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Abstract—Nefworks on Chips (NoCs) have evolved as the
communication design paradigm of future Systems on Chips
(S0Cs). In this work we target the NoC design of complex SeCs
with heterogeneous processor/memory cores, providing Quality-
of-Service (QoS) for .the application. We present an integrated
approach to mapping of cores onte NoC topologies and physical
planning of NoCs, where the position and size of the cores and
network components are computed. Qur design methodology
automates NoC mapping, physical planning, topology selection,
topology optimization and instantiation, bridging an important
design gap in building application specific NoCs. We also present
a methodology to guarantee QoS for the application during the
mapping-physical planiting process by satisfying the delay/jitter
constraints and real-time constraints of the traffic streams. Ex-
perimental studies show large area savings (up to 2x), bandwidth
savings (up to 5x) and network component savings (up to 2.2x
in buffer count, 3.8 in number of wires, 1.6 in switch ports}
compared to traditional design approaches.

Keywords: Networks on Chips, Systems on Chips, Map-
ping, Physical Planning, QoS, Optimization.

[. INTRODUCTION

With scaling of transistor sizes, the number of processor and
memory cores on Systems on Chips (SeCs) and their speed of
operation is increasing. Future SoCs will have many different
applications such as speech recognition, ambient intélligence,
high-end video processing capabilities, 3D gaming, etc on the
same device. In such complex systems, communication be-
tween the cores will become a major bottleneck as current bus-
based communication architectures (either single bus or the
state-of-the art multiple buses) will be inefficient in terms of
throughput, latency and power consumption [21, [10]. Scalable
interconnection networks are needed to interconnect the cores
and the resulting communication centric design paradigm is
called as Networks on Chip (NoC} [2].

SoCs are aggressively designed to meet the performance re-
quirements of diverse applications that need to be supported.
In most cases the cores in the SoC are heterogeneous in na-
ture with each core performing a set of specialized functions
in order to maximize performance and satisfy design con-
straints such as Quality-of-Service (QoS) for the applications.
As an example, consider an efficient design of an MPEG4 de-
coder shown in Figure 1(a) [12]. In this design, there are sev-
eral processors (for e.g. RISC), several hardware cores (e.g.
Upsampler) and memory cores (e.g. SDRAM). Each core has
different functionality, size and cemmunication requirements.

Some of the cores are hard cores, with size fixed during de-’

sign {e.g. RISC) and some of the cores are soft cores, whose
size can be varied with some restrictions on the aspect ratios
(e.g. Upsampler). Figure 1(b) shows the design area for
the best mappings of the MPEG4 onto a mesh topology for
two schemes: in the first scheme the mapping of the cores is
done logically (without considering the physical planning of
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Fig. 1. MPEG4 mapping schemes and example butterfly topology

the cores) followed by a separate physical planning phase and
in the second scheme the mapping and physical planning are
done together, so that the mapping process takes the physical
planning information, i.e., the position of the cores and net-
work components (e.g. switches, links) and the size of soft
cores and switches in the 2-D plane. There is significant area
improvement in the second scheme where mapping and phys-
ical planning are integrated together. This improvement will
. be even more pronounced for indirect topologies such as the
butterfly network shown in Figure 1(c). In a butterfly topology,
logically, the switches are arranged as stages with the switches
in the first and last stages connected to the cores, Ideally we
would like to distribute the switches around the cores so that
gerformance of the NoC is maximized and mappings onto the
utterfly should take this physical planning information into
account,

Another important design consideration for SoCs is to guar-
antee Quality-of-Service (QoS) for the application. As an ex-
ample, in many video applications, data should be communi-
cated in such a way that the system supports a pre-determined
frame rate (e.g. 30 frames/s in many video displays). The net-
work should support the QoS requirements of the applications
satisfying the delay constraints of the traffic streams. It should
also provide support for real-time communication. These QoS
guarantees need to be considered during the mapping process.
Moreover the burstiness in the traffic streams (that makes pro-
viding QoS guarantees harder) needs to be considered.

