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Abstract—A Network-on-Chip (NoC) is a current paradigm in
complicated System-on-Chip (SoC) designs that renders compe-
tent on-chip communication architecture. It proposes scalable
communication to SoC and grants decoupling of communi-
cation and computation. In NoC, design space exploration is
vital merited to trade-offs among latency, area, and power
consumption. Therefore, analytic modeling is crucial step for
early NoC design. This paper delivers a top-down approach
router model, and employs this model for mesh NoC performance
analysis quantified in terms of throughput, average of queue size,
efficiency, loss and waiting time. As a case study, the advised
model is applied to map a M PEG4 video core to a 4 x 4
mesh NoC with deterministic routing to evaluate the overall NoC
quality of service (QoS). The model is utilized as well to acquaints
how much occupancy of average queue size for each router that
reduces resources (hardware) area and cost. The accuracy of our
approach and its practical use is illustrated through extensive
simulation results.

Keywords—Markov chain,Network-on-Chip,router hotspots

I. INTRODUCTION

Network-on-chip (NoC) has been proposed [1] to replace
system bus as the main on-chip communication technique.
Owing to the breakup of computation and communication,
NoC could be designed on an individual basis from the
computational entities termed intellectual properties (IPs) [2].
Thus, analysis and optimization of NoC performance in terms
of delay, latency, and loss are demanded. Quality-of-Service
(QoS) for NoC defines the degree of commitment for packet
delivery among IPs. Such a commitment can be the cor-
rectness and completion of the transaction, and bounds on
the performance [3]. Researchers addressed the NoC router
modeling from various lenses [9]-[12]. The work in [12]
suggested a delay model for a variable pipelined wormhole
router with fixed time cycle to address Lopez’s model problem.
Nevertheless, these models cannot be implemented for router
designs that employ both clock edges and moreover they did
not examine the affect of varying router design parameters
on its delay. The router queue modeling also still need to be
directed because it is vital to acquire an approximation of the
optimal queue size that matches the target traffic characteristics
at the higher levels of abstraction. The challenges for NoC re-
search are on assisting early design space exploration for NoC-
based SoC. Good traffic and NoC performance estimation
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could significantly shed some light to probable NoC design
aspects. This work considers router model that forecasts an
NoC router performance. This paper presents a performance
analysis of mesh NoC in terms of throughput (Th), average
queue size (Qa), loss (L), and waiting time (W). A discrete-
time Markov model of mesh NoC topology is obtained, which
helps decision-making in terms of switching techniques, buffer
sizes, and router types. Moreover, this also helps to identify
router and link hotspots for better packet routing. The rest of
the paper is organized as follows. In Section II and Section
III, we discuss related works on modeling NoC infrastructure.
Section and V proposes the Markov chain modeling of NoC.
Section IV discusses analysis from MPEG4 cores. Section IV
corresponds to an experimental results of our method by a
case study. Finally, Section VII conclude this paper.

II. RELATED WORKS

System bus is a circuit-switching, connection-oriented on-
chip communication backbone. Meanwhile, NoC practices
packet-switching, which segments the message into a sequence
of packets [4] transmitted to a shared network. On-chip
networks share the similar features in topology, switching,
routing, and flow control with local area network (LAN) [13].
Moreover, NoC has to render high and predictable perfor-
mance [5] with small area overhead and low power consump-
tion. An essential problem in NoC is the router design, since
it significantly impacts the network performance as well as
power consumption. An effective router design is specified by
its switching technique, flow control type, queue size, arbiter
design, routing strategy. Chien et al. [14] proposed a delay
model for wormhole and virtual channel routers. Even so, this
model was designed for 0.8 — micron CMOS and can not
be implemented to pipelined architectures. Lopez et al. [16]
advised an extension to Chiens model for pipelined routers.
However, Lopezs model presumes that the time duration of the
clock cycle counts on the router latency, which is impractical
assumption. Peh et al. [12] suggested a delay model for a
variable pipelined wormhole router with fixed time cycle to
address Lopezs model problem. Yet, these models can not be
applied for router designs that apply both clock edges. The
router queue modeling still necessitate to be covered as it is su-
percritical to acquire an estimation of the optimum queue size
that matches the target traffic characteristics at higher levels
of abstraction. Due to limited buffers [6] and link bandwidth,
packets might be barred due to contention [7]. Buffer sizing
has a direct association with bounds in bandwidth, delay and



jitter [8].

III. NOoC STRUCTURE

This section provides background on NoC architectural
issues. These issues include network topology, router structure,
switching techniques and routing algorithms.

