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Abstract—In this paper, we consider the problem of synthesizing
custom networks-on-chip (NoC) architectures that are optimized
for a given application. We consider both unicast and multicast
traffic flows in the input specification. Multicast traffic flows are
used in a variety of applications, and their direct support with
only replication of packets at optimal bifurcation points rather
than full end-to-end replication can significantly reduce network
contention and resource requirements. Our problem formulation
is based on the decomposition of the problem into the inter-related
steps of finding good flow partitions, deriving a good physical
network topology for each group in the partition, and providing
an optimized network implementation for the derived topologies.
Our solutions may be comprised of multiple custom networks,
each interconnecting a subset of communicating modules. We
propose several algorithms that can systematically examine dif-
ferent flow partitions, and we propose Rectilinear–Steiner-Tree
(RST)-based algorithms for generating efficient network topolo-
gies. Our design flow integrates floorplanning, and our solutions
consider deadlock-free routing. Experimental results on a variety
of NoC benchmarks showed that our synthesis results can on
average achieve a 4.82 times reduction in power consumption
over different mesh implementations on unicast benchmarks
and a 1.92 times reduction in power consumption on multicast
benchmarks. Significant improvements in performance were also
achieved, with an average of 2.92 times reduction in hop count
on unicast benchmarks and 1.82 times reduction in hop count on
multicast benchmarks. To further gauge the effectiveness of our
heuristic algorithms, we also implemented an exact algorithm that
enumerates all distinct set partitions. For the benchmarks where
exact results could be obtained, our algorithms on average can
achieve results within 3% of exact results, but with much shorter
execution times.

Index Terms—Multicast routing, network-on-chip (NoC), syn-
thesis, system-on-chip (SoC), topology.

I. INTRODUCTION

N ETWORKS-ON-CHIP (NoC) architectures have been
proposed as a scalable solution to the global communi-

cation challenges in nanoscale Systems-on-Chip (SoC) designs
[1], [2]. The use of NoCs with standardized interfaces facili-
tates the reuse of previously-designed and third-party-provided
modules in new designs (e.g. processor cores). Besides design
and verification benefits, NoCs have also been advocated to
address increasingly daunting clocking, signal integrity, and
wire delay challenges.
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NoC architectures can be designed as regular or custom net-
work topologies. Regular topologies, such as mesh or folded-
torus networks, have been successfully employed in a number of
tile-based chip-multiprocessor projects, e.g., [19], [20], which
are appropriate because of processor homogeneity and applica-
tion traffic variability. On the other hand, for custom SoC ap-
plications, the design challenges are different in terms of varied
module sizes, irregularly spread module locations, and different
communication data rate requirements. Therefore, a custom net-
work architecture optimized to the needs of the application is
more appropriate. This synthesis problem is the focus of this
paper.

The NoC synthesis problem is challenging for a number of
reasons. First, for a large complex SoC design, an optimal so-
lution will likely involve multiple networks since each module
will likely communicate only with a small subset of modules.
Therefore, a single network that spans all nodes is often un-
necessary. Part of the problem is to partition the set of speci-
fied communication flows into subsets and derive a separate op-
timal physical topology for each subset. In general, flows may
be grouped together even though they do not share common
sources or destinations because they may be able to benefi-
cially share common intermediate network resources. Second,
besides deciding on the set partition, our synthesis problem must
also decide on the physical network topology of each group in
the set partition. Finally, depending on the optimization goals
and the implementation backend, the appropriate cost function
may be quite complex. In particular, we consider a power min-
imization problem that considers both leakage power and dy-
namic switching power. It is well-known that leakage power is
becoming increasingly dominating [12], [14]. Therefore, it is
important to properly account for leakage power when adding
routers and network links to the synthesized architecture. Other
optimization goals may include minimizing hop counts along
with power minimization.

