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ABSTRACT

Driven by the advance of semiconductor technology, it is possible to integrate
hundreds of processing elements on a single chip in the next decade. At the moment,
communication between the components will become the limiting factor for system
performance and a communication-driven system design methodology will be needed.
In this thesis, we propose an on-chip communication infrastructure for multi-processor
system-on-chip. By appropriate configuration, the network can work as circuit switching,
packet switching, and dedicated bus. System designers can also benefit from our

framework to analyze the system performance and make better decisions at higher level



because our platform exhibits predictable performance. The experiments of performance
evaluation show that the communication fabrics can efficiently transfer data within

system.
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Chapter 1

Introduction

As the semiconductor technology advances, SoCs in the next decade are expected to
integrate hundreds of computing elements on a single chip to obtain more computing
power. However, designers encounter some new problems: wire delay becomes the
limiting factor for the signal delay, communications between computing components
become the bottleneck of system performance, and system design becomes more
difficult because of more and more components integrated together. Moreover, it is
observed that traditional design flow is incapable of solving these problems. Designers
need not only new system architectures but also a new design methodology to conquer

these problems and to reduce the time to market.
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1.1 Technology trend

As predicted by International Technology Roadmap of Semiconductors (ITRS), it is
possible to integrate multi-billion transistors on a single chip within ten years [9]. The
chip fabricated by 50nm technology can work at around 10GHz or faster. At the moment,
wire delay will dominate the signal delays [16]. The gate delay of a transistor is scaled
down linearly, whereas wire delay remains constant with scaling. Although larger wire
delay can be managed with wire pipelining techniques, it is unavoidable for designers to

deal with the problem of timing uncertainty.

Clock synchronization in future system istanother problem for the system designers.
Because the clock skew is not negligible any more, synchronizing all components on the
chip with single clock will become almost impossible. The fact that global wire which
spans the whole chip, like the clock signal, may conduct signals with latency that
exceeds the clock cycle will also make the system synchronization problem more serious.
The globally-asynchronous, locally synchronous (GALS) technique may be the most

possible solution [17].

Performance is still the most important issue. Traditional shared-medium network
architecture, like AMBA bus [13], is the most convenient architecture in current SoC
integration. Such kinds of architectures can support broadcast transmission, and cost low
implementation overhead. However, high contentions among masters caused by

simultaneous requests degrade the system performance and make extra power



consumptions. These problems make designers discard share-bus architecture and search
for some new communication architectures. Some studies propose different solutions
like routing packet without wire [2], or using different topologies for specific
applications [10]. There are still open problems in selecting a suitable architecture for

different application domain.

Another important issue is the time to market. It becomes more complex to design a
system due to integrating more components. Traditional design flow is not sufficient to
conquer this problem. The design trend is toward system level design. The impact that
communication becomes bottleneck of .system-performance also influences the system
design methodology. A communication-driven design methodology should be

considered.

1.2 On-chip network

It seems a feasible way to solve these new problems by applying similar concepts that
are maturely developed in other fields. Some researchers adapt the layer method from
traditional inter-network to manage the on-chip communication [4][8]. They view the
interconnections between on-chip components as micron-network and apply the layer
method to build the on-chip communication infrastructure. Figure lis the protocol stacks
paradigm adapted from inter-network; with bottom up construction, the layers spans
increasing design abstraction level [4]. System designers and architecture designers can

work together to implement a system under different abstraction levels. Also, this



method maximizes the ability of reusing components.

Software
application
system

Architecture

and Control
transport
network
data link

Physical

wiring

Figure 1 : Protocol stack of inter-network

Although the researches of constructing ‘intér-network are well-studied, there are
some differences between communication-infrastructure of SoC and wide area network.
There are some unique features of -SoC network: less non-determinism of
communication among applications, mare.strict constraints of power consumption, less

memory space for on-chip system and the physical issue of fabrication.

1.3 Communication-driven system design methodology

Driven by the advances of semiconductor technology, future SoCs will accelerate the
capacity and complexity of a system. It is possible for designers to integrate hundreds of
functional components within the same die size to obtain more computing power. At this
scale, it is believed that SoC will be implemented by using pre-designed components in
a plug-and-play fashion [11]. In such system integration approach, communications

among computing components becomes the most critical factor and make it more



complex to design the system and to predict the system performance. It is an urgent

issue to balance the communication and computation power over the whole system.

Here, we introduce a communication-driven system design methodology, as shown

in Figure 2, as a new design flow.

Function Architecture
Modeling Modeling

Mapping and Analysis

"

Software Hardware
implement | | implement

b )

System Integration

Figure 2 : Communication-driven system design methodology [4]

In this flow, we first separate the system design into two parts: functional modeling
and architecture modeling. Functional modeling contains application modeling, task
partition and job scheduling. Designers can collect rough system information by
profiling the applications. The responsibility of architecture modeling is providing a
library that contains the simulation models of various computation, memory components
and communication fabrics as implementation choices. According to the profiling

information of applications, system designers will make decision to select appropriate



platform.