In this work, we propose a design methodology for build-
ing complex application-specific NoCs, We provide an inte-
grated approach to mapping and physical planning, where we
determine the 2-D position of the cores and network compo-
nents and the size of soft cores and switches during the map-
ping process. The physical planning phase also automatically
computes the switch buffers needed to support the application
traffic and integrates this in the switch size computation. We
also present a method to provide QoS guarantees for the appli-
cation during the mapping-physical planning phase. For QoS
guarantees, we consider the burstiness in the application traf-
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Fig. 2. Design Methology

fic, delay/jitter constraints of the individual traffic streams and
provide support for real-time communication. The additional
power-area overhead in obtaining the QoS guarantees is neg-
ligible. We intagrate all these features into our tool presented
in [21]. The mapping and physical planning of the cores is
applied to several topologies defined in a topology library and
the best topology for the :i-lﬁplication is automatically selected.
In the resulting topology, the switches and links are optimized
for the traffic characteristics, followed by automatic instantia-
tion of the topolegy. Thus our integrated design methodology
automates mapping, physical planning, topology selection, op-
timization and instantiation for an application providing QoS
guarantees, thereby bridging an important design gap in build-
ing application-specific NoCs.

II. PREVIOUS WORK

The use of NoCs to replace giobal wiring is presented in [1],
[2]. The use of an Octagon topology for Network Processor
design is presented in [3]. In recent years a large body of re-
search focuses on the design methodologies for NoCs such as
the Nostrum [4], Scalable Programmable Interconnection Net-
work (SPIN) {5], aSaC [8], etc. We refer the reader to [10] for
details of several NoCC design methodologies. Several research
works, such as {181, [19], [9], [7] have been presented for auto-
matically instantiating software/RTL design of network com-
ponents (such as network interfaces, switches and links) of an
NoC. QoS guarantees to applications is provided by efficient
router design in the Aethereal NoC [6]. In [17], performance
analysis of communication architectures is presented. Stochas-
tic analysis of on-chip MPEG traffic is presented in [22].

Topology design of NoCs for well-behaved traffic patterns
is explored in [13], [14], {21], [20]. Mapping of cores onto
NoC topologies is presented in [15], [16], [21],[20], [13]. In
all these works, the mapping process is based on the average
communication demands of the cores. A physical planner for
homogeneous NoCs is presented in [23].

As the main contributions of this paper, we present an in-
tegrated approach to mapping and physical planning, guaran-
teeing QoS for applications by using a traffic regulator based
design and integrate the mapping/physical planning phase with
our existing tools to automate the complex design flow of
- NoCs. During the mapping-physical planning process we con-
sider the burstiness, criticality and delay constraints of the traf-
fic streams and ensure that QoS is guaranteed. We integrate
these features to [21], so that our mapping and physical plan-
ning phases are followed by automatic topology selection and
instantiation (of the SystemC design) of the NoC. The resulting
- NoC can be simulated at cycle-accurate level. ’

HI. DESIGN METHODOLOGY

The design methodology of the mapping and physical plan-
ning is illustrated in Figure 2. We assume that the parallel
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Fig. 3. DSP Filter application and traffic flow between ARM & Filter cores

kernels in the application are mapped onto hardware/software
cores using existing tools (such as [11]). .

In the first phase, an initial simulation is carried out, from
which the traffic characteristics (such as the burstiness, de-
lay/jitter constraints and criticality of the traffic streams) are
obtained. Based on the traffic characteristics of the application,
graphs representing the traffic flow between cores and band-
width constraints required for the various flows are generated.
At this step, traffic regulators for ensuring QoS guarantees [25]
are developed. These steps are explained in detail in sections
IVand V. :

In the next phase, the cores are mapped onto the topologies
that are defined in the topology library. The mapping process is
integrated with the physical planning process, where the posi-
tions and sizes of the various cores and switches are generated.
The mapping/physical planning considers several design ob-
Jectives such as minimizing design area, power or hop delay,
satisfying the QoS constraints of the application (such as crit-
icality constraints, delay/jitter constraints). As in [21], several
routing functions defined in a library are also considered. This
phase 1s explained in sections VI and VII.

In the third phase, the best network topology for the ap-
plication (the topology that minimizes the design objective
and satisfies the design constraints) is selected and a post-
optimization of the network resources is carried out. In this
step, the redundant switches, ports and links are removed and
the bit-width (or frequency) of the links is adjusted to match
the application needs.

