted
QoS), the routing function R and the switching technique Sw. The
physical layer focuses on implementation issues like raw bandwidth,
matching clocks, off-chip communication, etc.

Starting from a high level description of the application and
architecture domains, the iNoCs tool [100] generates a set of possible
solutions depending on the chosen cost function (e.g., low power, higher
performance, small area, etc.). The tool instatiate an on-chip network
consisting of IP cores, switches, and network interfaces for various com-
munication protocols, links, and frequency adapters. The adapters are
meant to support multi-clock and GALS approaches which can lower
the energy consumption.

As a final remark, one key issue for future CAD tools is to address
the NoC design problem in all generality. For instance, the opti-
mal topology synthesis cannot be done without floorplanning and
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application mapping information. At the same time, routing and
scheduling cannot be addressed without considering traffic patterns,
power or energy consumption, reliability issues, etc. One step toward
incorporating the network traffic into the NoC design flow is discussed
via the probabilistic framework in Section 3.



3
Stochastic Perspective

3.1 Representation

Generally speaking, deterministic approaches suffer from the fact
that they typically rely on worst-case type of information about the
application and its behavior, while neglecting various fluctuations in
the system that can occur due to changes in workload, parameter
variation, or malfunctioning of hardware components. This lack of gen-
erality in capturing the information about the operating environment
typically results in underestimating or overestimating the expected val-
ues of performance and energy metrics, and thus increased costs and
wasted resources. For instance, a packet flow in the network and its
latency along a certain path cannot be viewed as being independent
of other flows since packet flows do interact causing congestion at high
packet injection rates. On the other hand, in order to guarantee a cer-
tain performance level, the network design problem should consider
evaluating and satisfying certain QoS metrics like average packet delay,
maximum source-to-destination packet delay, packet loss rate, etc. The
major difficulty in doing so is that the network traffic cannot be char-
acterized via individual source models, but instead should reflect some

414
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variability rooted in the complex interactions among various network
components.

As expected, complete information about the application and/or
architecture cannot be provided at design time. To cope with the
lack of information in NoC design, the variables used in Section 2
to describe the application, architecture, performance, and various
power/energy metrics need to be replaced by probability distributions
and their corresponding moments (e.g., mean, variance). Under such
a major paradigm shift, most modeling and evaluation methodolo-
gies proposed to date resort to Markovian models [128] which assume
that the next state of the system can be predicted based on the cur-
rent state or a few states preceding it. Since its inception, this theory
became very popular and led to the prominence of Markov and queue-
ing approaches as de facto tools in telecommunications and computer
engineering [34, 171]. For instance, early efforts in estimating the aver-
age packet delay view the entire network as a collection of M/M/1
queues (see Figure 3.1) [89, 110]. The M/M/1 model is based on the
assumption of Poisson-distributed packet arrival times and exponential
distribution of packet lengths; this was meant to account for queueing
and transmission delays.

There are two main problems with this approach. First, the arrival
times are not exponentially distributed for many practical applications.
Second, often times, the resulting Markov chains explode in the num-
ber of states needed to accurately estimate the stationary distribu-
tion of a given network. Nevertheless, stochastic approaches represent
an improvement over the deterministic ones as they offer more realis-
tic optimization techniques. Let us see how such a formalism can be
constructed by giving first the definition of a probability distribution
function PZ(z).

Definition 3.1. A probability distribution PZ : Q → [0,1] is a function
defined over a finite set of states Q with values in the [0,1] interval which
satisfies the following relation:∫

q∈Q
PZ (z)dz = 1. (3.1)
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Fig. 3.1 Stochastic perspective: (a) Andrey Markov developed the Markov chain theory.
(b) A single queue and a network of queues. The single queue formalism shows that jobs
arrive with rate λ and stay in the queue until they are serviced with rate µ. The order in
which queued jobs are served define the queueing discipline (e.g., First Come First Served
(FCFS), priority based job selection, random job selection, etc.). The load ρ of the queues
is assumed to be smaller than 1 to avoid congestion. The queueing network generalizes the
concept of a single queue by encapsulating the relationship among multiple queues (i.e., the
jobs serviced at queue 1 are distributed based on their priority to three different queues for
further processing).

We go now into more details and provide next a formal definition of
the application characterization graph under the Markovian assump-
tion (i.e., exponential type distributions).

Definition 3.2. A probabilistic application characterization graph
(PACG), App = App(VApp,EApp,PQ,Pλ,Pµ,Pε,Pd), is a directed graph,
where

• VApp is the set of vertices (i.e., each vertex vi ∈ VApp denotes
a computational module of the application referred to as a
computational task);

• EApp ⊂ VApp × VApp is the set of edges (i.e., each directed
arc eij ∈ EApp represents the communication from vertex vi

to vertex vj)
— each arc eij ∈ EApp is tagged with application-specific

information (e.g., probability distribution of the
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packet communication volume commvol (eij) flowing
from source vi to destination vj), and specific design
constraints (e.g., utilization parameter of an arc
ρ(eij), first and second moment of the latency require-
ments lat (eij));

• PQ : VApp × VApp × EApp × PZ(VApp) × PZ(EApp) × R+ →
[0,1] is a time dependent probability which activates (or
characterizes) each transition in the PACG;

• Pλ and Pµ are the probability distributions associated to the
packet generation (λ) and consumption (µ) at each vertex
vi ∈ VApp;

• Pε is the probability distribution of the execution or compu-
tation time (ε) at vertex vi ∈ VApp;

• Pd(vi) represents probability distribution function of the
deadlines (d) for each vertex vi ∈ VApp as shown in Figure 3.2.

Similarly, a probabilistic description of the NoC architecture is as
follows:

Definition 3.3. The NoC architecture is defined by the tuple Arch =
Arch(T (U,F ),Ω,SP ,Pr,Pch,Pst,Pfreq), where the components have the
following semantics:

• The network topology is viewed as a labeled graph T (U,F ),
where the routers and channels in the network are given by
the sets U and F , respectively, as follows:

— ∀chij ∈ F , w(chij) gives the channel bandwidth;

— ∀ri ∈ U , l(ri, chij) gives the buffer size (depth) of
channel chij located at router ri;

— Pos(ri) gives the xy coordinates of the router ri;

— Pr(ri) is the probability of failure of router ri;

— Pch(ri, chij) is the probability of successful transmis-
sion of a packet routed at ri via channel chij ;

— Pst(ri) gives the distribution of the packet service
time (st) at the router ri;



418 Stochastic Perspective

Fig. 3.2 A probabilistic perspective to NoC design: Both application and architecture
parameters are modeled via a graph where vertices and arcs are characterized by random
variables tipically assumed to exhibit short-range dependence. For instance, ε(v1) and d(v1)
denotes the random variables associated with the execution time and dealine of task v1.