After function and architecture modeling, system designers will map and allocate the
tasks scheduled onto the platform which they chose in architecture modeling. By
performance evaluation of these implementation examples, designers can get more
detailed information of the whole system and make better design trade-off. With this
method, system designer can refine the implementation of design at higher level and

reduce the times of try and error.

Traditional design flows will follow after system designers decide the details of

implementation.

1.4 Related works

There have been various studies in this field. We present some of them which are

strongly related to our work.

1.4.1 Communication-based design flow

The design methodology for communication-based design is proposed in [3]. In this
paper, researchers propose a “network-on-chip” approach to partition the communication
into layers to maximize the reuse and provide programmers with an abstraction of the
underlying communication framework. The OSI Reference Model is adapted to the layer

approach and is demonstrated with a reconfigurable DSP example.



1.4.2 Network architecture

The analysis of why the shared bus, which dominates the system integration now, will
not meet the performance requirement of future system is proposed in [1]. They present
an alternative interconnection in the form of switching network. Such technique is well
used in parallel computing, but is also suitable for heterogeneous communication

between on-chip processors.

The technique of mapping applications onto targeted communication platform and
analyzing system performance are studied in [14] and [15]. In their experiments, they
discussed the relative strengths and weakness of the considered architectures for system

design.

Some studies address the network"fabric design. A Circuit switching architecture, the
SoCBUS, is proposed in [5]. SOCBUS has very good properties in providing guaranteed
bandwidth, and is suitable to build the real time system. However, it is not suitable for
general purpose computing that exhibits random traffic patterns. A hybrid router design
between packet-switching and circuit-switching was proposed in [6]. It exhibits the

property of both switching techniques but still suffers the lack of channel utilization.

1.5 The focus of this thesis

Based on the promise that communication will become the bottleneck of future

system performance and on-chip communication will be treated as micron-network. We



propose a novel network platform and related infrastructure for on-chip communication
in this thesis. System designers can also benefit from our framework to analyze the
system performance and make better decisions at higher level because our platform

exhibits predictable performance.

The rest of this thesis is organized as follows. In Chapter 2, we introduce basic
network concepts. In Chapter 3, we highlight the requirements of future network and
present details of our platform design and a novel switch design for on-chip
communication. We prove the correctness of our platform and study some design space

explorations in Chapter 4. Finally, we give the conclusion and future work in Chapter 5.



Chapter 2

Preliminaries

In this chapter, we introduce some basic concepts and related issues about
constructing network. This chapter provides background knowledge of our platform and

switch design in Chapter 3.

2.1 Topology

The word “topology” defines how the nodes are interconnected by channels and is
usually modeled by a graph [7]. The nodes include communication fabrics, bridges and

processors. Major network topologies can be categorized as direct network and indirect



network. In direct network, nodes are connected directly with each other by the network.
In indirect network, nodes are connected by one or more intermediate node switches.
The switching nodes perform the routing and arbitration operations. Because of different
performance requirements and cost trade-off, many different network topologies are
designed for specific applications [11]. We are going to give a brief description of some

of the popular network topologies.

2.1.1 Direct network topologies
1. Orthogonal

A network topology is orthogonal if and only if nodes can be arranged in an
orthogonal n-dimensional space.= The' most popular direct networks are k-ary
n-dimensional mesh, k-ary n-dimensional cube and the hypercube, as shown in Figure 3.

Such kinds of topologies exhibit the properties of regularity and symmetry.

—0 O

4-ary 2-dim mesh 4-ary 2-dim torus 2-ary 4-cube (hyper cube)

Figure 3 : Orthogonal network topology
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2. Other direct network topologies

In addition to these topologies defined above, there are many other topologies that
have been proposed with different properties, as shown in Figure 4. The
cube-connected-cycles topology is proposed as an alternative way to orthogonal
topologies to reduce the degree of each node. Tree topology provides the advantage of
low implementation cost, in which each of these nodes on the topology is in turn
connected to a disjoint set of descendants. A star graph is proposed to minimizing the
network diameter of cube-connected cycles. However, it need more complex routing

algorithm.

A

g

cube-connected
tree star graph

cycles

Figure 4 : Other direct network topology

2.1.2 Indirect network topologies
1. Crossbar networks

Crossbar networks allow any node in the system to communicate with any other node
directly, as shown in Figure 5. In such way, several processors or memories can

communicate simultaneously without contention. The disadvantage of crossbar networks

11



is the cost, and has been traditionally used in small-scale system [11].

2. Multi-stage interconnection network

Multi-stage interconnection networks (MIN) connect the input nodes to output nodes
through switch stages, which are crossbar network. The number of stages and
connections between switch stages determine the routing capability of the networks.
Depending on the interconnection scheme employed between two adjacent nodes,

various MINs have been proposed.

Fat-tree is one classical topology of MIN. A fat-tree network can provide multiple
data paths from source node to destination nades-depending on the path usage. As shown

in Figure 5, the latency is directly proportional to the depth of the tree.

ingress

ingress

ingress
[ingress |

crossbar network fat-tree network

Figure 5 : Indirect network topology

Among these topologies, 2-D mesh is considered as the most suitable topology for

on-chip network because the 2-D mesh has the advantages of an acceptable wire cost,

12



reasonably high bandwidth, and that it is easy to group components on plane.