In the last phase, the SystemC design of the resulting NoC
is automatica?ly generated using xpipesCompiler [18]. The
x pipesCompiler instantiates System(C network components
{switches, links and network interfaces) for the No(C and auto-
matically integrates them with the cores. The resulting design
is then simulated at cycle-accurate level. :

IV, ON-CHIP TRAFFIC MODELING

In this section, we develop traffic models to characterize the
application traffic, providing QoS guarantees for the applica-
tion. As an example, consider the traffic flowing between the
Filter core and the ARM core in a DSP Filter application (refer
Figure 3}. Without loss of generality assume that the packet
size is such that a packet is sent in one cycle, although the
following discussion also applies when a packet is sent over
multiple cycles (i.e. when a packet has multiple flits). There
are three important features to be noted from Figure 3(b).

o Bursry Traffic Flows: The application traffic from Filter
to ARM core is bursty in nature, with a burst period of
100 cycles followed by 900-cycles of silence period. The
peak-bandwidth of the traffic (100 packtes/100 cycles) is
an order of magnitude higher than the average bandwidth
(100 packets/1000 cycles).

Delay/Jitter Constraints: Each burst from the Filter core
has a de]a% constraint by which it should reach the ARM
core. In this example, we assume that the burst Bl has -
to reach the ARM core by 500 cycles, which is obtained
from the application characteristics.



Increment Sigral | Saturating

TABLE I (given every Iftho | Counter
LINK IMPLEMENTATION cyeles)
Decrement Signal
[Scheme BW Dela}' Packels from core (sigma,rha}

{pk/cy) | (cyles) L regulated traffic
Avg | 100 | 1000 Comparatsr
. Peak 1000 100 i
- Upt PIti) 300 Fig. 4. A (o,p) regulator

e Real Time Constraints: The ARM core issues a control
stream to the Filter which is assumed to be critical and
needs to reach the Filter as quickly as possible. These
real-time requirements need to be satisfied by the net-
work.

Consider three implementations of the communication link
(refer Table T) between the Filter core and ARM core (for illus-
trative purposes assume other cores don’t send traffic on this
link). III"I lrhpe first case, the link is designed to support the av-
erage bandwidth of traffic flowing between Filter and ARM.
As seen from Table I, the delay incurred in this scheme for the
burst B1 violates the delay constraint for the stream. In the sec-
ond case, the link is designed for the peak bandwidth require-
ments and the delay constraints are met. However, the link is
over-designed with 5x the capacity that is needed to support
the delay constraints of the burst. In the third case, the link is
optimally designed to support the burst without violating the
delay constraints.

From this example, it is clear that the communication links
should be desiﬁned optimallﬁ in a way such that they sup-
port the traffic flowing through them, satisfying the delay/jitter
constraints of the traffic streams. Moreover, there should be
a mechanism that ensures that each core sends traffic so that
the links can support the traffic and the delay constraints are
met. Clearly these two objectives complement each other and
to ensure that the objectives are met we propose the use of traf-
fic regulators for NoCs. Traffic regulators are widely used in
ATM networks to guarantee QoS to applications [25]. A traffic
regulator can be abstracted as a hardware block with two pa-
rameters: ¢ and p. The parameter p represents the bandwidth
required to support the traffic streams so that the delay con-
straints are met and the parameter ¢ represents the variations
permitted over the p value. Such a regulator is aiso called as
a {o,p) regulator [25]. The traffic flow between each source-
destination is represented by a (o, p) value. As an example, the
Filter to ARM communication is represented by {0,0.2), which
means that one packet can be be sent every 5 cycles (i.e. one
packet can be sent every 1/p = 1/0.2 = 5 cycles) and no varia-
tions over the required rate 1s permitted (as the o value is 0). A
(1,0.2) regulator would aliow a burst of one packet over the re-
quired packet rate. In the rest of this paper, we assume that the
o value is chosen to be equal to (, so that no variation is per-
mitted over the required rate. To ensure that each core sends
data according to the regulator values, we need to add small
hardware to each core (or to the Network Interface connect-
ing the core to the network), which is shown in Figure 4. The
additional hardware consists of a saturating credit ccunter and
a comparator. The saturating counter is incremented at rate p
and saturates when it reaches a count of (1 + ). A packet
is transmitted only if the credit counter is non-zero and when
a packet is transmitted the counter is decremented by 1. This
counter ensures that the amount of traffic transmitted by the
source matches the rate for which the links are designed to han-
dle. For traffic streams to different destinations, different sets
of (g, p) values are used in the regulator. Note that power-area
overhead of such a regulator is negligible as it’s just a counter
and a comparator. For supporting real-time constraints, we as-
sume tight latency bounds for the real-time stream and during
the mapping process we consider the criticality of the stream
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by using a weighted communication graph (calied as weighted
core graph), where the weights are a function of the criticality.