A. Topology

This architecture is based on an m X n mesh network
whereas every router, except those at the edges, is connected
to 4 neighbouring routers and 1 IP through communication
channels [15]. This topology grants integration of large num-
ber of IP cores in a regular-shape structure. A channel consists
of two unidirectional links between two routers or between a
router and a resource. Fig. 1 shows a 4 x 4 mesh NoC with
16 functional IP blocks. Every router has 5 ports, 1 connected
to the local resource and the others connected to the closest
neighbouring routers.
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Fig. 1. 4 x 4 Mesh Topology

B. Router Structure

Router operates at the network layer similar to computer
network. A router uses packet headers and a forwarding table
to determine the best route a packet should go among the net-
works. An NoC router has three main architectural components
which are input/output (IO) ports, queues, and switch fabric
(SF). The SF establishes the required paths between pairs of
IO ports according to a certain routing mechanism such as
round-robin scheduler, weighted round-robin scheduler, and
max-min fairness scheduling [18].

Fig. 2 shows an input-queuing router. Each input port has a
dedicated first-in first-out (FIFO) queue for storing incoming
packets. In one time step, an input queue must be able to
support one write and one read operations. Assuming an n X n
router, the switch fabric must connect n input ports to n
output ports [18]. The main advantage of an input queuing
router is the low memory speed requirement, distributed traffic
management at each input port, and also distributed table
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Fig. 2.

Input-queuing router

lookup at each input port. It is supports packets broadcast
and multicast without the need to duplicate the packet.

C. Switching Techniques

As an alternative to circuit switching, a message can be
partitioned and transmitted as fixed-length packets by packet
switching. Packets are individually routed from source to
destination. A packet is stored at each intermediate node then
forwarded to the next node. Packet switching is good for short
and frequent messages [19]. Traditional designs borrowed
from LAN result in limiting performance bottleneck. Some
new switching techniques, such as virtual cut-through (VCT)
and wormhole switching techniques have been proposed to
improve NoC performance [19]. To construct small router
that resides in an on-chip component, wormhole switching is
usually used [19]. This work assumes wormhole switching
because this switching expects less queue capacity and allows
low-latency communication.

D. Routing

Routing algorithms are used to specify the path from source
to destination for each message. They can be implemented
in two ways which are either deterministic or adaptive [19].
Deterministic routing protocol chooses the path for a message
only by its source and destination. All packets with the same
source and destination pair will follow one single path. The
packet will be delayed if any channel along this path is
loaded with heavy traffic, and if a channel along this path is
faulty, the packet cannot be delivered. Thus, the deterministic
routing protocols suffer from poor use of bandwidth, and
blocking even when alternative paths are available. Adaptive
routing protocols are proposed to make more efficient use of
bandwidth and to improve fault tolerance of interconnection
network. In order to achieve this, adaptive routing protocols
provide alternative paths for communicating nodes. Thus, it
could overcome the congested areas in the network. Several
adaptive routing algorithms have been proposed, showing that
message blocking can be considerably reduced, thus strongly
improving throughput [16].



IV. MARKOV CHAIN APPROACH FOR NETWORK-ON-CHIP
MODELING

There are several approaches to modeling NoC. Several
works [1]-[4] focus on stochastic models. This project could
be conceptualized from top-level system design. It starts with
the highest level of NoC view, and works its way down to
every single component in NoC block diagram.

A. Modeling Abstractions

An NoC-based SoC system is composed from an NoC
topology and IP blocks.

1) NoC-level Abstraction: Fig. 3 shows a SoC system
which composed of NoC and IP blocks. The NoC provides
decoupling computation (IP) and communication parts. This
allows for IPs and interconnects to be designed independently.

Fig. 3.

NoC-level Modeling Abstraction

2) Topology-level Abstraction: Fig. 1 shows the top level
view of a 4 mesh topology for NoC modeling. Two elements
on NoC are router and network adapter (NA). The NA is
used as interfaces between IP blocks and NoC. Meanwhile,
the function of the router is to transport data from one NA to
another.

3) Router-level Abstraction: m x n mesh topology is used,
whereas each router has the maximum 5 IO ports. 4 ports are
connected with others routers and 1 port to the IP.

B. Performance Metrics

The NoC performance is analysed in terms of several
metrics which are throughput, average queue size, and packet
waiting time.

1) Throughput in units of packets per time step which
describes how many end-to-end packet transfer

2) Average Queue size is queue occupancy queue size which
is measured in units of packets.

3) Waiting time is the latency in terms of time step, where
time step is define as the time to transfer a packet on a
local link

4) Average lost traffic is measured in units of packets per
time step.