2.2 Switching strategy

Switching strategy is defined as the method used to exchange data between network
components. Common switching strategies can be classified into two categories:

connection-oriented and connection-nless.

Connection-oriented switching technique is widely used in telecommunication. It is
also named circuit switching because the connection from source to destination is built
before data transmission. Once the: connection established, data from source to
destination can be transmitted with guaranteed bandwidth and will be delivered without
any contention. With this advantage; we canemploy it-to build a real time system. This

strategy is advantageous when data transmission is fong and few.

Alternative to connection-oriented switching strategy, connection-less switching
strategy partitioned data into several packets before transmission. The routing and
transmission of packets are handled by network fabrics individually. Without any
reservations of the channel bandwidth, it provides more efficient bandwidth utilization.
Common types of communication-less switching include store-and-forward,

virtual-cut-through and wormhole switching.

Store-and-forward switching technique is named because each packet transmitted in

network is completely buffered at each intermediate node before it is forwarded to the

13



next node. The header information of each packet is extracted by the intermediate switch
to determine the output destination over which the packet is to be forwarded. Different
from the circuit switching, store-and-forward switching is advantageous when the
messages are short and frequent. However, the implementation of store-and forward
switching is expensive because a switch should have enough buffer size to hold a whole

packet.

Unlike the store-and-forward switching, that switch should hold the whole packet
before it is forwarded to next switch, virtual-cut-through switching can start the
transmission as soon as the routing decision of zpacket is determined and the output
channel is free. Actually, the packet doesn’t even have:to be stored at the output buffer
and can cut through to the input-of the next switch- before the complete packet is
received at current switch. In the absence of blecking, virtual-cut-through switching
performs better than store-and-forward switching because the packet is effectively
pipelined through successive switches. If the header of packet is blocked on a busy
output channel, virtual-cut-through switching will hold the complete message in the

switch and behaves like store-and-forward switching.

The requirement to buffer whole packet in the switches makes it difficult to construct
a faster and smaller switches. In wormhole switching, packets are pipelined through the
network like virtual-cut-through switching. However, the buffer requirements with
switches are reduced over that for virtual-cut-through switching. If the packet is blocked

in the network, the buffer in the switch doesn’t have the capability of buffering the

14



whole packet; the blocked packets will occupy buffers in several switches. This degrades
the network performance because the packet blocked by other packets will occupy
buffers in these switches on part of its transmission path, similarly blocking other
packets. Moreover, it often causes deadlock problem to happen. A deadlock situation is
the network state that some packets cannot advance toward their destination because the
buffers requested by them are full. As shown in Figure 6, all the packets involved in a
deadlocked configuration are blocked forever [7].

Packet B
bulter swilch

-/ —
[ P

e [P

[ (I
Packet D

Figure 6 : Deadlock situation

Virtual channels are originally introduced to solve the problem of deadlock in
wormhole switching. The key idea is to multiplexing the physical channel to support
several virtual channels. Logically, each virtual channel is operating as if a distinct
physical channel operates at lower bandwidth. By providing two virtual channels at
output channel at each switch in Figure 7(virtual channels), all the packets blocked in
the switches continue to make progress with half the channel bandwidth as shown in

Figure 7(virtual channels solve the deadlock problem). This technique can not only solve

15



deadlock problem but also improve network throughput.

virtual channel

___________ p—
(I £
(I T
@ £
=

wal channel bufier physical channcl

Virtual channels

2.3 Routing algorithm

Routing algorithms determine the“path followed by each packet. Figure 8 presents a
taxonomy of routing algorithms that are classified according to several criteria. Routing
algorithms can be first classified according to the number of destinations. Packets may
have only one destination or be broadcasted to multiple destinations. Routing algorithm
can also be classified according to the place where the routing decisions are made. The
decision can be made centralized at the source (centralized routing), be determined in a
distributed manner while across the network (distributed routing), or hybrid schemes.
Moreover, routing algorithms can be classified according to the way they are
implemented. The most popular ways consists of either looking at a routing table or

executing a routing algorithm in software and hardware based on finite state machine. In

Packet B
bufter

E:J/—‘—'J‘—}—;H—Jé Packet A
I )|

[ I

[ I

Packet C

Packet D

Virtual channels solve the
deadlock problem

Figure 7 : Virtual channel

16



both cases, they can be either deterministic or adaptive according to whether the packet
transmitted between a given source/destination pair is supplied with the same path.
Adaptive routing can also be classified according to their progressiveness as progressive
and backtracking. Progressive routing moves the header forward, reserving a new
channel at each routing operation. Backtracking allow the header to backtrack while it is
blocked. Backtracking routing algorithms are mainly used for fault tolerance. In the
scope of adaptive routing, routing algorithms can be classified according to the distance
of routing path as profitable or misrouting. Profitable routing algorithms always deliver
the packet closer to the destination across the network, while misrouting algorithms may
send packet away from the destination. The lastitaxonomy is according to the number of

paths as completely adaptive or partially adaptive.