‘In the next section, we explain this in more detail, where we

present mathematical medels for modeling the p value for the
regulators.

V. PROBLEM FORMULATION

The communication between the cores of the SoC is repre-
sented by the weighted core graph:

Definition 1 The weighted core graph is a directed graph,
G(V, E) with each vertex v; € V representing a core and
the directed edge (vi,vy), denoted as e; ; € E, representing
the communication between the cores v; and v;, The weight
of the edge e; ;, denoted by comm, ;, represents the average
bandwidth of the communication from v; to v; weighted by the
criticality of the communication.

As an example, the weighted core graph of the Filter app:i-
cation is given in Figure 5. The edge weights are a function of
the criticality of the stream (which depends on the application
characteristics) and the amount of traffic communicated in the
stream. The value of the weights depends on how critical are
the streams and on the number of classes of streams. In this
work, we assume two classes of streams: non-critical and crit-
ical and weigh the critical streams by a factor of 10 compared
to non-critical streams. Other approaches such as weighing a
stream based on the amount of slack permitted for the stream
(as used in [17]) can also be used.

Definition 2" In G(V, E), the traffic flow from each source v,
to each destination v, Vi, j € V is represented by the set T; ;.
Each T; ; comprises of M; ; bursts, with each burst bi ;. Yk €
M, ;, having a burst length of blen; ;3. cycles and a latency
window of blat, ; i, cycles.

In the above example, the traffic flow between the Filter and
the ARM {3 and vq) is represented by the set 13 2. The set 15 5
consists of | burst (we assume such a small sampling window
for illustrative purposes), with M3 2 equal to 1, b?en;.;,m equal
to 100 cycles and blatz 21 equal to 400 cycles. The latency
window, blat; ; x is the deadline {or slack) that is permissible
for the burst, which is obtained from the initial simulation of
the application and the application characteristics.

The p; ; values of the regulator for each source v; to desti-
nation v; 15 obtained by:

bieni,j,k
bleni’jyk + bl at; .k

)va',js.t.ei,j e |E|
(D

Definition 3 The bandwidth consiraint graph CG(Q), R) is a
directed graph where the vertex and edge sets are equal to
the vertex and edge sets of G(V, E) but with edge weights r; ;
equal to p; ; x PacketSize/Cycletime, Vi,j € st.r; €

Pi,j = MOLyke, , (
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1'[ obtain an initial greedy mapping of G onto P,
2 obtain greedy mappings of higher dimensional
topologies onto 2D plane;
In each iteration of the robust tabu search  perform
{ foralliandjin U of topology graph
[ generate current move by swapping the cores
in positions i and j ;
if current move is not tabu

compute routes based on routing function;
Simultaneously perform following steps
in physical planning using MILP:

3
4
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h I}

Opimize design area, power or hop delay;
Compute the core and switch sizes and positions;
Compute number of buffers;

Check whether QoS constraints are satisfied;

Update tabu list and check whether aspiration

condition is met,

if current iteration’s cost is better- than best cost
} update the best cost and best solution;

}

}

Fig. 7. Mapping and Physical Planning Algorithm

The bandwidth constraint graph for the above example is
_given in Figure 6. The edge weights in the graph are p x
packetsize/Cycletime values for the corresponding traffic
flows. When calculating the p values, we neglect the network
latency as it is of the order of tens of cycles (refer section VI-
IIB), while burst lengths and latency windows are of the order
of hundreds of cycles.
The NoC topology is defined by the adjacency information
of nodes in the topology and by the capacity of the links. For-
mally the NoC topology is defined as:

Definition 4 The NoC topology graph is a directed graph
P{U, F) with each vertex w; € U representing a node in the
topology and the directed edge (u;,u;), dencted as f; ; € F
representing a direct communication between the vertices u;
and w;. The weight of the edge f, ;. denoted by bw; ;, repre-
sents the bandwidth available across the edge f ;.