In this paper, we consider the problem of synthesizing custom
NoC architectures that support both unicast and multicast traffic
flows. Multicast traffic flows are used in a variety of applica-
tions, and their direct support with only replication of packets
at optimal bifurcation points rather than full end-to-end replica-
tion can significantly reduce network contention and resource
requirements. Our problem formulation is based on the decom-
position of the problem into the inter-related steps of finding
good flow partitions, deriving a good physical network topology
for each group in the partition, and providing an optimized net-
work implementation for the derived topologies. Our solutions
may be comprised of multiple custom networks, each intercon-
necting a subset of communicating modules. In particular, we
propose four algorithms for systematically examining different
set partitions of communication flows. The first two are heuristic
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algorithms called CLUSTER and DECOMPOSE, and the last
two are perturbation-based probabilistic algorithms called per-
turbation-based flow partitioning (PERTURB) and reduced per-
turbation-based flow partitioning (R-PERTURB).

For each set partition considered, we use well-developed Rec-
tilinear–Steiner-Tree (RST) algorithms [22]–[24] to generate a
physical network topology for each group in the set partition.
Though the RST problem is in itself NP-hard, well-developed
fast RST algorithms are available that can be effectively used,
as indicated by the run-times presented in Section IX. For each
RST derived, the routes for the corresponding flows and the
bandwidth requirements for the corresponding network links
are determined. Our design flow integrates floorplanning and
supports a decoupling of the evaluation cost function from the
exploration process. The latter enables the flexible incorpora-
tion of different design objectives and constraints. Although we
use Steiner trees to generate a physical network topology for
each group in the set partition, the final NoC architecture syn-
thesized is not necessarily limited to just trees as RST imple-
mentations of different groups may be connected to each other
to form non-tree structures. We also describe several ways to
ensure deadlock-free routing.

For the rest of this paper, Section II outlines related work.
Section III presents our design flow, which incorporates floor-
planning. Section IV presents the problem description and our
formulation. Sections V and VI describe the CLUSTER and DE-
COMPOSE, respectively. Section VII describes PERTURB and
R-PERTURB. Section VIII addresses deadlock considerations.
Finally, experimental results and the conclusion are presented
in Section IX and X, respectively.

II. RELATED WORK

The NoC design problem has received considerable attention
in the literature. Towles and Dally [1] and Benini and De Micheli
[2] motivated the NoC paradigm. Several existing NoC solutions
have addressed the mapping problem to a regular mesh-based
NoC architecture [3], [4]. Hu and Marculescu [3] proposed a
branch-and-bound algorithm for the mapping of computation
cores on to mesh-based NoC architectures. Murali et al. [4]
described a fast algorithm for mesh-based NoC architectures
that considers different routing functions, delay constraints, and
bandwidth requirements.

On the problem of designing custom NoC architectures
without assuming an existing network architecture, a number
of techniques have been proposed [5]–[10]. Pinto et al. [7]
presented techniques for the constraint-driven communica-
tion architecture synthesis of point-to-point links by using
heuristic-based -way merging. Their technique is limited to
topologies with specific structures that have only two routers
between each source and sink pair. Ogras et al. [5], [6] pro-
posed graph decomposition and long link insertion techniques
for application-specific NoC architectures. Srinivasan et al.
[8], [9] presented NoC synthesis algorithms that consider
system-level floorplanning, but their solutions only considered
solutions based on a slicing floorplan where router locations are
restricted to corners of cores and links run around cores. Murali
et al. [10] presented an innovative deadlock-free NoC synthesis
flow with detailed backend integration that also considers the
floorplanning process. The proposed approach is based on the
min-cut partitioning of cores to routers.

Fig. 1. Design flow.

Fig. 2. Modern SoC designs combine hard and soft modules, packet-based
communications and conventional wiring-based interconnections [32].

This paper presents a synthesis approach based on a set par-
titioning formulation that considers multicast traffic, which to
the best of our knowledge has not been considered in previous
custom NoC synthesis formulations. Our approach considers
deadlock-free routing with multicast traffic as well as considers
floorplanning in the design flow. Our approach represents
a different way of formulating the custom NoC synthesis
problem. Given that custom NoC synthesis is still a relatively
new problem, we believe our work provides an interesting
direction in this research area.

