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Abstract. A simulation-based comparison scheme for on-chip communication
networks is presented. Performance of the network depends heavily on the appli-
cation and therefore several test cases are required. In this paper, generic synthe-
sizable 2-dimensional mesh and hierarchical bus, which is an extended version
of a single bus, are benchmarked in a SoC context with five parameterizable test
cases. The results show that the hierarchical bus offers a good performance and
area trade-off. In the presented test cases, a 2-dimensional mesh offers a speedup
of 1.1x - 3.3x over hierarchical bus, but the area overhead is of 2.3x - 3.4x, which
is larger than performance improvement.

1 Introduction

The increasing complexity of digital systems has forced the adoption of modular design
techniques and the re-use of pre-designed and pre-verified components in the design
process of System-on-Chips (SoC). Due to the increasing number of connected com-
ponents, the communication and interconnect wiring are becoming a serious problem
[11[2][3]. Several architecture and circuit-level alternatives have been proposed to solve
this but proposals frequently only deal with the theoretical limitations of the communi-
cation networks. However, the practical limitations and requirements for the networks
are affected by system-level issues and the data transfer distributions of the targeted
applications. This paper presents a study of hierarchical bus and mesh networks and
examines the effect of transfer distributions in benchmarking SoCs. Furthermore, the
area cost of network area is examined. The following Section briefly introduces the re-
lated work done in the field. The utilized networks are presented in Section 3 and the
transfer patterns in Section 4. Section 5 examines the area costs of the implementations
based on synthesis results and describes the execution time comparison. In Section 6,
the conclusions of the work are given.

2 Related Work

The optimal SoC communication network (network-on-chip, NoC) has been subject to
debate over the last few years. Traditionally, the SoC networks are based on circuit-
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switched techniques, such as bus-based networks [4], crossbars [5], and 2-dimensional
meshes [6][7]. Several packet-switched network topologies have also been proposed,
such as fat trees [8], 2-dimensional meshes [9][10], and rings [11]. Networks are often
compared by the theoretical maximum transfer capabilities. This is straightforward but
the results seldom reflect the performance of real applications accurately, i.e. the order
of performance values may be defined but not their ratio. However, building actual
applications is laborious only for comparison purposes and their simulation is time-
consuming. Furthermore, the execution time of an application is often dependent on
input data.

Communication generators provide flexibility and accelerate simulation with the
cost of reduced accuracy. They use transfer patterns, or profiles, that resemble the exter-
nal behavior of real applications. In statistical generators [12][13], the communication
profile is often independent of the profiles of other agents (processing elements) that are
connected to the network. Statistical methods are suitable for analyzing and optimizing
the network when the system architecture and application mapping are fixed. Transfer
dependent methods [14][15][16], in contrast, enable architecture exploration including
component allocation, application mapping, and communication scheduling. Transfer
dependence refers to a situation in which an agent cannot proceed before it has received
certain data from other agent(s).

Table 1. NoC comparisons in literature

Ref. Topologies Test cases Criteria

[6] mesh, (hier.) bus 5 applications ex.time, throughput

[7] mesh, bus 1 random, 1 statistical offered load, blocking

[8] fat-tree, bus total exchange, ex.time, latency,

1 statistical saturation

[10] mesh 3 statistical ex.time, latency, area

[11] ring 1 application ex.time, area

[12] (hier.) bus, ring tens of statistical throughput

[13] mesh 1 statistical ex.time, utilization,
power

[16] mesh, bus, tree 3 transfer dependent ex.time

[17] mesh, bus total exchange ex.time, max freq.

[18] (hier.) mesh, (at last) 3 applications energy

multibus
this work mesh, (hier.) bus 5 transfer dependent ex.time, area

Table 1 lists some comparisons of different networks. All utilize simulation, except
[17] that uses mathematical models. Three reported studies used real applications while
seven used synthetic methods, only one of which included transfer dependence. Total
exchange (also called pooling) means that all agents send and receive data with all other
agents. A single bus is a viable solution for systems with a limited number of agents
and bandwidth requirements because of its simplicity and the numerous legacy imple-
mentations [8][16][12]. Many comparisons examine single buses or multiple parallel
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buses but omit the more versatile hierarchical bus structures. All listed comparisons ne-
glect the cost of network in terms of area, except [10][11] which compare only different
versions of single topology and analytical work in [17]. However, area of NoC routers
varies greatly; between 4-700 kilogates [10][9], and therefore area should be included
in comparison. A single test case is not enough to have reliable performance estimates,
but a set of benchmarks is needed. This work utilizes synthetic, transfer-dependent test
cases for fair benchmarking of hierarchical bus and 2-D mesh. Currently there are no
commonly accepted benchmark sets for SoC networks, but the work presented in this
paper could be proposed as part of such set.