• SP represents the set of Processing Elements (PEs);

— the clock frequency (freq) of each pk ∈ SP is
characterized by a probability density function
Pfreq(freq |pk);

• Ω : SP × U → {0,1} is a function that maps a PE pk ∈ SP to
a router ri ∈ U (i.e., Ω(pk, ri) = 1).

For clarity purposes, we also provide the definition of the commu-
nication pradigm:

Definition 3.4. The communication paradigm is represented as

�{R(vk, ri, chij , rsrc,psrc, rdst,pdst,ρ(t)),Sw}
vk ∈ VApp, ri, rsrc, rdst ∈ U, chij ∈ F, psrc,pdst ∈ SP , (3.2)
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where

• R(vk, ri, chij , rsrc,psrc, rdst,pdst,ρ(t)) is the routing policy1 at
router ri for a packet generated during the execution of task
vk. The task vk is mapped on PE psrc which is connected
to router rsrc. The packet is intended for a destination pdst

which is mapped to router rdst.

— ρ(t): F × t → [0,1] denotes the utilization of channels
connected to the neighboring routers at time t;

• Sw specifies the chosen packet switching technique (i.e., a
protocol to forward the flit through the channel chij ∈ F of
router ri ∈ U toward the router rj ∈ U).

Similarly to the deterministic case, static routing does not require
the utilization information, while adaptive routing checks the conges-
tion of the immediate routers and picks the ones having the small-
est utilization ρ(t) at time t. To provide fault-tolerant communication
between source–destination pairs, various routing algorithms consider
also the state of the routers and links across the network. For instance,
the stochastic communication protocol in [31, 65] chooses to forward
the incoming packet to several neighbors to overcome the possibility of
link or node failures.

3.2 Problem Formulation

The stochastic formulation of the network design problem is as follows:

min O(Arch(T (U,F ),Ω,SP ,Pr,Pch,Pst,Pfreq),M,S,R)

s.t. for a given application App(VApp,EApp,PQ,Pλ,Pµ,Pε,Pd)

and architecture Arch(T (U,F ),Ω,SP ,Pr,Pch,Pst,Pfreq)

gk(App,Arch,M,S,R,t) ≤ hk, k = 1, . . . ,N (3.3)

1 In the stochastc case, the routing function is defined as R : App × Arch × Arch × Arch ×
Arch × Arch × Arch × [0,1] × t → {0,1} × t and considers the probability distributions
associated with the correct functionality of routers and channels when determining the
output channel chij at router ri. However, in Equation (3.9), we use a shorter form of the
routing function which gives the set of paths between a source destination pair.
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where the gk functions depend on random variables characterizing the
application and architecture, and hk are the constraints that need to
be satisfied. In other words, the goal here is to determine a certain
NoC architecture (i.e., specific topology, channel bandwidth, buffer
sizes, etc.), a mapping, scheduling and/or a routing function such that
the constraints, which can represent performance (e.g., bandwidth,
throughput, node-to-node latency, chip area), power/energy consump-
tion, and/or reliability metrics, are satisfied.

The main distinction between the deterministic formulation
in Equation (2.2) and the current stochastic framework is that
now we have to deal with uncertainty about the application
and/or architecture, typically captured via exponential type dis-
tributions. For instance, the transition probability from state ξn

(e.g., Read) to a state ξm (e.g., Produce) from space Q (e.g., Q =
{Produce,Wait to write,Read, . . .} can be written as Pr{S(t + δt) =
ξm|S(t) = ξn} = 1 − e−λ(ξn→ξm)δt, where λ(ξn → ξm) is the correspond-
ing rate. This type of transition rates can be used to build a generator
matrix W for the entire system, and, if the associated Markov chain is
ergodic, then the performance of any design can be evaluated at equi-
librium by solving the matrix equation Wπ = π (see the discrete time
Markov chain chapter in [34]). Indeed, solving this equation gives the
steady-state probability distribution π which can be further used to
evaluate concrete metrics (e.g., resource utilization, power consump-
tion, etc.) on system behavior.

3.2.1 Topology Synthesis, Mapping and Scheduling
Problems

To be more precise, let us formulate the topology synthesis, mapping
and scheduling problems assuming that we know the application
characterization graph and PEs communicate via a shortest path rout-
ing protocol. More precisely, given the maximum number of PEs, the
goal of topology synthesis and mapping problems is to determine the
number of links and routers, and the configurations in which these
links connect the routers such that the application performance is
maximized and/or energy consumption is minimized. Due to practical
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considerations driven by technology, we are limited in the maximum
number of PEs (NPE) that can be used.

We denote by Ψ = {Ψj(Sj
P )|1 ≤ j ≤ card(Ψ), card(Sj

P ) ≤ NPE} the
set of processing elements (see Figure 3.3). We also build a set of
graphs Π = {T j(U j ,F j)|1 ≤ j ≤ card(Π)} depicting all possible topo-
logical configurations of routers and links. Similarly, we denote by
Φ = {Appj(V j

App,E
j
App)|1 ≤ j ≤ card(Φ)} the set of graphs consisting

of all possible application task graphs obtained by clustering and/or
partitioning.

Next, we define the probability Xijklmnτ (t) ∈ [0,1] of mapping the
task vi ∈ V j

App from configuration Φj , on PE pk ∈ Sl
P from set Ψl which

is attached to router rm ∈ Un from topological configuration Πn and
scheduled to start its execution at time t as shown in Figure 3.3. The
problem can be formulated as follows:

min cT
1 · PET + cT

2 · IPCT + cT
3 · PEC + cT

4 · CEC + LC

s.t. for a given set of application configurations Φ(t)

available sets of processors Ψ(t) and topologies Π(t)

P{(PET + IPCT ) > lat0} ≤ ζ, ζ > 0 (infinitesimally small)

P{∑card(SDn)
w=1 fw|cho1o2

> bo1o2} ≤ ζ, ζ > 0, ∀cho1o2 ∈ Fn,

o1,o2 = 1, . . . card(Un), n = 1, . . . , card(Π)

E[ε(vi1)|Xi1jklmnτ ] + Var[ε(vi1)|Xi1jklmnτ ] + E[τstart(vi1)|Xi1jklmnτ ]