III. DESIGN FLOW

Our NoC synthesis design flow is depicted in Fig. 1. The
major elements in the design flow are elaborated as follows.

1) Input Specification: The input specification to our design
flow consists of a list of modules and their communications. As
observed in recent trends, many modern SoC designs combine
both hard and soft modules as well as both packet-based net-
work communications and conventional wiring [32], as shown
in Fig. 2. Modules can correspond to a variety of different types
of intellectual property (IP) cores such as embedded micropro-
cessors, large embedded memories, digital signal processors,
graphics and multimedia processors, and security encryption en-
gines, as well as custom hardware modules. These modules can
come in a variety of sizes and can be either hard or soft macros,
possibly as just black boxes with area and power estimates and
constraints on aspect ratios.
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To facilitate modularity and interoperability of IP cores,
packet-based communication with standard network interfaces
is rapidly gaining adoption. Custom NoC architectures, as
addressed in this paper, are being advocated as a scalable
solution to packet-based communication. For network-based
communications, traffic flows with required data rates between
modules are specified as part of the input specification. For
our synthesis problem, we consider both unicast and multicast
traffic flows. As discussed in [34] and [36], multicast traffic
flows are used in a variety of applications, and their direct
support with only replication of flits at optimal bifurcation
points rather than full end-to-end replication can significantly
reduce network contention and resource requirements.

In general, a mixture of network-based communications and
conventional wiring may be utilized as appropriate, and not all
inter-module communications are necessarily over the on-chip
network. For example, an embedded microprocessor may have
dedicated connections to its instruction and data cache modules.
Our design flow and input specification allow for both intercon-
nection models.

2) Floorplanning: The floorplanning problem has been ex-
tensively studied with many mature solutions (e.g., [25]–[27]).
These floorplanners can readily handle both hard and soft mod-
ules as well as a variety of floorplanning constraints. In general,
floorplanning solutions are not restricted to a slicing structure,
and existing methods often allow for non-slicing floorplans to
achieve more efficient solutions.1 The only requirement is that
the modules are non-overlapping.

Like the NoC design flow proposed by Murali et al. [10], we
have also adopted the open source floorplanner Parquet [27].
However, in the design flow proposed in [10], floorplanning is
performed after each NoC design has been produced to eval-
uate detailed interconnect delays. NoC designs with different
number of routers are considered. On the other hand, in our
design flow, an initial floorplanning step is performed before
NoC synthesis to obtain a placement of modules. This is impor-
tant because the floorplanning of modules is often influenced
by non-network-based interconnections, and the floorplan loca-
tions of modules can have a significant influence on the NoC
architecture.

In particular, the input to a floorplanner like Parquet is a
module netlist with weighted hyperedges. However, prior to
NoC synthesis, the insertion of routers and network links has
not yet been decided. To enable to the use of existing floor-
planners in our design flow prior to NoC synthesis, we model
traffic flows by using edge weights that are in proportion to
the rates of traffic flows among the modules. These weighted
edges are added along the side of weighted edges that represent
wire connections among non-network-based modules. Since
conventional floorplanners [25]–[27] typically support a hyper-
edge-based input graph model, multicast-like connectivity can
be readily modeled.

With the module locations available from the initial floorplan-
ning step, NoC synthesis can better account for wiring delays
and power consumptions during the exploration of NoC archi-
tectures, including accounting for repeaters [15] on links where

1A slicing floorplan is a floorplan that can be obtained by recursively cutting
an enclosing rectangle by either a vertical line or a horizontal line, which re-
stricts the possible floorplans. On the other hand, a floorplan that is not slicing
is called a non-slicing floorplan. [25], [26].