The mapping of the application cores onto an NoC architec-
ture is defined by the one-to-one mapping function:

map: V = U stomap(n;) =u;, Yy, € V3, €U (2)

Each link in the mapped NoC should satisfy the bandwidth
constraints corresponding to the constraint graph CG(Q, R).
The design objective (area, power or hop delay) of a mapping
is obtained from the physical planning of the mapping. This
ensures that the heterogeneity in the size of the cores and net-
work components is taken into account for accurate estimation
of the design objectives.

VI. MAPPING AND PHYSICAL PLANNING ALGORITHM

In this section we present the algorithm for mapping and
" physical planning. The general problem of embedding one
graph into another is intractable and is-a special case of the
Quadratic Assignment Problem (QAP) [26]. QAP is well stud-
ied in the literature with many heuristic algorithms available
[27]). In {27], robust tabu search is shown to be most effective
for many classes of QAP and we use this to solve our map-
ping problem. The general structure of the mapping-physical
planning algorithm 1s shown in Figure 7.

In the first step an initial greedy mapping of the cores onto
the topology is obtained. We also assume a greedy mapping
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of hi%her dimensional topologies (such as hypercube) onto the
2D plane. Then for each iteration of the robust tabu search, we
perform the following computations:

s Compute the routes for the traffic flowing between the
cores, based upon the routing function chosen from the
library. Details of the algorithms for route computation
and their implementation for different topologies are pre-
sented in our earlier works [20],[21].

Physical planning for this mapping. This includes com-
puting the positions of the cores and the switches, sizes
of the switches & soft cores and automatic computation
of switch buffers needed for the application. These steps
are explained in detail in the next section.

Check whether the mapping satisfies the delay/jitter and
area constraints. For delay constraints, the links in the
NoC should support the traffic .through them, which is
determined by the (g,p) regulator values as explained in
sections IV and V. We also check whether the real-time
constraints for the critical streams are met by checking
whether the hop delay for the streams are lower than the
required value, which is obtained from the application
characteristics.

In each step of the tabu search we try to optimize the design
objective (area, power or hop delay) satisfying the QoS and
criticality constraints. The area and power values are obtained
from physical planning of that particular mapping. The param-
eters of the tabu search (such as the size of tabu list, aspiration
Junction computation, etc,) are chosen as explained in [27].
This tabu search is applied to all topologies in the library. Qur
library currently has mesh, torus, hypercube, Clos and butter-
Jiy topologies, while other topologies can be easily added to
the library. The best topology is selected and the switches and
links are optimized to match the application characteristics. In
this step, redundant switch ports and links (i.e. the links that
don’t carry any traffic and the corresponding switch ports) are
eliminated. The links are sized (by changing the bit-width of
the links or frequency of operation) according to the traffic
flowing through them. After this network optimization step,
the SystemC design of the NeC is generated automatically us-
ing the xpipesCompiler. All these steps of topology mapping,
physical planning, topology selection, optimization and instan-
tiation are seamlessly integrated, so that all these processes are

' completely automated !,
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VIIL. PHYSICAL PLANNING

We use a Mixed Integer Linear Program (MILP} based phys-
ical planning algorithm. An MILP based physical planning for
minimizing arca, power of a design is presented in [24]. We
modify this approach for NoCs by considering NoC specific
features such as switch positioning, switch buffer calculation,
etc.

IWe also provide a feature that allows the user to interact in each of the
phases if manual intervention is desired.



TABLE (I
DESIGN AREA FOR VIDEQ APPLICATIONS
Appln | Area-1 | Area-2 | Ratio
sqr mm | sqr mm
VOPD | 2075 18.01 1.12
MPEG 36 20.25 1.19
PIP 2025 1 10565 | 1.92
MWA 33 25 1.32
Avg - - 1.39

As the cores are pre-designed components, we assume the
area and power values of the cores as an input. We also assume
the type of the core (hard or soft} and aspect ratio constraints as
an input. We use area, power libraries for various configuration
of switches that are developed in [18],[21].