17



Routing algorithm

/\;

Number of destinations — s——- Unicast routing Multicast routing

— N e,

Routing decisions s Centralized routing Source routing Distributed routing Multiphase routing

I

I[mplementation _— Table Lookup Finite state machine
Adaptivity —_— Deterministic routing Adaptive routing
Progrssiveness —- Progressive Backtracking
Minimality e - Profitable Misrouting
Number of paths —- [ ]
Complete Partial

Figure 8 : A taxonemy for reuting algorithms [7]

2.4 Transaction protocol

In network or telecommunication field, protocol is an agree-upon format or a set of
rules for transmitting data between two devices. The protocols determine the type of
error detection or error correction to be used, the data compression methods, or
handshaking convention between sending device and receiving device. It not only
defines how senders and receivers execute the communication transactions, but also
determines how data flows across the network. For on-chip communication, different

protocol options greatly influence the reliability and power consumption issues.

18



Chapter 3

Our Platform and-Switch Design

In this chapter, we will describe our platform and switch design in detail. First, we
will  remark what future network infrastructure should provide for
communication-driven system design methodology. Following, we will present a
complete description of our platform and switch design. We will also present how to use
the switch to transmit messages between components through illustrations. After that,
we will review how our platform meets these requirements of constructing future

on-chip network.

19



3.1 What network we need

When it comes to constructing the network infrastructure for future system on chip,
the hardest problem is to meet the various communication requirements in different
application domains. Some applications, such as Software Defined Radio and MPEG
codec, can be thread paralleling processing and they just need local and fixed
communication bandwidth. For other applications, there may be irregular traffic load
among communication channels. Here we summarize some basic concepts what future
communication infrastructure should provide in communication-driven system design

flow.

1. Efficient communication

When we consider constructing a network .infrastructure for system on chip,
the first task is to balance computing power and communication capability. If we
implement a system by integrating some powerful processing elements that
coordinate with other components, yet we only provide a poor communication
infrastructure. The first problem is that messages transmitted between these
components will waste unnecessary time on transmitting. Lots of jobs assigned
to processing elements will be postponed because the data needed is delayed.
This is a serious problem which not only makes processing elements idle to

degrade the whole system performance, but also make extra power consumption

20



while processing elements wait for data. Thus, we must provide a network

infrastructure that meets high network utilization criticism.

2. Guaranteed throughput
For some applications, real time requirement is the critical issue. Circuit
switching may be a good choice for such kinds of applications because it

provides the transmission with guaranteed throughput.

3. Fault tolerance capability

Even with the advance of semiconductor technology, it still cannot be
promised to fabricate a perfect chip/without any error on the chip. This problem
becomes worse in deep-submicron . era. When:it comes to integrating several
processing elements on a chip, there is better chance that we will find some
manufacturing faults in it. There may be faulty fabrics in memory, wrong
connections between components, or breaking down processing elements. These
issues can be rare but unavoidable. Future network infrastructure should provide
some mechanisms such that the whole system still works smoothly with faulty

components on it.

In this chapter, we propose a novel platform and switch design as a feasible solution
to these network requirements and as the network infrastructure for the future

communication-driven system design methodology.
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3.2 Switch architecture

3.2.1 System Scheme
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Figure 9 : A 2-D mesh switched network with 2x3 nodes

Our platform uses a 2-D mesh topology to organize on-chip components, as shown in
Figure 9. The main reason for selecting the two dimensional mesh is its acceptable wire
cost, and that it is easy to group components on plane [5][11]. In our platform, the

network is composed of 5-ports switches. Processors use network interface to

communicate within network.

The architecture of 5-ports switch is shown in Figure 10. The switch has four ports
connecting to neighboring switches and one port connecting to local processing element.

Each port is composed of input and output stage, which is shown in Figure 13 and

Figure 14.
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Figure 10 : Switch architecture

The basic transmission procedure is illustrated in Figure 11. Suppose that a packet is
sent into current switch from the ‘neighboring switch at west direction and will be
delivered forward the neighboring switch'at-east direction. In current switch, the packet
will be received by input stage of west port first and be stored in memory of output stage
of east port. Once the output channel of east port which is connecting to the neighboring
switch is available, the output stage of east port in current switch will send the packet to

the next switch soon.
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Figure 11 : Basic transmission procedure

The interface of switch is composed of input and output channel. Each channel
contains Address-line, Data-line and Ack-line. We show that in Figure 12. The
Address-line delivers the input or output address:of the packet. The Data-line delivers
data transmitted. And the Ack-line feeds acknowledgement back to source switch or

processing elements to report the result”of transmission. Output channel and input

channel are complementary to each other.