3 Hierarchical Bus and Mesh

To allow fair comparison, bus, hierachical bus, and 2-D mesh are compared for this
study by using generic, synthesizable building blocks. All networks utilize the same
agent interface, transfer data in fixed-size packets, and utilize store-and-forward routing.
Data arrives always in-order.

(a) Hierarchical bus (b) Mesh

Fig. 1. Network implementations

The utilization of the single bus architecture is usually limited to systems with less
than 10-20 agents due to the limited bandwidth and the problems induced by the re-
quired long signal lines. The traditional bus scheme can be extended to a hierarchical
bus scheme by using bridges (marked with b;;) to connect several bus segments as
shown in Fig 1(a). Agents (a;) are connected to bus segments via wrappers (w;). In
this case, the number of signal lines and the operating frequency are the same in each
segment. Hierarchical bus architecture used in this paper is built as a chain of bus seg-
ments, although a tree like structure could also be used. The implemented bus wrapper
is a fairly simple device with two FIFO buffers and a control unit for arbitration. Ar-
bitration is based on a distributed round-robin scheme where the ownership is passed
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to the next agent after each transmitted packet. Bridge components were implemented
by connecting two wrappers together. The bus signal resolution is implemented with
an OR-based structure. The problems inherent in long bus signal wires are solved by
grouping only a limited number of agents, in this case four, in each bus segment.

Table 2. The number of communication links in networks

Number of agents

Network 4 16 36 64 N

Single bus 1 1 1 1 1

Hier. bus 1 4 9 16 N/4

Mesh 8 48 120 224 4(N —NO99)

A packet-switched 2-dimensional 4-way mesh used in this study is depicted in
Fig 1(b). The agents are connected to an array where router elements (r;) handle the stor-
ing and forwarding of data. Router comprises of a control unit taking care of switching
and routing, and a FIFO buffer for each direction (North, East, South, West, and two for
agent). Routers implement a simple dimension-order routing scheme where the trans-
fers are first directed to the correct row and then to the requested column. The number
of communication links L of networks are listed in Table 2. A single bus has only one
communication link, whereas in a hierarchical bus there are as many links as there are
bus segments. In mesh, there are 4 unidirectional links in each router except on those
residing on edges.

4 Test Cases

The presented communication networks are compared using synthetic benchmarks that
are generated to represent characteristic application properties, such as sequential/parallel
behavior, communication/computation intensiveness, and spatial traffic distribution. The
test cases are executed in a simulation environment called Transaction Generator (TG)
[15] that is independent of the network and runs application descriptions based on the
Kahn process network model [19]. Each process can be either waiting for data, reading
data, processing, writing data, or finished. TG notably accelerates the simulation com-
pared to HW/SW co-simulation with multiple instruction set simulators. At the same
time, the timing error is less than 15% w.r.t. real application.

Fig 2 shows the process network graphs of the benchmarks for 8 agents. The white
nodes depict computation processes that can have any arbitrary processing times of P
clock cycles. The edges represent data transmissions with length of D words. Compu-
tation at a node cannot start until at least one of the arriving transfers has completed
(transfer dependence). The start processes, marked with black nodes, have P = 1 and
D =1 and are executed only once to trigger computation processes. By changing P
and D, the application model in TG can be made more computation or communication
intensive. Both P and D can be varied randomly within a user-defined range. All these
benchmarks are scaled with N so that there is one computation process and variable
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number of start processes per agent. The dashed lines describe a mapping of the pro-
cess graph onto eight agents. For simplicity, a 1-to-1 mapping was utilized. However,
process graphs are totally independent of the hardware architecture so other mappings
can be easily explored.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4