Fig. 3. Illustration of the NoC synthesis problem. (a) Example. (b) Floorplan.
(c) CDG. (d) One architecture. (e) Alternative architecture.

needed. After NoC synthesis, actual routers and links in the syn-
thesized NoC architecture can be fed back to the floorplanner to
update the floorplan, and the refined floorplanning information
can be used to obtain more accurate power and area estimates.
Also, NoC synthesis can be re-invoked with the refined xfloor-
plan as well. As shown experimentally in Section IX, our NoC
synthesis algorithms are fast, making it feasible to iterate NoC
synthesis with floorplanning.

We would like to stress that the focus of this work is on the
NoC synthesis problem. We readily admit that extensions to
floorplanning to better consider network-based communications
is a complex problem and is a subject of separate research. Re-
cent work has explored the development of system floorplanners
that are geared towards the context of NoC synthesis [8]. Such
NoC-centric floorplanners may be used in our design flow as
well.

3) NoC Synthesis: Given floorplanning information, the NoC
synthesis step then proceeds to synthesize an NoC architecture
that is optimized for the given specification and floorplan. Con-
sider Fig. 3(a) that depicts a small illustrative example. Fig. 3(a)
only shows the portion of the input specification that corre-
sponds to the network-attached modules and their traffic flows.
The nodes represent modules, edges represent traffic flows, and
edge labels represent the data rate requirements for the corre-
sponding flows. Multicast traffic flows are represented with di-
rected hyperedges, which are shown graphically in Fig. 3(a) as
a bundle of directed edges in a shaded region. For example, the
traffic flow from to and is a multicast flow. This graph
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representation is called a communication demand graph and is
discussed in more details in Section IV.

An example floorplan is shown in Fig. 3(b). As noted earlier,
modules in a design do not necessarily have to be attached to
the on-chip network. Modules can also be connected by conven-
tional wiring, as shown in the unlabeled rectangles in Fig. 3(b).
The communication demand graph with the floorplan positions
annotated is illustrated in Fig. 3(c), and Fig. 3(d) and (e) show
two example network topologies.

4) NoC Power and Area Estimation: To evaluate the power
and area of the synthesized NoC architecture, we use a state-of-
the-art NoC power-performance simulator called Orion [13],
[14] that can provide detailed power characteristics for different
power components of a router for different input/output port
configurations. It accurately considers leakage power as well as
dynamic switching power, which is important since it is well-
known that leakage power is becoming an increasingly domi-
nating [12], [14]. Orion also provides area estimates based on a
state-of-the-art router microarchitecture [16], [17].

To accurately evaluate wire configurations for the network
links in the synthesized architecture, we use a state-of-the-art
repeated on-chip interconnect model [15] to accurately deter-
mine link power consumptions, including any repeaters needed.
Since floorplanning is performed in advance of NoC synthesis,
wirelengths can be considered in the link power estimation.

5) NoC Objective and Constraints: An important feature of
our NoC synthesis algorithms, which will be detailed later in this
paper, is that they allow the decoupling of the evaluation cost
function from the exploration process. For example, we can use
the power costs determined by Orion as the evaluation cost func-
tion where the leakage power grows nonlinearly with respect to
the different input/output port configurations. Another design
objective is the minimization of hop counts for data routing.
Since the evaluation cost function is decoupled from the ex-
ploration process, our NoC synthesis algorithms can be used
to optimize for different user-defined objectives, including con-
straints on power consumption or hop counts or some combina-
tions of power and hop count objectives.

6) NoC Design Parameters: In addition to user-defined ob-
jectives and constraints, NoC design parameters such as the op-
erating voltage, target clock frequency, and link widths are pro-
vided to the NoC synthesis step as well. Operating voltage and
clock frequency parameters are usually dictated by the design,
and link widths are often dictated by IP interface standards.
However, if the design allows for different voltages or clock fre-
quencies, or if the IP modules allow for different link widths,
then NoC synthesis can be invoked to synthesize solutions for
a range of design parameters specified by the user. As noted
earlier, our NoC synthesis algorithms are fast, allowing for iter-
ations with different design parameters.