C. M/M/1/B Queue Modeling

This section presents an analytical model for input-queuing
router. Each queue is considered as a FIFO queue. The
model has simple close-form calculations and produces the
performance of the queue. A simple M /M /1/B queue is used
in this model. This model provides a discrete-time Markov
chain [18] analysis of queue where the time step is taken equal
to the time required to transmit a packet. Poisson distribution
traffic arrival process and the exponential distributed service
time is assumed. For each queue model, one server queue with
B finite buffer size are assumed.
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Fig. 4. State transition diagram for an M/M/1/B queue.

Fig. 4 shows, the state transition diagram for the discrete-
time Markov chain M/M/1/B queue. A homogeneous
Markov Chain is considered since packet arrivals and depar-
tures are independent of the time index value [18]. From state
transition diagram in Fig. 4, the state transition matrix P [18]
is defined as
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P= : : (1)
0 0 f be
0 0 ad 1—bc

The difference equations for the state probability vector [18]
can be expressed as

sp |’ 2

where s; is the probability that the queue contains ¢ packets,
and is given as:

s = [s0 s1 SB-1

s; = ptdLsg for1 <i<B 3)
with p is defined as:
a
= —_— 4
P b “4)

Satisfying the condition Zio s; = 1 from [18] gives:

1= pod idmaw(O,i—l)
o= lfp)(’;_deB) for0<i<B (5)




TABLE 1
GENERAL ROUTER AND NOC PERFORMACE EQUATIONS. q; REFERS TO
J-TH QUEUE IN ROUTER 7.

Variables router r; NoC
Throughput Th | 17 S0, Th, | it S0, Thy,

N total N
Queue occupancy Qa ﬁ > jm1 The, m Yoinq Qar,
Loss probability L | 37 Zj\le Ly, | i SN Ly,
Waiting time W T e Wo, | iy ey W,

From Little’s result [18], the average queuing delay ¢ is
given by:

Qa
o= 7 (©)
where Qa is the average queue occupancy and T'h is the aver-
age queue throughput in packet per time step. The throughput,
Th, is defined as the probability that the queue is served while
it is not empty, and is given by:

Th = ¢ (1—sp) @)
The average queue occupancy () is given by:
B
0 - Yis
i=0
B
1—pd i i
_ P Z Z'pldz—l (8)

1+ p(c—pPdP) =

A packet is said to be lost when the queue is full when the a
packet arrives and none is serviced. Thus, the loss probability,
L, is given by:

L=spad ®

D. Router and NoC Modeling

This section discusses the generation of general router
performance. General router equation performance is gener-
ated from average of all queues in a router. There are the
equations of throughput, efficiency, average queue size, loss,
and wait time for a router ;. The overall performance in term
of throughput, average queue size, wait time, and loss are
obtained by averaging all 16 routers in a 4 x 4 mesh NoC.
The general NoC performance is given in Table 1.

V. ANALYSIS OF MPEG-4 CORES

Fig. 5 shows a proposed methodology in a case study for
video application (MPEG4 core) to analyse the performance of
mesh NoC from various metrics which are throughput,average
queue size, loss, and waiting time.

A. MPEG4 SoC Traffic Distribution Graph

As shown in Fig. 5, a traffic distribution graph (TDG) for
the typical video applications (MPEG4 core) is considered the

Fig. 5.

MPEGH4 core [20]

main design input. The numbers written on the arrows are
the average number of packets transmitted and the numbers
written on the circles represent the IPs number. From a
given TDG, traffic distribution matrix (\) is generated. The
generated matrix is organized such that );; represents the
number of packets transmitted from a node IP; to IF;.

0 0 0 0 190 0 0 0 0 0 0 0
0 0 0 0 0.5 0 0 0 0 0 0 0
0 0 0 0 60 40 0 0 0 0 0 0
0 0 0 0 600 40 0 0 0 0 0 0
190 0.5 60 600 0 0 0 0 0.5 910 32 0
N = 0 0 40 40 190 0 0 0 0 0 0 0
- 0 0 0 0 0 0 0 250 0 670 173 500
0 0 0 0 0 0 250 0 0 0 0 0
0 0 0 0 0.5 0 0 0 0 0 0 0
0 0 0 0 910 0 670 0 0 0 0 0
0 0 0 0 32 0 173 0 0 0 0 0
0 0 0 0 0 0 500 0 0 0 0 0

10)

B. IP Mapping and Routing

IPs mapping and routing for the MPEG4 cores through
the routers in 4 x 4 Mesh NoC with deterministic routing
is shown in Fig. 6. All communication between IP blocks
with same source and destination always go through same
path of router through shortest path. Connectivity matrix is
then formed through IPs routing. A packet with same source
and destination go through the specific routing path that had
been determined. The total no of hops used is 35 as shown in
Table 1II.