For a given mapping, the relative position.of the cores with
‘respect to each other is obtained from the tabu search, but the
relative position of the switches is unknown. The switches in a
direct topology (such as mesh, torus, hypercube) can be placed
anywhere around the core to which it is connected. An impor-
tant constraint to be considered in the MILP is that the switches
and the cores should not overlap each other. If the switch posi-
tions are not restricted to a small region around the core, solv-
ing this overlap calculation as an MILP will be time consumin
for large problem sizes (for > 20 cores). To allow scaling o
the algorithm, we restrict each switch to lie in a region of adja-
cent cores surrounding the core to which it’s connected (refer
Figure 8(a)). By restricting the switch positions to a small re-

ion, the overlap calculations are several orders of magnitude
aster and are scalable for large problem sizes. The solution
obtained in this scheme, for al%our simulations, are within 1%
from the solution obtained without restricting switch sizes as
the switch position tends to be close to the core to which it’s
connected.

For the indirect topologies (such as the Clos and butterfly),
we distribute the switches along the cores in a 2D plane, based
on their connectivity to the cores and to other switches (refer
Figure 8(b)). Here again we restrict switch locations to lie with
in certain regions as shown in the figure. Then during each
step of the tabu search, we compute the actual positions of the
switches and cores.

During the physical planning, we also compute the buffering
needed at each switch. We assume that the links are pipelined
with the number of pipeline stages depending upon the link
length. For wormhole (or virtual channel) based switches with
credit based flow control, for maximum throughput, the num-
ber of buffers in the switches should be equal to 2N + M,
where N is the number of pipeline stages in the link and M
is the delay incurred for credit processing at the upstream and
downstream switches [25]. As the switch size (power) depends
on the number of buffers, we integrate this as a constraint
in the MILP by breaking down the switch area (power) as a
sum of buffer area (power) and crossbar (inc]uding logic) area
(power). The buffer area (power) is a function of link length
and is automatically calculated during physical planning.

VIII. EXPERIMENTS AND CASE STUDIES
A. Effect of Physical Planning

In this sub-section we investigate the effect of combined
mapping and physical planning applied to a variety of video
applications. We consider four different video applications:
Video Object Plane Decoder (VOPD-12 cores), MPEG4 de-
coder (mapped onto 12 cores), Picture-In-Picture application
(PIP-8 cores), Multi-Window Application (MWA-14 cores).
We assume that our design objective is to minimize design area
subject to delay/jitter and criticality constraints. We consider
two schemes: in the first scheme the mapping and physical
planning phases are done separately (as in past works) and in
the second scheme we use our integrated approach to mapping
and physical planning.

The design area for the video applications as obtained for
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both the schemes are presented in Table II. On an average we
have 1.4x area savings in our approach.

B. Design for QoS Guarantees

In traditional design methodology, QoS can be guaranteed
by designing the network to support the worst-case bandwidth
needs of the application. Such a worst-case design approach,
however, leads to an over-design of the network components.
By using (o, p) traffic regulation methodology for NoCs pre-
sented in this paper, the netwerk components are designed op-
timally to support the QoS constraints of the application.

As an example, for the DSP Filter appiication (Figure 3}, the
minimum bandwidth needed {assuming minimum-path rout-
ing) for our design methodology is 5x lower than a worst-case
design approach. Moreover, in our design methodology, the
network is made to operate at very low contention, thereby re-
ducing contention delay and power. Figure 9 shows the packet
latency as obtained from the actual simulations of the DSP Fil-
ter application. In the first case, the links are designed to han-
dle tﬁe average traffic through them. As the traffic is bursty
in nature, such a design approach leads to high network con-
tention resulting in large packet latency. In the second case,
the links are designed with our design methodology. The aver-
age latency is almost equal to the worst-case design approach
(case 3) where the network components are over designed. As
our design methodology for traffic regulators is based on initial
simulation, it is static 1n nature and doesn’t capture dynamic
variations in the input data streams. But for many SoC ap-
plications, the traffic characteristics don’t vary a lot with the
mput data [14], [15]. Thus our design methodology incurs
only slight increase in latency {(around 10%) due to dynamic
changes in data when compared to the worst-case design ag-
proach.