7) Detailed Design: Finally, the synthesized NoC architec-
ture with the rest of the design specification can be fed to a de-
tailed RTL design flow where design tools like RTL optimiza-
tion and detailed place and route are well established.

IV. PROBLEM DESCRIPTION AND FORMULATION

A. Problem Description
The input to our NoC synthesis problem is a communication

demand graph (CDG), which is an annotated directed hyper-

graph , where each node corresponds to a
module, and each directed hyperedge repre-
sents a traffic flow from source to one or more destina-
tions . That is, is a
hyperedge that connects a node to a group of nodes in ,

. A conventional edge with a single source and a single
destination is a specialize case of a hyperedge. After floorplan-
ning, the coordinates of the modules are known, and the
position of each node is given by . The data
rate requirement for each communication flow is given by

. In general, traffic flows can either be unicast or multicast
flows. Multicast flows are flows with . For example, in
Fig. 3(c), corresponds to a multicast flow from source to
destinations and .

Based on the optimization goals and cost functions speci-
fied by the user, the output of our NoC architecture synthesis
problem is an optimized custom network topology with prede-
termined routes for the specified traffic flows on the network
such that the data rate requirements are satisfied. For example,
Fig. 3(d) and (e) show two different topologies for the CDG
shown in Fig. 3(c).

Fig. 3(d) shows a network topology where all flows share a
common network. In this topology, the predetermined route for
the multicast flow travels from through nodes and to
first reach , and then it bifurcates at to reach . Fig. 3(e)
shows an alternative topology comprising of two separate net-
works. In this topology, the multicast flow is simply trans-
ferred over the network link between to to first reach ,
and then it bifurcates at to reach . Observe that in both
cases, the amount of network resources consumed by routing of
multicast traffic is less than what would be required if the traffic
is sent to each destination as a separate unicast flow.

B. Problem Formulation
In general, the solution space of possible application-specific

network architectures is quite large. Depending on the commu-
nication demand requirements of the specific application under
consideration, the best network architecture may indeed be
comprised of multiple networks. However, the decision on the
number of networks and the partitioning of traffic flows among
them is not a simple question of partitioning traffic flows into
groups where the corresponding sets of network interfaces
are disjoint. Consider again the example depicted in Fig. 3(c).
The traffic flows and have disjoint network interfaces.
However, it may still be cost efficient to group them together
on the same network, as depicted in Fig. 3(e), because both
flows travel a common distance in the horizontal direction, and
they are able to share the cost of the network link that spans the
common horizontal distance, including the cost of repeaters, if
any is needed.

To address the NoC synthesis problem, we have formulated
the problem as a combination of flow partitioning, Steiner-tree-
based topology construction, and implementation optimization.
This is depicted in Fig. 4. Each element of the synthesis formu-
lation is elaborated in the following.

1) Flow Partitioning: Flow partitioning is performed in the
outer loop of our synthesis formulation to explore different
partitioning of flows to separate subnetworks. In general, the
solution space of distinct set partitions of flows, commonly
known as the th Bell number, is known to grow
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Fig. 4. Formulation of synthesis problem.

[21]. grows rapidly, with, e.g., , , and equal to
115 975, 678 570, and 4 213 597, respectively, and so on. The
goal of the heuristic algorithms CLUSTER and DECOMPOSE
presented in Sections V and VI is to significantly reduce the
number of flow partitions that we consider in a systematic
manner. In Section VII, we also present two simulated an-
nealing-based flow partitioning algorithms called PERTURB
and R-PERTURB.

2) Steiner Tree-Based Topology Construction: For each
flow partition considered, physical network topologies must
be decided for carrying the traffic flows. In current process
technologies, layout rules for implementing wires dictate phys-
ical topologies where the network links run horizontally or
vertically. Thus, the problem is similar to Rectilinear Steiner
Tree (RST) problem that has been extensively studied for the
conventional VLSI routing problem. Given a set of nodes,
the RST problem is to find a network with the shortest edge
lengths using horizontal and vertical edges such that all nodes
are interconnected. The RST problem is well-studied with very
fast implementations available [22], [23]. Fig. 3(d) and (e)
show possible RSTs for the set partitions and

, respectively. We use an RST solver in the
inner loop of flow partitioning to generate topologies for the set
partitions considered. RSTs are only reevaluated for the groups
in the set partition that changed at each step, and previously
computed RSTs can be cached.