C. Routing Matrix

From the connectivity matrix, the input port is identified
for communicating with output ports of each router. Then,
remove those set of input to output connections that are not
used for routing paths. This reduce resources area in the NoC.
Equation 11 shows the example of routing table and routing
matrix for router number 10 (R1p) in the 4 x 4 mesh NoC.
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Fig. 7. The average performance for all 16 routers in the 4 X 4 mesh NoC (a) Throughput, (b) Average queue size, (c) Wait time, and (d) Loss.
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Fig. 6. MPEG4 core IPs is mapped in 4x4 mesh NoC

VI. EXPERIMENTAL RESULTS

To verify the performance analysis, overall mesh NoC
performance in term of throughput, average queue size, loss,
and waiting time are performed. Initial mapping of 12 IPs
MPEG4 core in 4 x 4 mesh NoC modeling is made through
the shortest path XY deterministic routing given in Table II
and Fig. 6. Simulation was performed and the router loading
performance analysis for all 16 routers is shown in Fig. 7.
Fig. 7 shows that all 16 routers give different performance in
mesh NoC due to the router loading and IPs traffic. Fig. 8

TABLE 11
MPEG4 CONNECTIVITY MATRIX

Communicating | Routing path No of

IPs hops
1P, <+ IP; Ry < Rs < Rg 3
1P, < IP; Ry < Rg 2
IP3(—)IP5 R3<—)R7(—>R6 3
IP; < IP; R3 + Ry 2
IPy < IP; Ry > R3 > Ry <> Rg 4
IPy <+ 1P, R, < Rg + Ry 3
I1Ps < 1P Rg <+ Ry1g < Ry 3
IP5(—>IP10 R6<—)R10 2
1P < 1Py R + R7 < R11 < Ry 4
IP; < IPg R4 & Ri3 2
IP7<—>IP10 R14(—>R10 2
IP7(—>IP11 R14(—>R15 2
IP7(—>IP12 R14(—>R15(—)R16 3

clarifies that router six (R6) is determined as a router hotspot
that gives the worst performance - 100% packet lost and
waiting time. As can be seen from Fig. 6, R6 is connected
to IP5 that has a highest traffic rate. Therefore, all five queues
of R6 have been mostly occupied with packets. The average
of throughput for this mesh NoC is 54%. The R9 that is
attached with IP9 gives a best performance with 4% loss,
and only 4% waiting time. Congestion could be characterized
by decreased throughput, increased loss, and increased wait
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time. The main reason to identify router hotspots in NoC is to
improve the overall performance of NoC. Hence, IPs of router
hotspot could be rerouted possibly until the best performance
could be achieved. From this router loading analysis, an early
idea of mapping IPs that have different traffic rate could be set
up for each router. The occupancy of average queue size also
could be obtained with specific routes. Therefore, the resource
hardware area and cost could be reduced in the NoC topology.

VII. CONCLUSIONS AND FUTURE WORKS

This paper presented a Markov chain model for identifying
router loading and hotspots. An analytical model for 4 x4 mesh
NoC with a video application MEPG4 cores is presented. NoC
performance metrics such as throughput, waiting time, queue
size, efficiency, and loss could be easily identified from the
model output. The complete success of the models described
here cannot yet be claimed without further research inves-
tigation. There are many interesting possibilities for future
research here and the most important of these are, extending
this modeling approach with other NoC topologies, router
types, and queue models. Another challenging problem is to
improve the model to automatically place each IP to the most
optimum NoC tile. Finally is to prototype the NoC.

VIII. ACKNOWLEDGEMENT

The authors would like to express their sincere gratitude to
Research and Innovation Management Centre (RIMC), Univer-
siti Malaysia Sarawak (UNIMAS) for the financial support.

REFERENCES

[1] T. Ahonen, S. Virtanen, J. Kylliainen, D. Truscan, T. Kasanko, D.
Siguenza-Tortosa, T. Ristimaki, J. Paakkulainen, T. Nurmi, I. Saasta-
moinen, H. Isannainen, J. Lilius, J. Nurmi, and J. Isoaho A brunch from
the coffee table - case study in NoC platform design,” in Interconnect-
Centric Design for Advanced SoC and NoC, J. Nurmi, H. Tenhunen,
J. Isoaho, and A. Jantsch, Eds. Kluwer Academic Publishers, 2004, pp.
425-453.

[2] W.J. Bainbridge and S. B. Furber, "CHAIN: A delay insensitive chip area
interconnect,” IEEE Micro special Issue on Design and Test of System
on Chip, vol. 142, No.4., pp. 16-23, Sep. 2002.