— | Output Address of switch 1 ==
% Output Data of switch 1 »l |5
2 | | Qutput Ack of switch | -
Switch 1 — ' —  Switch 2
> Input Address of switch 1 o
5 Input Data of switch 1 S
=in =
Input Ack of switch 1 > -

Figure 12 : Switch interface

After basic introduction of switch architecture, we explain the architecture of input,

output stage and the organization of memory hierarchy in detail.
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3.2.1.1 Input stage
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Figure 13 : lnput stage of switch port
The main duty of input stage of switch port'is as follows:

(1) Address controller extracts packet address from input Address-line to decide

where to store input data.
(2) Dispatch input data on input Data-line to the buffer which stores the data.

(3) Collect output acknowledgement from ack-controller of other output stages and

deliver acknowledgement signal on input Ack-line.
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3.2.1.2 Output stage
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Figure 14 “Qutput stage of switch port
The output stage is composed of following elements:

(1)There are four memory modules in each direction, which are called RAM in Figure
14. They are all one-read/one-write memory architecture. These four memory modules
store input data which is received by other four input stages separately. Take Figure 15
as an example. The data of these packets, which comes from north direction and will
make east turn in current switch, will always be received by input stage of north port and

then be stored in RAM-N of output stage of east port.
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Data from South direction Data from local processor
Figure 15 : Mémory duty diagram

(2) Buffer controller records the;size and status of the buffers in the switch, and

asks Arbiter to grant channel privilege.

(3)Ack controller checks status of the buffer which is indicated by input address, and
responses acknowledgement according to the status. For example, in Figure 16, a packet
from south direction is transmitted across current switch to east direction. The
neighboring switch at south direction will first notify the Ack-controller of east port of
current switch to check whether there are available buffer space to store the data or not.
The Ack-controller will response acknowledgement as a result. After receiving
acknowledgement, the neighboring switch at south direction will know whether the data

which is transmitted at this transmission is successfully received by the switch or not.

(4)Arbiter use weighted round robin scheduling to grant channel privilege.
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Figure 16 : Ack controller

3.2.2 Organization of internal buffers

After brief description of our ‘memory-architecture in subsection 3.2.1.2(1), we
present the implementation details in this section.-Each memory module, which is called
RAM in Figure 14, can be partitioned into several buffers to provide necessary virtual
channels. As illustrated in Figure 17, we partition each memory module into 4 buffers,
resulting total 16 data buffers in this port, which means a capacity of 16 virtual channels
to route packets. The size of memory will influence the flexibility of partition. For
example, a memory module which has 32 words can be partitioned to two buffers with

16-words, four buffers with 8-words, or even eight buffers with 4-words.

We must highlight that the partition of memory is reconfigurable independently not
only in each switch but also in each port even after fabrication. Memory partition can be

used to trade-off between flexibility of routing packets and communication performance.
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Assume that there are applications that need lots of long-distance transmissions in our
platform. It will become difficult to route all the packets if we only provide few virtual
channels in each switch. On the contrary, smaller buffer size causes higher failing rate at

transmission and degrades communication performance.

1
E = DataCut

saxafduyny

S

'
1
Arbitrator i
.

H
i
W w

Buffer-id : S3.E-S{3} Buffer-id : S3.E-W{2}

System view T

Figure 17 : Organization of memory hierarchy

The organization of memory hierarchy is illustrated in Figure 17. In our platform, we
will give each buffer in the switch a buffer-id. Figure 18 illustrates the meaning of

expression.

S3.E-S{3} buffer number in
memory partition
‘ .
the memory which stores
data from south direction

Figure 18 : Buffer naming rule
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For example, the buffer-id S3.E-S{3} is the identification of the buffer that is the third
buffer of the memory module, which stores data from south direction at east port of

switch 3.

In addition to the space for each buffer to store input data, there is another memory
space, called routing table, for each buffer to record a unique buffer-id as output address.
The data stored in current buffer will be sent to the buffer which is identified with this
buffer-id at next successful transaction. As you can figure, the buffer with this unique
buffer-id must be one of the buffers of the neighboring switch, which is connected to
current buffer. By configuring the routing tables of the switches in our platform, we can

provide the needed transmission paths for different applications.

3.3 Transaction

After a detail explanation of our switch architecture and organization of memory
hierarchy, we describe how to form a transmission path and explain transaction

procedure with a distinct illustration here.

3.3.1 Path configuration

In the system design flow that we introduced in section 1.3, after mapping the
applications onto associated processing elements, we have to provide all transmission
paths that the applications need. Assume that the system designers have decided all the
transmission paths of routing packets. The next thing we should do is to configure our
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platform to form these paths. For each transmission path, we will look for one available
buffer in each switch along the path and reserve these buffers to form a dedicated virtual
channel. Among these buffers that form this dedicated virtual channel, we will
repeatedly assign the buffer-id of the succeeding buffer for current buffer as output
address. By configuring the routing table of the buffers, we can set up this the

transmission path.