≤ E[τstart(vi2)|Xi2jklmnτ ], if Xi1jklmnτ ,Xi2jklmnτ > 0

E[τstart(vi1)|Xi1jklmnτ ] + lati1i2 + E[ε(vi1)|Xi1jk1lm1nτ ]

+Var[ε(vi1)|Xi1jk1lm1nτ ] ≤ E[τstart(vi2)|Xi1jk1lm1nτ ,Xi2jk2lm2nτ ],

if Xi1jk1lm1nτ ,Xi2jk2lm2nτ > 0 ∀i1, i2 ∈ Φj , i1 
= i2, (3.4)

where cT
1 , cT

2 , cT
3 , cT

4 are normalized cost functions (vectors) depend-
ing on probabilities Xijklmnτ (t), PET denotes the processor execution
time (see also Equation (3.5)), IPCT represents the inter-processor
communication time (Equation (3.6)), PEC defines the processor
energy consumption (Equation (3.11)), CEC is the communication
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Fig. 3.3 The stochastic approach models the NoC traffic as a network of queues and replaces
the deterministic binary variables (e.g., Xv5j2p3l1r3n1τ (t) ∈ {0,1}) with probability vari-
ables (e.g., Xv5j2p3l1r3n1τ (t) ∈ [0,1]). The optimum NoC design corresponds to the highest
Xijklmnτ (t) ∈ [0,1] probability.

energy consumption (Equation (3.12)) and LC is the link capacity
(Equation (3.13)) assignment supporting the inter-processor traffic. We
discuss next the semantics of variables, parameters, and constraints
appearing in the optimization problem in Equation (3.4). Note that
SDn in the second constraint denotes the set of all source–destination
pairs for the Πn topology.

The vector of Processor Execution Time (PET) can be written as
follows:

PET =




· · ·
∑card(V j

App)
i=1

∫ εmax
0 ε(vi)Pε (ε(vi), t)Xijklmnτ (t)dε

· · ·


 , (3.5)
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with ε(vi) being the random variable associated to the execution-time
of task vi ∈ V j

App from graph Φj which runs on PE pk ∈ Sl
P from set Ψl

based on a time-dependent probability Pε(ε(vi), t).
The vector of Inter-Processor Communication Time (IPCT) is

given by

IPCT =




· · ·
∑card(V j

App)
i1,i2=1
i1 �=i2

E[zei1i2
|Ψj(Sj

P ),Πn=T n(U,F )]·lati1i2
TCV

· · ·


 , (3.6)

where the average communication volume for a given edge ei1i2 in the
application task graph Φj(V j

App,E
j
App) is as follows:

E[zei1i2
|Ψj(Sj

P ),Πn = Tn(U,F )]

=
∫ ∞

0
dξ

∫ zmax

0
dzei1i2

zei1i2
PZ(zei1i2

, ξ)Xi1jk1lm1nτ (ξ),Xi2jk2lm2nτ (ξ),

(3.7)

and zei1i2
is a random variable associated to the communication volume

between tasks vi1 and vi2 from configuration Φj(V j
App,E

j
App) which are

mapped on processors pk1 ,pk2 ∈ Sl
P from the set Ψl assigned to routers

rm1 , rm2 ∈ Un from set Πn, TCV denotes the total communication vol-
ume and is given by

TCV =
card(V j

App)∑
i1,i2=1
i1 �=i2

E[zei1i2
|Ψj(Sj

P ),Πn = Tn(U,F )], (3.8)

and lati1i2 is the communication latency (i.e., the amount of time from
the moment when a packet is generated at the source, until the last
flit of the packet reaches the final destination) between two mapped
and scheduled tasks vi1 and vi2 from configuration Φj(V j

App,E
j
App). The

latency lati1i2 , derived under the M/G/1 assumptions and a First Come
First Served (FCFS) policy at the router level, is given by

lati1i2 = E[ms|Xi1jk1lm1nτ (t)] − 1

+
card(R(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)))∑

o1,o2=1

(Wo1o2 + E[st]), (3.9)
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where ms is a random variable associated with the size of the message
generated due to task vi1 at source pk1 , Wo1o2 is the average waiting
time for messages traversing channel cho1o2 ∈ Fn from the set of paths
returned by the routing function R(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)). Note
that, for the sake of simplicity, we use a shorter notation for the routing
function R(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)) which gives the set of paths
between a source Xi1jk1lm1nτ (t) and a destination Xi2jk2lm2nτ (t). For
the M/G/1 model, the average waiting time is given by the following
formula:

Wo1o2 =
E[λo1o2 |Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)] · (E[st]2 + V ar(st)2)

2 · (1 − E[λo1o2 |Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t)]E[st])
,

(3.10)

where λo1o2 is the random variable associated to the arrival process at
channel cho1o2 ∈ Fn, st is the service time random variable (E[st] and
Var(st) are the average and variance of the service time, respectively).

The PEC cost is also expressed as a vector, where each element rep-
resents the processor energy consumption of each mapped application
graph on a set of PEs and a topological configuration, as follows:

PEC =




· · ·
∑card(V j

App)
i=1

∫ εmax
0 E(vi)Xijklmnτ (ξ)dξ

· · ·


 , (3.11)

where E(vi) is the energy consumed for executing task vi from config-
uration Φj(V j

App,E
j
App) which is mapped on pk ∈ Sl

P from set Ψl.
Similarly, the CEC term from Equation (3.4) is formulated as a vec-

tor whose elements encapsulate the communication energy consump-
tion of a mapped application task graph (e.g., Φj(V j

App,E
j
App) onto a

set of PEs and a topological configuration:

CEC =


· · ·∑card(V j
App)

i1,i2=1
∫ zmax

0 zei1i2
PZ(zei1i2

)Ebit
ei1i2

Xi1jk1lm1nτXi2jk2lm2nτdzei1i2

· · ·


 ,

(3.12)
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where zei1i2
is a random variable associated to the communication

volume (characterized by a probability distribution PZ(zei1i2
)) between

tasks vi1 and vi2 from configuration Φj(V j
App,E

j
App) which are mapped

on processors pk1 ,pk2 ∈ Sl
P from set Ψl assigned to routers rm1 , rm2 ∈

Un from set Πn and Ebit
ei1i2

= E(Xi1jk1lm1nτ (t),Xi2jk2lm2nτ (t))is the
average energy consumption for sending one bit between vertices vi1

and vi2 .
Finally, the vector of link capacity assignment term can be written

as follows:

LC =




· · ·∑card(Un)
o1,o2=1 co1o2 · E[Yo1o2 − E[fo1o2 |Yo1o2 ]]

· · ·


 , (3.13)

where Yo1o2 is a random variable associated with the link capacity, fo1o2

represents the amount of data that link cho1o2 ∈ F has to sustain, and
co1o2 is a design cost (e.g., area) associated with the implementation of
a link of capacity Yo1o2 .