[3] L. T. Smit, G. J. M. Smit, P. J. M. Havinga, J. A. Huisken, K. G. W.
Goossens, and J. T. M. H. Dielissen, "Towards a model for making a
trade-off between QoS and costs,” in Proceedings of the CTIT workshop.
Mobile Communications in perspective, pp. 105-109, Feb. 2001.

[4] M. Liu, "Improving the performance of a wormhole router and wormhole
flow control,” Master’s thesis, School for Information and Communication
Technology, Royal Institute of Technology, Stockholm, Sweden, Dec.
2005. [Online]. Available: http://www.imit.kth.se/ axel/papers/2005/MSc-
ming-liu.pdf

[5] L. T. Smit, G. J. M. Smit, P. J. M. Havinga, J. A. Huisken, K. G. W.
Goossens, and J. T. M. H. Dielissen, "Towards A model for making A
trade-off between QoS and costs,” in Proceedings of the CTIT workshop.
Mobile Communications in perspective, Feb. 2001.

[6] J. Hu and R. Marculescu, ”Application-specific buffer space allocation
for networks-on-chip router design,” in Proceedings of the IEEE/ACM
International conference on Computer-aided design, San Jose, CA, Nov.
6-10, 2004, pp. 354-361.

[71 P. Avasare, V. Nollet, J.-Y. Mignolet, D. Verkest, and H. Corporaal,
“Centralized end-to-end flow control in a best-effort network-on-chip,”
in Proceedings of the 5th ACM international conference on Embedded
software (EMSOFT °05). New York, NY, USA: ACM Press, 2005, pp.
17-20.

[8] P. Vellanki, N. Banerjee, and K. Chatha, ”Quality-of-Service and Error
Control Techniques for Network-on-Chip Architectures,” in Proceedings
of the Great Lakes Symposium on VLSI, 2004.

[9] J. Chan and S. Parameswaran, "NoCGEN: A template based reuse
methodology for networks on chip architecture,” in Proceedings of 17th
International Conference on VLSI Design, Mumbai, India, Jan. 5-9, 2004,
pp. 717-720.

[10] K. Goossens, J. Dielissen, and A. Radulescu, ”ZEthereal network on chip:
concepts, architectures, and implementations,” IEEE Design and Test of
Computers, vol. 22, no. 5, pp. 21-31, Sept. 2005.

[11] D. Ching, P. Schaumont, and I. Verbauwhede, "Integrated modeling and
generation of a reconfigurable network-on-chip,” in 18th International
Parallel and Distributed Processing Symposium, Santa Fe, NM, Apr. 26-
30, 2004, pp. 139-146.

[12] L.-S. Peh and W. J. Dally, ”A delay model for router microarchitectures,”
IEEE Micro, vol. 21, no. 1, pp. 26-34, Jan. 2001.

[13] D. S. Tortosa and J. Nurmi, Topology design for global link optimization
for ap- plication specific network-on-chip, in Proc. International Sympo-
sium on System- on-Chip SoC2004, Tampere, Finland, 2004, pp. 135138.

[14] A. Chien, A cost and speed model for k-ary n-cube wormhole routers,
IEEE Trans- actions on Parallel and Distributed Systems, vol. 9, no. 2,
pp. 2936, Feb. 1998.

[15] S.Kumar, A.Jantsch, J.-P.Soininen, M.Forsell, M.Millberg, J.Oberg,
K.Tiensyrja and A.Hemani. A Network-on-Chip Architecture and Design
Methodology. In proceedings of the IEEE Computer Society Annual
Symposium on VLSI. 2002.

[16] E. Baydal, P. Lopez and J. Duato. Increasing the Adaptivity of Routing
Algorithms for k-ary n-cubes. In Proc. 10th Euromicro Workshop on
Distributed and Network-based Processing. pp. 455-462. Jan. 2002.

[17] W.J. Dally and B. Towles. Route Packets, Not Wires: On-Chip Intercon-
nection Networks. Proc. Design Automation Conf. (DAC). pp. 683-689.
2001.

[18] Fayez Gebali. Computer Communication Networks Analysis and De-
sign. Springer. 2008.

[19] J.Duato, S. Yalmanchili and L. Ni. Interconnection Networks. IEEE
Computer Society. 1997.

[20] D.Bertozzi and A.Jalabert. NoC Synthesis Flow for Customized Domain
Specific Multiprocessor System-on-Chip. IEEE Transaction on Parallel
and Distributed System. vol. 16, no. 2, pp. 113-129. Feb. 2005.