Since most existing Steiner tree algorithms are based on a
hypergraph model, they match closely to our topology construc-
tion problem for multicast traffic flows. In addition, emerging
CMOS technologies are providing an increasing number of
metal layers for implementing network links, facilitating
“over-the-module” routing of network links. At 65 nm, as much
as 11 copper metal layers has been demonstrated [33]. How-
ever, the use of some hard IP macros may prohibit routing over
them. Fortunately, our Steiner-tree-based topology construction
formulation allows for the use of available obstacle-avoiding
RST algorithms [24] to accommodate this type of constraints.

After a physical topology is generated for each group in a set
partition, the routes for the corresponding flows and the band-
width requirements for the corresponding network links can be
readily derived. The routes for the flows follow directly from the
tree structure of the RST solution. For example, in Fig. 3(d), the
route for the unicast flow travels from through and
to reach . For the multicast flow , a flit is first sent from
through and to . The flit is then copied and forwarded
to over the network link from to . Correspondingly, the
cumulative bandwidth requirements for each network link can

also be readily derived from the RST solution, as for example
shown in Fig. 3(d) and (e).

3) Implementation Optimization: Given the RST-based
topologies generated, network implementations are next de-
rived. In particular, a separate network implementation is
initially generated for each RST. Routers are allocated at
junctions where either flows from multiple links must be
multiplexed to the same outgoing link or flows from the same
link must be demultiplexed to multiple outgoing links, and
network links are allocated to connect routers and network
interfaces. To segment long links, repeaters are inserted as
required [15]. Although the RST problem generates a graph
with undirected edges, network links and router ports are only
allocated in the direction of traffic flows. In general, it may
be unnecessary to implement links in both directions or with
symmetric bandwidths. Fig. 3(d) and (e) illustrate examples
where the implementations of RSTs only have links in one
direction in most cases. After an initial network implementation
is generated for each RST, the separate networks are combined
together to form a complete NoC architecture.

To improve upon the initial NoC architecture generated, a
greedy router merging procedure is performed to further opti-
mize the implementation and reduce cost. Since for each set par-
tition, routers are allocated at Steiner points or terminal points
of the RST generated, routers that connect with each other can
be merged to eliminate router ports and thus possibly elimi-
nating the corresponding costs. Routers that connect to the same
ports can also be merged to reduce ports and costs. We propose
a greedy router merging algorithm, which works iteratively by
considering all possible mergings of two routers connected with
each other in each iteration. For each candidate merging, the
cost difference of the resulting topology after merging and the
one before merging is calculated. Then they are sorted in the
increasing order of the cost difference. In the merging step, for
each candidate merging from the sorted list, routers are merged
if they have not been merged yet and the cost is improving. After
all routers have been considered in the current iteration, they are
updated by replacing the routers merged with the new one gen-
erated. The newly merged routers are again reconsidered in the
next iteration to form potentially larger routers. The algorithm
keeps merging routers until no improvement can be made fur-
ther.

V. CLUSTER

In this section, we present an algorithm called CLUSTER
that reduces the number of set partitions considered from

to , which is a significantly smaller subset
of set partitions. The details of the algorithm is shown in
Algorithm 1. The CLUSTER algorithm takes a communica-
tion demand graph and an evaluation cost function as inputs
and generates an optimized network architecture implemen-
tation details as output. As discussed in Section III, our
synthesis formulation provides a decoupling of the evaluation
cost function from the exploration process. In particular, the
CLUSTER algorithm starts by implementing each edge in the
communication demand graph separately. The solution for
each single edge is a simple RST connecting two terminals. It
sets these single edges as the initial set partition, denoted as

, as shown in lines 2–5.
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