The first constraint in Equation (3.4) states that the probability
of having a total average execution time for the application (which
is approximated as the sum between the average processor execution
time and the average inter-processor execution time) to be larger than a
predefined value lat0 must not exceed a certain QoS parameter ζ, which
in general is chosen to be very small. For instance, if the designer targets
guaranteed service, then the value of ζ should be very small (e.g., 10−10

but this value should be carefully chosen as may impact the overall
runtime of the optimization problem in Equation (3.4)). Alternatively,
if a best effort service is targeted then a higher ζ value in the order of
10−3 can be chosen.

Similarly, the probability that the flow
∑card(SDn)

w=1 fw|cho1o2
for each

link cho1o2 to outrun a certain bandwidth bo1o2 must be under the limits
defined by the QoS parameter ζ.

The third and fourth constraints in Equation (3.4) ensure the valid-
ity of the mapped and scheduled application (i.e., whether or not
the data dependencies are satisfied to avoid resource conflicts). More
precisely, if the computational tasks vi1 and vi2 from configuration
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Φj(V j
App,E

j
App) are mapped on the same processor pk ∈ Sl

P from the set
Ψl (i.e., Xi1jklmnτ (t),Xi2jklmnτ (t) > 0) and vi2 is dependent on the com-
pletion of task vi1 (i.e., E[τstart(vi2)|Xi1jklmnτ ,Xi2jklmnτ ]), then the
stochastic program in Equation (3.4) must satisfy the following relation

E[ε(vi1)|Xi1jklmnτ (t)] + Var[ε(vi1)|Xi1jklmnτ (t)]

+E[τstart(vi1)|Xi1jklmnτ ] ≤ E[τstart(vi2)|Xi2jklmnτ ], (3.14)

which shows that the two computational tasks cannot be executed by
processor pk ∈ SP at the same time. The start time of task vi1 is given
by the following relation:

E[τstart(vi1)|Xi1jklmnτ ] =
∫ lat0

0
τstart(vi1)Pτ (τstart(vi1))Xi1jklmnτdτ.

(3.15)

The average and variance of the execution time of task vi1 are given
by the following expressions:

E[ε(vi1)|Xi1jklmnτ (t)]

=
∫ εmax

0
ε(vi1)Pε(ε(vi1), t)Xi1jklmnτ (t)dε

Var[ε(vi1)|Xi1jklmnτ (t)]

=
∫ εmax

0
(ε(vi1) − E[ε(vi1)])

2Pε(ε(vi1), t)Xi1jklmnτ (t)dε, (3.16)

while the expected start time of task vi2 is as follows:

E[τstart(vi2)|Xi2jklmnτ ] =
∫ lat0

0
τstart(vi2)Pτ (τstart(vi2))Xi2jklmnτdτ.

(3.17)

If the two computational tasks do not depend on each other, then a
specific scheduling policy (e.g., earliest deadline first, shortest job first,
etc.) can be enforced by the designer. However, in our mathematical
formulation, we have considered that each task comes with a specified
start time and consequently it has to satisfy this constraint.

Similarly, the fourth constraint in Equation (3.4) must be satisfied if
the computational tasks vi1 and vi2 from configuration Φj(V j

App,E
j
App)
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are mapped on two different processors pk1 ,pk2 ∈ Sl
P from set Ψl

assigned to routers rm1 , rm2 ∈ Un from set Πn and the task vi2 depends
on the completion of task vi1 , where lati1i2 is the average communica-
tion latency between the two mapped vertices of graph Φj(V j

App,E
j
App).

Most of the stochastic models used for performance evaluation rely
on Markovian assumptions and can be categorized in few classes of
mathematical tools like discrete or continuous Markov chains [130]
(including stochastic Petri nets (SPN), stochastic automata networks
(SAN)), queueing theory (e.g., queueing networks) [34, 171]. In the
next section, we review the main proposed approaches that employ the
above mentioned mathematical formalism.

3.3 Literature Survey

3.3.1 Communication Infrastructure

A fundamental problem in communication infrastructure synthesis
is finding the right buffer assignment that maximizes the perfor-
mance of the network and minimizes the power consumption. Con-
sequently, we describe next some work on performance modeling of
wormhole switching technique which lies at the basis of NoC design
[3, 5, 56].

Dally [56] considers the problem of constructing wire efficient net-
works by analyzing the impact of network dimension in k-ary n-cubes
interconnection architectures under the assumption of constant wire
bisection, wormhole switching, dimensional ordered routing scheme,
and fix channel delay. To derive the network throughput, the author
assumes that packets are injected from each node according to a Pois-
son distribution and follow a uniform traffic model. The main finding
of this analysis is that low dimensional networks (e.g., torus) with wide
communication channels offer higher performance when compared to
high dimensional networks with same bisection width.

In contrast, Agarwal investigate the network latency in k-ary
n-cubes interconnection architectures under wormhole switching tech-
nique, while taking into account both switch and wire delays [5].
Similarly to Equation (3.9), the latency is proportional with the size
of the packet and the delay encountered in traversing the intermediate
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nodes between a source and a destination. Note that the waiting time
in queues is modeled as an M/G/1 queueing system.

In [3], Adve and Vernon model a wormhole k-ary n-cube network
as a closed queueing system and use mean value analysis to determine
the average packet latency under deterministic routing and arbitrary
source–destination probability distributions. The major drawback of
this analysis is that it is applicable only to networks with infinite
buffers; this is unrealistic for NoCs where small buffers are desirable
due to tight area and power constraints.

One of the early work on performance analysis of wormhole switch-
ing technique in k-ary n-cubes networks is presented in [63]. The objec-
tive is to estimate the average packet latency and channel waiting time.
The authors assume that the packets in queues are served in a FCFS
manner. Similarly to Equation (3.9), the authors view the architec-
ture as a network of queues, where each channel is characterized by an
M/G/1 model.