Unlike the packet switching, which should decode the packet address, search space to
store the data, and compute the routing path of the packet. We simplify the duty of

switch by the routing table of each buffer

In Figure 19, assume that each memory in the switch is partitioned into four buffers
with eight words. Supposing that one of therapplications in our platform will deliver
messages from processor-1 to processor-2.; There is a transmission path from network
interface of processor-1 through switch-1 and switch-2 to processor-2. The transmission
path is established by configuring routing table of buffers in these two switches. First,
we assign buffer-id: S1.S-P{2} for processor 1 as source buffer-id when it want to send
message to processor-2. Secondly, assign buffer-id: S2.L-N{1} for buffer: S1.S-P{2} as
output address and assign a memory address for buffer: S2.L-N{1} as output address.
This buffer chain which is composed of the network interface of processor-1, the buffer
S1.S-P{2}, the buffer S2.L-N{1} and the network interface of processors-2 will form a

dedicated transmission path for packets from processor-1 to processor-2.
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(a) cycle 1 (b) cycle 2 (c) cycle 3

Figure 19 : Path transaction procedure

3.3.2 Transaction procedure

After the description of setting up transmission path, we illustrate our transaction
procedure in Figure 19. Assume that processor-1 send a packet with 2 words to
processor-2. We mark the words as grey circle-{a} and grey circle-{b} in Figure 19.
First, processor-1 sends word-{a} to input stage of local port of switch-1 and switch-1
stores word-{a} in buffer: S1.S-L{2}, as shown in Figure 19(a). In Figure 19(b), the
output stage of south port of switch-1 send data-{a} to input stage of north port of
switch-2 and switch-2 stores data-{a} in buffer: S2.L-N{1}. At the same time,
processor-1 can send data-{b} to switch-1 and switch-1 stores data-{b} in buffer:
S1.S-L{2} as it did to word-{a}. This shows that we allow pipelined transactions. In the
last step, output stage of local port of switch-2 sends data-{a} to processor-2 and
finishes the transmission of word-{a}. Word-{b} will arrive at processor-2 with the
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same procedures.

3.4 Transaction protocol

In this section, we explain the detail of transaction procedure between neighboring
switches. In Figure 20, we show the interface diagram between two neighboring
switches. Routing table is a mapping between buffers of east port of switch-1 and
buffers of switch-2. It records the buffer-id of switch-2 as output address of output
buffer in east port of switch-1. For example, the output address of S1.E-N{1} is

S2.E-W{1} in Figure 20.

S1
E—N{l}
E—N{2} /
Routing Table EN(3) |
I ..
S1 2 ENEY | ZZ
E-N{1} | E-W{l}
TN [ W0 — D]
E-N{3} [ S-W{1}
E-N{4} [ S-W{2} STATUS LENGTH-Full
E-N{1}]1 E-W{1}]1
E-N{2} |0 E-W{2} |0
E-N{3} |0 S-W{l} [1
E-N{4} |0 S-W{2} [0
STATUS Table: LENGTH-Full Table:
1 = there is data in buffer ; 1 = buffer full ;
need to access channel no more data in

Figure 20 : Transaction protocol between switches

Assume that at this moment, the buffer S-1.E-N{1} in switch-1 stores data that will be

delivered to buffer S-2.E-W{1} in switch-2. We will show the detailed transaction
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procedure between these two switches. This is a simple example but shows clearly our
procedure. Our procedure is divided into four steps: channel privilege arbitration, output
address transmission, data transmission, and acknowledgement. Each step will be
finished in one clock cycle. And these transactions can be executed in pipelined manner

to increase throughput.

The detailed transaction is as follows:

Cycle 1: buffer S1.E-N{1} notes the controller that it wants to access the output

channel and urges controller to grant channel privilege to it.

Cycle 2: buffer S1.E-N{1} sendsaddress “S2.E-W{1}’ on the Address-line. This

address indicates that this transaction tries to send data into buffer S2.E-W{1}.

Cycle 3: In switch-1, buffer S1.E-N{1} sends data on Data-line. In switch-2, the
Ack-controller sends the acknowledgement (false/true) according to the status
(full/available) of buffer S2.E-W{1} on Ack-line. At the same time, buffer S2.E-W{1}

stores data on input Data-line if it still has memory space, else discards the data.

Cycle 4: according the acknowledgement on Ack-line, buffer S1.E-N{1} in switch-1
will decide whether to keep the data or erase data it stores. If the acknowledgement is
true, it means that this is a successful transmission. Buffer S1.E-N{1} will erase the data

that has been transmitted successfully.
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3.5 Round robin scheduling

At the output stage of switch port, we implement the arbiter with round robin
scheduling technique to decide which virtual channel can get the privilege to access
output channel and transmit data.[7] In this way, these transmission paths that deliver
data in the same port of switch will use equal bandwidth of output channel. This
technique will avoid the starvation for accessing channel. Note that only these virtual
channels that are really active to transmit data will be scheduled. We won’t guarantee
channel privilege to these buffers that don’t transmit data. This will increase the channel

utilization and prevent unnecessary power consumption.