C. VOPD Design

In our earlier work [21], butterfly topology was found to be
the best topology for VOPD. However, the design approach
was based on average case analysis without considering QoS
guarantees. In this sub-section, we explore VOPD mapping
and physical-planning with QoS guarantees. We assume a con-
servative link bandwidth of 2GB/S.

The bandwidth constraint graph for the VOPD aé)plication,
based on the traffic characteristics and QoS needs of the appli-
cation is presented in Figure 10. For minimum-path mapping,
the minimum bandwidth needed to support the application 1s
2.4GB/S and can’t be supported by any of the topologies.
So we apply split-traffic routing, spreading the traffic berween
the cores across multiple paths. As a butterfly network has no
path diversity (only one path from any source to any destina-
tion) {25], it can’t support the traffic requirements of the ap-
plication. All other topologies produce feasible mappings with
split-traffic routing. We assume that the objective is to min-
imize power consumption of the design, satisfying QoS and
area constraints. Figure 11 shows the power consumption of
the topologies. Mesh has the least power and is the best topol-
ogy for VOPD for the chosen design objective.

D. Buffer Sizing and Network Optimization

During physical planning, the number of buffers needed
for the switches is automatically computed based on the link
lengths (refer section VII) and this is integrated into the area

{(power) calculations of the physical planner. When the num-

ber of buffers is lower than the required number, throughput
of the network is low. On the other hand, when the number of
buffers is more than needed, the throughput remains the same,
but switch area and power are increased. As an example, let
us consider a homogeneous 16-node torus NoC in which each
link has 4 pipeline stages, Let us assume that the credit 1pro—
cessing delay (the M value) is 2 cycles, which 1s typical for
most credit-based switches. Figure 12 shows the throughput
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TABLE Il
NETWORK OPTIMIZATION
Component | Savings

Butiers 2.2x
Wire count | 3.77x
Ports [.6x

dependence on the totai number of buffers in the switches for
the NoC. As seen, the relative throughput increases till the op-
ttmal count of 702 buffers, after which it remains constant.
With our buffer computation methodology, the ghysical plan-
ner automatically computes this optimum number of buffers
needed to support maximum throughput. Note that in a hetero-
geneous SoC, the number of buffers can be different for differ-
ent switches and even different for different inputs of the same
switch as the link lengths are non-uniform in nature. Even in
this case, the physical planner automatically computes the op-
timum number of buffers needed at each input of the switch
based on the corresponding link lengths. For the VOPD ap-
plication, compared to an average-case design (where all the
switches have the same number of buffers) we get 2.2 x reduc-
tion in buffer count in our scheme.

After the topology selection phase, the network components
(switches and links) are optimized based on the traffic flowing
through them. The links and switch ports that don’t carry any
traffic are removed. Other links and switches are optimized to
match the traffic rate through them by changing the bit-width
of the links. The effect of network optimization on VOPD de-
sign is reported in Table II1.

For all our experiments, the mapping and physical planning
phases are executed in few minutes on a 1GHz SUN worksta-
tion and the algorithms are scalable for hundreds of cores.

IX. CONCLUSIONS AND FUTURE WORK

Networks on Chip (NeC) based communication architec-
tures are needed to handle the heavy communication demands
of future SoCs. SoCs are aggressively designed with mostly
heterogeneous processor/memory cores to maximize system
performance. The mapping of such heterogeneous cores onto
NoCs, physical planning {computing position and size of the
cores and network elements), topology selection, topology op-
timization and instantiation are important phases in designing
application-specific NoCs. In this work we have presented
a design methodology that automates all these steps. Map-
ping and physical planning phases are integrated together, re-
sulting in better NoC design (up to 2x area improvement)
than traditional methodology that decouples the phases. An-
other important design consideration for NoCs is to guarantee
Quality-of-Service (QoS) for the application. In this work we
have presented a methodology for guaranteeing QoS during
mapping/physical plannin/g phase, considering the burstiness
of traffic, satisfying delay/jitter constraints and real-time con-

.straints for the traffic streams. Our design approach results in
large bandwidth savings (up to 5x) and network component
savings compared to traditional design approaches. In future,
we plan to enhance the methodology for guaranteeing QoS to

Topol. | Power k 7
{in mW) 0.8
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Fig. 12. Throughput vs. buffer count

take dynamic variations in the input streams.
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