Along the same line, Hu and Kleinrock [97] propose a finite size
buffer model for wormhole routing and deterministic deadlock free rout-
ing schemes in arbitrary topologies. The goal is to estimate the output
link contention delay and buffer queueing delay. To better characterize
the blocking situations due to finite size buffers and estimate the buffer
queueing delay, the authors characterize each buffer via an M/G/1/K

model with finite capacity (see Equation (3.10)). Besides the assump-
tion of a deadlock free routing, the authors also assume that the buffers
at destination are infinite and the arrival process and size distribution
of packets are Poisson distributed.

A performance model for wormhole switching technique in 2D torus
network, together with adaptive routing and finite size buffers, is pre-
sented in [51]. In that paper, the authors model each link as an M/G/1
queue with multiple classes of flow (described in [197]) and present a
closed form formula for quantifying the mean latency time.

Addressing the buffer sizing problem for NoCs, Hu et al. [96] present
an algorithm that allocates resources within a budget such that the
average packet latency (which can be obtained from Equation (3.6) by
assuming a mesh NoC architecture for an already mapped application)
is minimized for deterministic and oblivious routing approaches. The
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algorithm is based on the M/M/1/K model described in [89] and adds
more buffering resources only to the highly utilized channels. However,
this approach does not guarantee an optimal configuration with the
smallest average packet latency.

Along the same lines, an M/G/1/K approach (see [197] for math-
ematical details) is used in [148] to model the on-chip routers under
wormhole switching technique, deterministic routing with arbitrary
size messages and finite buffers. The authors provide a mathematical
framework for estimating the average packet latency, throughput,
utilization of buffers, and average latency per router under Markovian
assumptions.

Many applications, however, generate bursty traffic for which buffer
size is hard to be predicted; consequently, the problem of buffer sizing
requires more advanced models. Varatkar and Marculescu addressed
this problem by identifying self-similar effects in on-chip multimedia
traffic [202]. This means that simple models based on Poisson modeling
are inaccurate in this context. Consequently, the problem formulation
described in Equation (3.4) should be adapted to include some slack
variables to ensure that the deadlines are met and the network traffic
does not fall in the congestion regime. Moreover, the long-range depen-
dency makes the statistical analysis of communication traces impracti-
cal and unrealistic, as the widely used confidence interval method relies
on the assumption that the data is normally distributed; this is clearly
not always true. Motivated in part by these facts, the work in [188]
proposes an empirical model for capturing the spatiotemporal charac-
teristics of the network traffic. The authors show how their approach
can be used to generate synthetic traces, but no definite algorithm for
optimizing the architecture is discussed.

Regarding the link capacity allocation, Guz et al. [84] present an
algorithm for sizing the virtual channels in NoC under QoS constraints
and wormhole routing. Assuming a certain NoC topology, a static rout-
ing approach, fixed link capacities and communication requirements,
their first analytical step is to estimate source-to-destination delay
via an M/M/1 model. In contrast to Equation (3.4), where the inter-
processor communication is minimized such that the bandwidth con-
straints are satisfied, the next step in the algorithm is to reduce, via a
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greedy approach, the capacity of each link such that the total allocated
link capacity is minimized and the delay constraints are met. Due to
the nature of greedy searching, several optimal configurations can be
missed and the optimum solution cannot be guaranteed.

To leverage the level of network congestion (i.e., the head-of-line
blocking at router-level), Huang et al. [98] propose a queueing-based
algorithm for allocating the Virtual Channels (VCs). The authors
assume that the network topology (T (U,F )), the mapping (M) of a
PACG onto NoC architecture and the static routing (R) functions are
given and seek to find the number of VCs allocated to each link. To eval-
uate the level of congestion, a queueing network consisting of M/M/1
models is used. The proposed algorithm proceeds in a greedy fashion
by increasing the number of VCs for each link as long as the average
packet latency is minimized. Nevertheless, the proposed algorithm does
not guarantee the optimal VC allocation.

Along the same lines, Faruque and Henkel [72] propose a VC alloca-
tion algorithm based on Poisson traffic assumptions. The algorithm first
maps the ACG onto an NoC architecture via an ant colony optimization
approach. Based on the assumption that packet arrival follows a Pois-
son distribution, the next step is to estimate VC size for each output
port of a router. Again, the proposed approach does not guarantee the
optimality. The main drawback of the proposed methodology is that it
relies on Markovian assumptions for multimedia applications which, in
fact, is contradicted by the experimental results in [202].

3.3.2 Communication Paradigm

Addressing the problem of mapping and scheduling of new functionality
on distributed embedded systems, Pop et al. [164] propose a heuristic
consisting of two steps: First, the algorithm searches for a mapping
(i.e., the probability Xijklmnτ (t) is obtained via an iterative search)
with a valid schedule satisfying the prescribed hard deadlines. Second,
using simulated annealing (or an iterative approach) the algorithm
minimizes the objective function which consists of a weighted linear
combination of the available slack sizes and penalty for not meeting
the expected processor time and bus bandwidth. At the same time, the
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newly obtained mapping should not affect the already running appli-
cations. This approach is considered to be applicable to a design with
nonpreemptive static scheduling and a TDMA-based communication
scheme. Although the simulated annealing approach produces nearly
optimal results, it requires very large computational times which is not
realistic for design space exploration. The second approach, based on
an iterative heuristic, is faster at providing good results, but there is
no way to guarantee optimality.

To efficiently utilize the bandwidth offered by NoC architecture,
a predictive closed loop flow control mechanism is presented in [149].
Based on an ON/OFF traffic modeling of the sources (and in the spirit
of the second constraint in Equation (3.4)), the algorithm predicts
the possible congestion in the network and then controls the packet
injection rates at source-level such that a certain network throughput
is maintained. Note that the authors assume that the application is
mapped and the decision on flow-control is taken at runtime.

Concerning the thermal issues, Coskun et al. [55] propose two
heuristics for task scheduling onto MPSoCs while seeking to optimize
the thermal profile with minimal impact on performance. The first
approach schedules the incoming task to the coolest processor (Coolest)
or to the processors that have idle neighbors (Coolest-FLP). The second
approach (Adaptive-Random) updates continuously the probabilities of
sending the workload to the processors at each time step based on the
temperature history analysis. The processor probabilities of receiving
new tasks are incremented or decremented based on whether or not
their temperature exceeds the prescribed threshold. More precisely, the
processors for which temperature exceeds a certain threshold have zero
probability of receiving new tasks. The amount by which the proba-
bility is increased is inversely proportional with the average tempera-
ture below the threshold. However, this does not guarantee an optimal
schedule.