Buffer A
Buffer B
Buffer C

Buffer A

Output port of switch Time wheel

Figure 21 : Output arbitration
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Figure 22 : Round robin scheduling

In Figure 21, there are three messages delivered by three virtual channels separately
in output port. We identities these three messagesas A, B, C. If we don’t use a round
robin scheduling to transmit data; a;short message-may be possibly postponed a very
long time before it is transmittéd. \Weshow:this Situation in Figure 22 (without
scheduling). With a round robin scheduling ‘technique, each message can equally

share the channel bandwidth, as shown in Figure 22 (with round robin scheduling).

Moreover, there may be different communication requirements for different
applications. We sometimes need to provide larger bandwidth for some transmission
paths. By assigning different weight to each transmission path, we can provide
flexible bandwidth. We show this in Figure 22 (weighted round robin scheduling). In

this example, buffer A has twice bandwidth than buffer B and buffer C.
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3.6 Performance

For each transmission between on-chip components, we will reserve buffers in those
switches which are on the transmission path to form a virtual channel connection. With
such dedicated channel and round robin scheduling, we can guarantee the minimum
bandwidth of each transmission. For example, consider that in east port of switch in
Figure 23, there are three paths sharing the bandwidth. We assign them with the same
weight. This means that for each transmission path, they are all guaranteed to use at least

one third bandwidth in this switch.

We make a simple expression:

local guaranteed minimum bandwidth = channel bandwidth

sum of weight of paths using this channel

(3-1)

switch

i

Path 1 -

Path 2 «

yod 1seq

L

Path 3

Figure 23 : Bandwidth sharing example

If the transmission intervals of these three paths are not overlapped, the switch will
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provide higher bandwidth to these paths that are transmitting data.

The example in Figure 23 and equation (3-1) describes only local guaranteed
bandwidth expression in one switch. When it comes to the guaranteed bandwidth of
whole transmission path, we need to trace all the local guaranteed bandwidth in those
switches along this transmission path, and choose the smallest guaranteed bandwidth as
the minimum bandwidth of this transmission path. Equation (3-2) and (3-3) describe the

expression.

LGBW,; =local guaranteed bandwidth of i-th switch on transmission path
(3-2)
Guaranteed bandwidth of transmission path

- min ( LGBW; )

i'e'switch'onthetransmission path

(3-3)

Assume we provide all the channels of our platform with the same bandwidth, called
standard channel bandwidth (scb), in Figure 24. There is a transmission path from P1 to
P6 through switches S1, S2, S3 and S6. The related LBW of these switches are shown in
the figure. The guaranteed bandwidth of this path is equal to the smallest local

guaranteed bandwidth of these switches, which is LGBWssa.
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=\ N\ L.;Q—) LGBWs=1/3 scb
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Guarantee bandwidth = LGBWs: = 1/4 scb

scb = standard channel bandwidth

Figure 24 : Bandwidth guaranteed transmission path

3.7 Design overview

In section 3.1, we summarized the requirements that a future communication
infrastructure should provide: efficient communication, guaranteed throughput and fault

tolerance capability. We explain how to use our platform to meet these requirements.

1. Efficient communication
By profiling the applications in the communication-driven system
methodology, we can get some statistics information about communication
traffic of our system. Moreover, we will know the constraints requirements that
different applications need. To avoid the traffic congestion between these

transmission paths that need larger bandwidth, we can alleviate the network load
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by assign different paths for them. Figure 25 is an example. In (a), if both
transmission paths use the channel connection from S2 — S3 — S6, they will make
traffic contention to degrade the system performance. We can assign different
paths for them in (b) to avoid the overlapping of transmission paths and get
better performance. With proper setting of dedicated transmission paths, we can

provide a efficient communication environment.

 S1 . S2 . S3 Sl 1 S2 | ' §3 .
Pl to P9 e . [ I
D b DY D D » ]
B 10 P6 Pl P2 P3 Pl P2 P3
L S4 . S5 ) S4 . §5¢% | S6
P4 P5 P6 P4 P5 P6
ST S8 .59 S7 . S8 1 59
P7 P8 P9 P7 P8 P9
(a) traffic congestion (b)no traffic congestion

Figure 25 : Assigning different path to avoid traffic congestion

Guaranteed throughput

With dedicated virtual channel and round robin scheduling, we can provide
guaranteed bandwidth. In section 3.6, we express the equations. In this way, we

can implement a hard real time system.

In addition, the advantage of providing a network infrastructure with

guaranteed throughput is on system modeling. The system designer can predict
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the worst cast of transmission and estimate the system performance at higher

levels.