Fig. 2. Test cases used in comparison

The first benchmark, case 1, (Fig 2(a)) resembles a sequential data flow application
having only one start process. Case 2 (Fig 2(b)) is partly sequential and partly parallel
in nature having N/2 start processes. Case 3 (Fig 2(c)) presents an application where
the transfers are sequential as in case 1 but in hierarchical clusters of four processes
so communication is very localized. Case 4 (Fig 2(d)) has processes in a group of four
transmitting data in parallel to each other. The difference to case 3 is that there are
four simultaneous data transfers in each group of four agents. Cases 2 and 4 can also be
thought as pipelined versions of cases 1 and 3, respectively. In addition, case 5 combines
the cases 1-4 into one simulation to represent heterogeneous behavior. In case 5, cases
1-4 are run together so that each agent executes one computation process from each
case. The mutual order of cases is not specified. For example, all cases have start and
computation processes grouped together in the top left corner (cf. Fig 2(a)-2(d)) and
they all are mapped to first agent in case 5.

The total execution time of an application is a sum of computation time and com-
munication time. It can be estimated in a heuristic fashion for these graphs as

i (D xk)
~ min(N,S)  min(N,L,S) ’

[clock cycles] (D)

tiot

where

I payload + header + arbitration

2
payload @

is an implementation specific factor that is explained later. The divider in (1) defines the
achievable parallelism. The parallelism of an application is defined here as maximum
number of parallel transfers and active computation processes and it equals the number
of start processes (S) in these cases. If there are less agents (N) or communication
links (L) than start processes (S), the maximum parallelism of the application cannot
be achieved. The maximum number of initiated transfers per clock cycle cannot exceed
the number of agents in any network. For example, case 1 is a sequential application
having only one start process and utilizes only one processor or communication link at
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a time. Adding more communication links should not speed up the application at all.
The number of start processes is shown in Table 3.

Table 3. The number of start processes in test cases

Number of agents

Test case 4 16 36 64 N

1 1 1 1 1 1

2 2 18 32 N/2

3 1 9 16 N/4

4 4 16 36 64 N

5 8 29 64 113 IN/4+1

The factor k, caused by arbitration and the overhead from packet headers, is calcu-
lated with (2). It is defined as the number of clock cycles needed to transfer one packet
divided by the amount of transferred payload data. Ideally k£ would be one. Packet and
header sizes are expressed as multiples of the word size, because one word can be trans-
ferred in one clock cycle. Using distributed arbitration, each agent in a bus segment has
to wait a whole round-robin iteration between consecutive packets. However, there can
be S agents active in each round which reduces the overall arbitration delay. The rout-
ing algorithm of a mesh checks one input each clock cycle for new transfers, thus, on
average 5/2 clock cycles are needed for routing. The term arbitration is assumed to be
(N —1)/S for bus, 6 for hierachical bus, and 2.5 for mesh. Still, (1) does not take data
dependencies into account and assumes uniform mapping of processes. Estimate for
case 5 is a sum of individual estimates for cases 1-4.

5 Synthesis and Simulation Results

The communication networks were implemented using RTL VHDL and synthesized
using a 0.18 um CMOS technology. The packet size was set to eight 32-bit words. Since
packets have a three-word header and eight-word payload data, the required buffer size
is (3+8) *32 bits in all the internal network buffers. The resulting network logic areas in
kilogates are depicted in Table 4. The difference is mainly due to buffers: bus wrappers
have two buffers, bus bridges four, and routers have six buffers.

Table 4. Logic areas in kilogates of network implementations

Number of agents

Network 4 16 36 64
Single bus 30 119 269 479
Hier. bus 30 165 390 705

Mesh 102 409 939 1635
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In the following simulations, the processing time P = 16 and the transfer length
D = 1024 words which sets tight requirements for the communication network. This
kind of communication intensive transfer patterns can be found, for example, in packet
processing inside an Internet router. The measured execution times are listed in Table 5.
The poor result of the single bus in case 1 is due to inefficiency of the utilized distributed
round-robin arbitration. The transfer times of the mesh and the hierarchical bus are
quite close to each other due to sequential nature of the application. In test case 2, the
differences between the networks are more apparent. The transfer times of the single
bus grow again very fast. On the other hand, the results for hierarchical bus and mesh are
quite close to each other and follow the results predicted by (1), which means that both
networks are able to systematically exploit the inherent parallelism. The same happens
with test cases 3 and 4. The run-time of case 5 is defined by the slowest individual
application when applications 1-4 are run together. Results of case 5 with 64 agents are
not available due to a limitation in the current simulation environment.