To overcome the problem of transient link failures, Manolache
et al. [125] propose a heuristic strategy that statically assigns multiple
copies of each message to be sent on the network links. The core of the
heuristic is based on the message arrival probability which is defined
as the expected fraction of successfully transmitted messages for a pair
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of communicating tasks. The algorithm identifies for each pair of com-
municating tasks a set of candidate communication supports (i.e., sets
of consecutive links between the source and the destination) such that
a lower bound on the message arrival probability is satisfied. Among
all the candidate communication supports, the algorithm chooses the
one that offers the minimum response time; this is similar to the first
constraint in Equation (3.4). If no solution is found, then the algo-
rithm terminates with an error message stating that the application
cannot be scheduled. This approach can be improved if the formalism
described in Equation (3.4) is used for scheduling the application onto
a reconfigurable architecture.

The process of shrinking transistor sizes, reducing the interconnect
features and increasing the operating frequencies of CMOS circuits
leads to higher soft-error rates [53, 185] and an increasing number
of timing violations [182]. Consequently, the design of a fault-tolerant
communication protocol is proposed in [31], where Bogdan et al. quan-
tify the efficiency of information spreading through the network via a
coverage metric. The approach is based on a probabilistic broadcasting
scheme where each node randomly sends the newly received packets
to its neighbors. A continuous-time Markov chain is used to model the
information diffusion over a mesh network, and based on a master equa-
tion, the authors propose a mean-field analysis describing the number of
nodes that receive the disseminated message (i.e., node coverage). How-
ever, besides node coverage, the NoC design and optimization requires
specific information about the number of communication rounds needed
for a message to propagate between a source–destination pair of nodes.
To address this issue, Bogdan et al. [33] estimate the hitting time for
the stochastic communication. The analysis is based on modeling the
process of information diffusion as a collection of branching random
walks. Of course, the number of random walks associated with packet
forwarding can increase or decrease at each node based on the link
successful transmission or the rate of nodes routing failure.

To sustain the network functionality and to lessen the impact of
faults on the running application, a probabilistic broadcasting scheme
as in [31, 65], together with a reconfigurable approach, is presented
in [166]. Puente et al. [166] propose the use of conventional hardware
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to dynamically detect errors in k-ary n-cube topologies. However, the
proposed approach suffer from the fact that packets that are in transit
through failing nodes are lost. Another drawback of this approach is
that it assumes that only permanent failures can affect the routers.
Obviously this is not always the case, since routers can also be affected
by transient errors. For instance, transient errors can happen during
an emergency state when routers try to communicate their state, thus
affecting the information about the network connectivity and resources.
Consequently, an optimal routing protocol should not only consider the
bandwidth and energy constraints as in Equation (3.4), but also con-
sider the signal-to-noise ratio induced by the physical substrate errors.

3.3.3 Power, Energy, and Thermal-based Optimization
and Management Issues

The work in [186] tackles the power management problem for NoCs and
proposes a stochastic control loop model which is meant to overcome
the inherent challenges of the network communication and reliability.
The authors build a queueing network model for the NoC architecture,
where each core is modeled as a renewal stochastic process. The length
of the idle time and the transition time between cores active, idle, and
sleep states are distributed according to a Pareto and a uniform distri-
bution, respectively, while the workload is modeled via an exponential
distribution. The stochastic control loop model consists of the NoC
architecture under investigation, the power controller and the estima-
tor. The role of the power controller is to set certain commands to the
core influencing its performance and energy consumption. The role of
the estimator is to observe the requests coming into the core queue from
network traffic and the state of the core. Based on this information, the
estimator computes the parameters of the power management policy.
To provide a fast closed-loop power management, the authors use the
Lagrangian theory to obtain the dual problem instead of solving the
LP formulation.

To estimate the energy consumption of a packet-switched NoC
architecture, Chan et al. [46] employ a linear regression method
to model the relationship between NoC communication events and
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energy consumption (obtained from a gate-level simulator). Conse-
quently, each variable corresponds to the energy consumption of an
NoC component (e.g., arbiter, crossbar). To estimate the energy con-
sumption of each component, a macro-model of the NoC components is
built based on the technology libraries and traffic patterns. Neverthe-
less, the macro-modeling is highly dependent on the considered traffic
paterns since they can exercise differently various circuit parts. For
instance, the estimated energy consumption values are highly affected
by the packet injection and consumption rates.

To address the problem of low energy hard real-time task scheduling,
Gruian [81] uses stochastic data to derive efficient voltage assignments.
The author assumes independent tasks running on a single processor
characterized by a variable speed which can be adjusted at run-time.
To obtain the voltage assignment for each task, the author uses the
probability distribution of the execution pattern for a given task. The
proposed offline task scheduling algorithm works iteratively on each
task and based on exact timing analysis, derives offline voltage scaling
factors. In contrast, the online approach uses the variations in the exe-
cution length of various tasks to stretch some of the tasks (i.e., when
there are no tasks in the queue, the executing tasks can be stretched
and run at a lower voltage until the arrival of a new task) and provide
lower energy consumption. Based on task priority, the online algorithm
distributes the available processor times resulted from the high prior-
ity tasks. A major drawback of the proposed approaches is that the
authors assume independent task sets.

To support the communication among multiple voltage-frequency
NoC islands, Ogras et al. [151] present a feedback-based control
methodology for controlling the speed of each domain in the presence
of parameter and workload variations and to reduce the communica-
tion energy consumption. A state-space model based on the utilization
of the inter-domain queues is built and analyzed to see whether all or
only a subset of queues can be controlled. Nevertheless, for any subset
of controllable queues, the proposed approach can control only well-
behaved workloads. As such, it is necessary to identify which subset of
controllable queues brings more benefits and also to dynamically switch
from one set of controllable queues to another in response to network
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traffic variation. To account for the speed at which each PE is running,
the probabilities Xijklmnτ (t) in Equation (3.4) have to be augmented
with indices representing the assigned supply and threshold voltages.
Then, the role of the controller is to find the voltages which ensure that
the utilization of the queues is within some margins.