3. Fault tolerance capability

- : - otault : : < otault
Sl S2 . >< SL. 52 ><

PI P2 P3 Pl P2 P3
54| ssl s6 sa. .sshIs6

P4 PS P6 P4 PS P6
57 S8 | $9 s7. S8 )

P7 P P9 P7 Pg P9

(a) path with fault (b) new path without fault

Figure 26 : Fault tolerance
With different path assignments, we can easily avoid to use the faulty
components. In Figure 26 (a), originally the transmission path from P1 to P6 will
use the faulty switch, S3. By assigning another transmission path, we can still
transmit data from P1 to P6 correctly and solve this problem. This example

shows that we provide a flexible environment to overcome fabrication faults.
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Chapter 4

Experimental Results

To verify the functionality and evaluate the communication performance of our
platform, we use a 2-D mesh topology with 4-by-4 nodes as our platform. With routing
path configuration, we allow each processing element to communicate with other
processing elements. Because we only consider evaluating the communication
performance of our platform, individual processing element only provides the function
that generates random traffic here. We write a random pattern generating model to
replace the original processing element. This pattern generator can generate packets with

random length from random source to random destination between random intervals.
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We implemented our switch design by both Verilog HDL and cycle accuracy C++
model. Verilog version is for traditional cell-based design flow implementation, and C++

model is for platform evaluation in system design flow.

4.1 Definition

We define some terminologies to be used in our experiments.

Latency: The time elapsed from when the packet transmission is initiated until the

packet is received at the destination node.
Maximum Latency: # he predicted.worst case latency under guaranteed bandwidth.
Normalized Latency: The transmission latency divided by the maximum latency.

Injection Rate:#l’he actual bandwidth’ ef ‘communication traffic divided by the

guaranteed bandwidth of the transmission path.

4.2 Experiment

4.2.1 Functionality of our platform

We verify that our platform can guarantee the minimum bandwidth for each
transmission. In this experiment, we provide each buffer in the intermediate switch with
2 words and evaluate the performance of our platform under different injection rate.
Table 1 shows histogram of the results.
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First, we observe that even under high injection rate (injection rate = 1), packets in the
network are still delivered to the destination within maximum latency (normalized

latency < 1). The result shows that our platform guarantees the performance even at
worst-case.

g

=
=

£

&

Packet propnﬂiun{%j
= 2

Table 1 : Histograms of normalized latency under different injection rate

Secondly, in this table, the histogram of the normalized latency shifts to low as
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injection rate decreases. It indicates that the average latency decreases as injection rate
decreases. This trend implies that if we can well control the communication to decrease

the traffic load, we can transmit packets faster.

This histogram also shows the trend that the pattern proportion at high injection rate
and low injection rate are more centralized than these at medium injection rate. The
reason for very high injection rate is that almost all of the packets are transmitted with
guaranteed bandwidth and transmission path hardly use extra bandwidth. That makes the
normalized latency at high injection rate close to maximum latency. The reason for low
injection rate is similar. Almost all of the'packets.can be delivered without contention
and transmission paths can use almost full: channel bandwidth. Only few packet
transmissions will overlap and share the.-same'.channel bandwidth. That makes the
average latency of transmissions at low injection rate close to minimum latency. On the
contrary, these transmissions at medium injection rate will sometimes come up against
contention and sometimes be transmitted without blockings. This property makes that
the actual bandwidths of these transmission paths vary from guaranteed bandwidth to
full channel bandwidth. It will cause the latency of transmissions become uncertainty.

That’s why the packet proportions at medium injection rate are widely distributed.
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4.2.2 Different communication quality of our platform
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Table 2 Histograms of normalized latency under different buffer size of virtual

channel

Because different applications may need different communication quality, we should
provide different transmission bandwidth. By deciding appropriate buffer size of virtual

channel in our switch, we can provide necessary bandwidth.

In Table 2, we show the histograms of normalized latency under different buffer size
of virtual channels. A trend is clear observed that the average normalized latency

decreases as the buffer size increases. This means that if the system on our platform
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needs some transmission paths that need large channel bandwidth, we can simply
reconfigure the partition of memory in these switches on these transmission paths to

accomplish these demands.

4.3 Synthesis report

We have implemented a switch design in Verilog and have synthesized it. We

implement the queue in the switch with 32 words, and each word is four Bytes.

We use TSMC 0.25um technology. The synthesis report shows that our switch design
can work at 185MHz (clock cycle=5.4ns). The area.of our switch design is about 3.5

mm”2. The main area is used on memory modules, which is about 2.7mm"2.

[Technology]
TSMC .25um 1p 4m

[Area] (unit:um~2)

Combinational area: 529199
Non-combinational area: 2986619 (RAM module ~270000)
Total cell area: 3515726

[Timing]

Clock cycle: 5.4ns (185MHz)

Table 3 : Synthesis report
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Chapter 5

Conclusions and-Future Work

We introduce a communication-driven design methodology and related
communication infrastructure. By considering computing, communication, and memory
at the same time, we proposed a novel switch design for on-chip communication. This
infrastructure can be configured as circuit-switching, packet-switching or dedicated bus
for different applications. With dedicated virtual channels and round robin scheduling,
we can guarantee the minimum channel bandwidth for transmission paths. By using
pipeline bus as basic communication mechanism, the system can transfer data in
pipeline fashion to increase performance. The experimental results indicate that our

platform can guarantee the bandwidth and efficiently transmit data.
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There are still some problems unsolved. Deciding the optimal buffer size in the
switches is the trade-off between flexibility and cost. It depends on application features
and needs the top down design flow to optimize it. The selection of transmission paths

will be another problem to balance the communication and computing power.
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