Table 5. The execution times in clock cycles for test cases

N 4 agents 16 agents
Test case 1 2 3 4 5 1 2 3 4 5
Single bus 17 034 9788 17034 9217 76278 [ 68232 38971 43008 36864 933504
Hier. bus 17 034 9788 17034 9217 76278 | 69325 13677 16527 9346 222519
Mesh 14913 5858 14913 3 886 23040 ] 62240 7793 14913 3886 99860

N 36 agents 64 agents
Test case 1 2 3 4 5 1 2 3 4
Single bus 245556 87535 96768 82944 4171264| 663616 233456 172032 147456
Hier.bus 159865 13727 16527 9346 465375 286620 13782 16 527 9346
Mesh 140 040 7808 14913 3886 238 878 | 248 950 7823 14913 3 886

I ()

The results show that the single bus is clearly not applicable for large systems. Mesh
is the fastest network in all cases but also the biggest. Fig 3(a) shows the Pareto curves
for all test cases with 36 agents. Results are scaled so that both area and execution time
of single bus equal one. Fig 3(b) shows the measured speedup of mesh over hierarchical
bus. Speedup is defined as hierarchical bus execution time divided by mesh execution
time. It also shows the area ratio, which is the area of mesh divided by the area of
hierarchical bus. Mesh is faster than hierarchical bus but often the area overhead is
bigger than the speedup; especially in cases 1 and 3 that do not offer much parallelism.
The choice between the mesh and the hierarchical bus is, therefore, a trade-off between
area cost and performance. For comparison, we define the architectural performance as
the inverse of the costs:

Per formance = cost™! = (Frot™ *A)*1 ) 3)

The cost is defined as a product of execution time #; and area A. The weighting
factor w; can be utilized to make the runtime less (w; < 1) or more important (w; > 1)
than the area. In these cases, smaller weights favor hierarcrhical bus and large ones
favor mesh. Fig 4 shows both estimated and measured performance of all networks so
that the best case is scaled to 1 and execution and area have equal weights (w;, = 1).
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Hierarchical bus offers the best trade-off for test cases 1, 2, 3, and 5. Mesh is best suited
for the most parallel test case, that is test case 4 with large number of agents. A single
bus is applicable only in sequential test case 1.

The shapes of the estimated and the measured performance curves match rather
well. This implies that equation (1) predicts the ratio between execution times well in
many cases. However, in some cases, denoted with arrows in Fig 4, the estimates are
clearly inaccurate. Furthermore, the estimated times are much smaller than the mea-
sured results. This is mainly due to the implementation of TG network contention, and
inefficiencies in implemented network protocols that were not included in equations.
Furthermore, other than 1-to-1 mappings having more contention are likely to cause
even bigger error in estimates.
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6 Conclusions

This paper presented a general way for fair comparison of networks for large SoCs
using synthesized HW models. Single bus, hierarchical bus, and 2-dimensional mesh
networks were used in this study. Application dependence is a factor that cannot be dis-
regarded in communication-based system design. Therefore, the analysis utilizes Trans-
action Generator that makes it possible to simulate the networks with different traffic
patterns. Results show that theoretical performance derived from the number of links
in the network does not reflect the application execution time linearly. The presented
formal equation provides reasonable estaimtes in some case, but not in general. More-
over, more advanced estimates would require rather complex equations. Therefore, fast,
cycle-accurate simulation is preferred.

Many contemporary analyzes often depict buses as poor fits to large systems because
only the single bus is used as a reference. The presented hierarchical bus scales quite
easily to large systems and provides a good area-performance trade-off while retain-
ing many of the advantageous features of simpler bus arrangements. The hierarchical
bus exhibits good run-time results with relatively small implementation area. The an-
alyzed 2-dimensional mesh network provides the highest performance with the largest
area. The architectural performance, defined as a product of area and execution time, fa-
vors the use of hierarchical bus. There is on-going work for developing more test cases
(both synthetic and profiled real applications), exploring different process mappings,
and including other network topologies. Furthermore, more performance and cost fac-
tors, such as energy and latency variation, will be analyzed. Such metrics are definitely
more complex to analyze formally but can be estimated through simulation.
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