One picture that clearly emerges from this analysis is that prob-
abilistic approaches can better describe the distributed computa-
tional processes mapped onto an NoC architecture. At the same time,
it is unlikely that with the increasing complexity of the emergent
applications the OS can easily cluster or partition and estimate their
timing constraints. Consequently, despite their inherent limitations
due to the Markovian assumption, stochastic approaches are more
promising for mapping and scheduling decisions. Moreover, with the
technology advances and novel devices at nanoscale, we can build
reconfigurable architectures with stochastically evolvable topologies
and routing protocols. To overcome the main limitations of Marko-
vian assumptions, we introduce next a statistical physics inspired traf-
fic analysis and review the major approaches proposed in the literature
concerning the complexity of networked architectures.



4
Statistical Physics Perspective

4.1 Representation

In general, given an arbitrary network topology, the routing function
between any source–destination pair, and the maximum available buffer
space, predicting the point of maximum information transfer and/or
the point of network congestion is a difficult problem. This is mainly
because the network behavior under various traffic conditions follows
a nonequilibrium process. Consequently, it is hard to suggest how to
design the network such that congestion is avoided.

Statistical physics can help us describe any network through a wave-
function. However, this is not an easy task since it needs to solve the
Schrodinger equation [40, 129]. However, an important observation can
be made: due to the inherent uncertainty in the system behavior, one
cannot completely know the network wave function as a function of
time and thus, need to consider many possible network configurations.
Statistical physics and information theory can help us find these time-
dependent wave functions and the most likely network states that can
be further used as a foundation for network optimization.
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Fig. 4.1 Statistical physics perspective: (a) Max Planck put forth the revolutionary hypoth-
esis that electromagnetic energy is emitted in a quantized form E = hν and solved the
black-body radiation problem. (b) A black-body is an ideal system that absorbs incident
electromagnetic radiation. The black-body system is considered isolated and thus has a
definite energy. Planck postulated that photons absorbed at one frequency may be emitted
at another frequency, but in different numbers and at nonzero temperature.

The main difference between the statistical physics framework and
the previously discussed stochastic approaches is that the first one does
not make any Markovian assumption about the dynamical processes
involved in network behavior; instead, it tries to model the interac-
tions among various components, while taking into consideration the
long-term memory effects (see Figure 4.1). Nevertheless, the statistical
physics and information theory inspired approaches to network opti-
mization are still in their infancy. Thus, we limit ourselves to describe
next some of the statistical physics inspired approaches proposed to
date, hoping that this will stimulate more research in future years.

4.2 Literature Survey

Traditional queueing or Markov approaches used for modeling and ana-
lyzing the network performance are primarily based on Poisson traffic.
While being attractive for its analytical tractability in terms of closed
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form performance metrics (e.g., mean and variance of queue length,
waiting time, length of busy/idle periods, packet loss, etc.), the Pois-
son traffic model fails to capture some important network characteris-
tics like self-similarity or long-range dependence [158]. In fact, it has
been shown that transport in many complex systems (e.g., Internet,
biological networks, etc.) can be defined as a stochastic process whose
auto-correlation function decays as a power law [124, 168]. This phe-
nomenon is called long-range dependence.

Simply speaking, the main difficulty entailed by the ubiquity of
long-range memory properties is that their autocorrelation function
decays much slower than the exponential Poisson decay. For instance,
the network measurements done at Bellcore on Internet traffic exhibit
self-similarity characteristics [158]. Similar conclusions were reached by
analyzing the bursty traffic between on-chip modules in an MPEG-2
video application [202]. In conclusion, the network traffic characteristics
(and in particular, self-similarity) are crucial for performance analysis,
as increased burstiness is conducive to inefficient resource utilization.
Besides performance, various QoS parameters, such as available band-
width, average packet latency, packet loss probability, can be highly
affected too. To overcome these difficulties, any performance analysis
or buffer assignment algorithm needs to account for network traffic
characteristics.

Along these lines, Bogdan and Marculescu [32] propose a paradigm
shift in NoC design based on the analogy between the network and
thermodynamic gas behaviors. This becomes possible based on the
observation that each buffer of the NoC, at any point in time, can
be characterized by a particular energy level. More precisely, the main
idea is that packets in the network move from one node to another in a
manner that is similar to particles moving in a Bose gas and migrating
between various energy levels as a result of temperature variations. The
approach in [32] models the buffers in the NoC architecture as com-
petitive systems and constructs a Virtual Random Growing Network
(VRGN) corresponding to the information flow through the network.
More precisely, each node in the VRGN corresponds to a buffer in the
NoC architecture. The application mapped onto the NoC architectures
dictates not only the network traffic, but also the IN and OUT degree
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of each node in the VRGN. Based on the fitness model proposed in [29],
Bogdan and Marculescu assign two energy levels corresponding to the
incoming and outgoing packets at each node in the VRGN.

To make things clearer, a schematic representation of the VRGN
evolution is given in Figure 4.2. The packets in the real NoC correspond

Fig. 4.2 (a) NoC architecture seen as a thermodynamic gas where a Virtual Growing Ran-
dom Network (VRGN) is used to model the information flow through the network and the
competitivity among packets for buffer resources. (b) Snapshot of the VRGN at time t and
the corresponding IN and OUT energy levels. (c) The state of the VRGN at time t + δt
when a packet is routed from node 7 to node 8 increasing the OUT and IN degree of nodes
7 and 8, respectively. (Figure taken from Bogdan and Marculescu [32].)
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to particles on various energy levels in a thermodynamic system. The
configuration of various energy levels shown in Figure 4.2(b) gives a
snapshot of VRGN state. The numbers on the directed links of the left
most graphs indicate the number of packets exchanged between those
nodes. For example, in Figure 4.2(b), the IN and OUT degree of node 7
is 3 and 1, respectively. Within the infinitesimal time interval (t, t + δt),
node 7 may send one packet to node 8 (i.e., discovering this node) and
thus increasing its OUT degree. This is illustrated in Figure 4.2(c) by
a change in the energy level of E7.

Buffers in real NoCs are finite and therefore packet interaction
causes congestion. As such, besides the growing process mentioned ear-
lier, a link rewiring process takes place in the VRGN. The main claim
in [32] is that the NoC traffic follows mixed statistics, i.e., Bose–Einstein
(BE) statistics for the growing process before criticality, and Fermi-
Dirac (FD) statistics for the reverse process. In terms of quantum-
like behavior, in the bosonic phase each energy level can accommodate
infinitely many particles, while during the fermionic phase each energy
level is constrained. The analysis shows that the buffer occupancy fol-
lows a power law distribution.

Recently, Cohen et al. [50] propose a statistical approach to the
traffic load distribution which determines how much capacity provision-
ing is required to accommodate 90% of the traffic patterns. The main
assumption is that the traffic load distributions can be approximated
by Gauss distributions. However, the proposed approach requires to
first estimate the traffic load distributions; this is a difficult task, given
the complex behavior exhibited by network traffic.

Along these lines and in contrast to the topology synthesis solu-
tions discussed in Section 2.3.1.1, Teuscher proposes a randomized
heuristic for constructing a nature-inspired 3D network topology with
bounded connectivity for each node; this approach should benefit from
the emerging self-assembling molecular electronics [199]. The approach
starts from the Watts–Strogatz model of small-worlds [207] and varies a
set of parameters (e.g., connectivity, number of switches, distribution of
long versus short-range connections, etc.) such that the communication
characteristics are optimized and robustness against link and/or node
failures is ensured. Although the proposed approach can provide
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insights into designing cheaper self-assembling and low energy con-
sumption NoC architectures, it must rely on specific mapping and
scheduling strategies, as well as a fault-tolerant communication proto-
col (such as the one presented in [31]) to lessen the design complexity.

Varatkar et al. [203] use robust statistical signal theory for design-
ing robust and energy efficient sensor NoCs (SNoC). Similarly to the
stochastic communication protocol in [31], the nodes in the SNoC
communicate with each other stochastically. Due to the presence of
nanometer nonidealities (e.g., particle hits, process variation), a robust
low-power computation is achieved via an estimation approach. The
authors assume that the sensors output errors are distributed accord-
ing to a Gaussian distribution. A so-called fusion node operating at a
much lower frequency than the actual sensors, collects the computed
results from all (statistically similar) sensors and performs a robust
estimation.

Most of the above approaches help us understand the interactions
among network components, explain their functionality and propose
algorithms for solving a concrete problem: how we should design the
networks of the future? At the same time, biological systems prove
to be highly efficient and robust to failures through an evolutionary
process. One common feature to most of the complex natural and bio-
logical systems is the power-law signature. Inspired from statistical
physics concepts, Carlson and Doyle [44] propose the highly optimized
tolerance (HOT) approach which aims to relate the complexity and
power law mechanism observed in nature with the effort of designing
high performance engineered systems. More precisely, the authors claim
that the inputs of any complex system may lead to outputs obeying
power laws as a consequence of a global collective optimization pro-
cess aimed at high efficiency, performance, and robustness. Through
deliberated design or natural selection, HOT systems (e.g., internet,
power/electrical networks, forest ecosystems) are robust to common
perturbations, but fragile to unanticipated or rare events. The theoret-
ical premises of HOT formalism are based on edge of chaos and self-
organized criticality concepts, such as bifurcations, fractal structures,
and critical phase transitions.
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Another fundamental problem in the field of network design is
related to the concept of network capacity, namely, how much informa-
tion transfer can a network sustain. For instance, an analytical frame-
work for quantifying the capacity can help us compare various platforms
and choose the one that offers the best performance to reliability trade-
off. Traditional methods to the capacity assessment problem of wired
networks rely on queueing approaches. Nevertheless, most queueing
approaches relying on Markovian assumptions can only overestimate
the capacity of a network, while network traffic exhibits long-range
memory effects.

Based on information theory concepts and on geometrical consider-
ations, Kumar et al. [209] determine the capacity of a wireless network,
while taking into account the architectural features of the protocol stack
(e.g., spatial distribution of nodes, strategies for sharing the wireless
medium, signal attenuation with distance, spatiotemporal scheduling
of transmissions, etc.). More recently, Franceschetti et al. were able
to derive the wireless network capacity as being proportional with the
inverse square-root of n, where n is the number of users in a certain
region, by using Maxwell’s laws for wave propagation and Shannon’s
theory [74]. The main feature of the models proposed in [74] is that they
consider the technology implications side (i.e., Maxwell’s equations of
wave propagation) of the wireless networks in addition to the informa-
tional aspects. Consequently, in these models, the authors quantify the
interference among scheduled transmissions.

Nevertheless, the theory presented in [209] or [74] are not readily
applicable to NoC design. For instance, such a complete theory of
network capacity should suggest what is the best communication pro-
tocol for a given set of specifications (e.g., application constraints,
power/energy consumption, robustness, and reliability issues). Much
of the difficulties encountered in network capacity analysis are related
to the intrinsic characteristics of the traffic (e.g., self-similarity, long-
range dependence). Moreover, future wireless NoC architectures may
also suffer from the attenuation problem as one cannot afford high
power transmission on a chip. Toward this end, Zhao and Wang [213]
investigate the benefits of a wireless NoC architecture and present a
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synchronous and distributed medium access control protocol for solving
the channel contention among RF nodes.

The availability of diverse nano devices drives the quest for
designing not only low-power hybrid NoC (i.e., nodes communicating
locally via wires and globally via wireless), but also for building recon-
figurable computing architectures that are fault-tolerant to transient
and permanent errors by adjusting their computational functionality
on the fly. In this context, all the above design issues (mapping,
scheduling, routing, etc.) will likely migrate from deterministic to sta-
tistical approaches where modeling space (e.g., Which PE does what?)
and time (e.g., For how long?) are of crucial interest for building high
performance computing platforms.



Conclusions

In this survey, we have reviewed the major design methodologies that
have had a profound effect on designing the future NoC architec-
tures. More precisely, we have addressed the problem of NoC design in
the deterministic context, where the application and the architecture
are modeled as graphs with worst-case type of information about the
parameters of the components influencing the network traffic. Rather
than simply enumerating the proposed approaches, we have taken a
formal approach and also discussed the main features of each proposed
solution.

One step further was made by considering the design of NoCs with
partial information available (primarily under the Markovian assump-
tion) about the application and the architecture. Similarly to the deter-
ministic context, we have discussed various probabilistic approaches to
NoC design and pointed out their advantages and limitations.

Last but not least, we have looked at emerging approaches inspired
from statistical physics and information theory. Such approaches can
address the problem of network design in the most general sense. In this
framework, the network stops being seen as a static graph, but instead
it is modeled as a thermodynamic system where packets flow from
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sources to destinations similarly to particles migration between various
energy levels. In this context, the fundamental question of what is the
information capacity of a network can be addressed via evolutionary
equations borrowed from statistical physics.

Besides the fundamental problems discussed under the above design
paradigms, the NoC research community should also address several
open-ended problems, such as programmability of reconfigurable and
bio-inspired architectures or design under uncertainty and parame-
ter variations, which can extend our vision outside the Boolean/von
Neumann/Turing legacy.
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