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Abstract

Network-on-Chip (NoC) is proposed as a systematic approach to address future
System-on-Chip (SoC) design difficulties. Due to its good performance and small
buffering requirement, wormhole switching is being considered as a main network
flow control mechanism for on-chip networks. Wormhole switching for NoCs is
challenging from NoC application design and switch complexity reduction.

In a NoC design flow, mapping an application onto the network should con-
duct a feasibility analysis in order to determine whether the messages’ timing con-
straints can be satisfied, and whether the network can be efficiently utilized. This is
necessary because network contentions lead to nondeterministic behavior in mes-
sage delivery. For wormhole-switched networks, we have formulated a contention
tree model to accurately capture network contentions and reflect the concurrent
use of links. Based on this model, the timing bounds of real-time messages can
be derived. Furthermore, we have developed an algorithm to test the feasibility of
real-time messages in the networks.

From the wormhole switch micro-architecture level, switch complexity should
be minimized to reduce cost but with reasonable performance penalty. We have in-
vestigated theflit admissionandflit ejectionproblems that concern how the flits of
packets areadmitted intoandejected fromthe network, respectively. For flit admis-
sion, we propose a novel coupling scheme which binds a flit-admission queue with
an output physical channel. Our results show that this scheme achieves a reduction
of up to 8% in switch area and up to 35% in switch power over other comparable
solutions. For flit ejection, we propose ap-sink model which differs from a typical
ideal ejection model in that it uses onlyp flit sinks to eject flits instead ofp · v flit
sinks as required by the ideal model, wherep is the number of physical channels
of a switch andv is the number of virtual channels per physical channel. With this
model, the buffering cost of flit sinks only depends onp, i.e., is irrespective ofv.
We have evaluated the coupled flit-admission technique andp-sink model in a 2D
4 × 4 mesh network. In our experiments, they exhibit only limited performance
penalties in some cases. We believe that these cost-effective models are promising
candidates to be used in wormhole-switched on-chip networks.
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Chapter 1

Background

This chapter serves as a background for the thesis, introducing Network-on-Chip
(NoC), on-chip networks, and wormhole switching.

1.1 Network-on-Chip

Following Moore’s law [26] which has sustained in semiconductor industry for
over 40 years, a single chip is predicted to be able to integrate four billion 50-nm
transistors operating below one volt and running at 10 GHz by the end of the decade
[1]. Due to its huge capacity the billion-transistor chip can take on very complex
functionalities with hundreds of interconnected microprocessor-sized computing
resources. Such resources may be programmable like CPUs, dedicated like ASICs,
configurable like FPGAs, or passive like memories etc. However, it is challenging
to fully exploit the capacity offered by the technology. At the physical level, the
Deep SubMicron (DSM) effects are getting severe. The interferences caused by
crosstalk, power/ground plane noises etc. affect signal integrity to a larger extent.
Inductance has to be taken into consideration more closely. A distributed RLC wire
model is necessary to replace a lumped RLC wire model. All these factors make
it more difficult to have the physical properties under control. At the logic level,
the wire delay will soon dominate the gate delay [16]. Lowering the threshold
of a CMOS to enhance performance has to trade off with power. At the Register
Transfer Level (RTL), a purely synchronous design approach is challenged because
a global synchronous clock simply will be infeasible. The synchronous design is
only feasible in a small portion of a future chip. A future SoC is likely to be a multi-
rate multi-voltage Globally Asynchronous Locally Synchronous (GALS) system.

1



2 Chapter 1. Background

At the architecture level, buses such as a single bus, bridged-buses, and hierarchi-
cal multiple-bridged buses, face even worse scalability problems with respect to
performance and power. Limited bandwidth and bus length will make it difficult to
interconnect many more resources. At the system level, heterogeneous resources
imply various IP blocks, interfaces, protocols and operating systems etc., which
are hard to integrate on a single chip. From the design methodology perspective,
the gap between the methodology capacity and the chip capacity is not decreasing
but increasing. The ad hoc RTL design considers too many implementation details.
Its design capacity in terms of the number of transistors and productivity in terms
of design time will not be sufficient to design the billion transistor chip. To close
the gap, the abstraction level of design has to be increased, and reuse at all levels
of abstraction is a must [19].
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SwitchLink (channel)
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RNI
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Figure 1.1. A mesh NoC with 9 nodes

In summary, chip design is increasingly becoming communication-bound rather
than computation-bound [3, 36]. The interconnection problem will be addressed
by communication-based design [35]. As a systematic approach, Network-on-Chip
(NoC) [4, 13, 17, 23, 24, 25, 33, 34, 39], called also Network-on-Silicon, proposes
networks as a scalable, reusable and global communication architecture to over-
come the pains of future System-on-Chip. As an example,Nostrum[25, 29] is the
Network-on-Chip communication platform developed at Royal Institute of Tech-
nology, Sweden. It has a mesh structure composed of switches with each switch



1.2. On-chip Networks 3

connected to a resource, as shown in Figure 1.1. The resources are placed on the
slots formed by the switches. The maximal resource area is defined by the maxi-
mal synchronous area of a technology. The resources perform their own computa-
tional functionalities, and are equipped with Resource-Network-Interfaces (RNIs)
to communicate with each other by routing packets instead of dedicated wires.

Although Network-on-Chip is considered as an inevitable solution for future
SoCs [39], the design challenges with NoCs rise from the architecture, design
methodology, programming model, and CAD tool support etc. All these diffi-
culties stem from the stringent SoC evaluation criteria: performance, power and
cost, as well as time-to-market (productivity) and time-in-market (programmabil-
ity) pressures.

1.2 On-chip Networks

On-chip network is the core of NoC. A network is characterized by itstopology,
switching strategy, flow control schemeandrouting algorithm[27].

• Thetopologyrefers to the physical structure of the network graph. For NoCs,
regular structures are favored since they offer the potential to manage the
ever-worsening electrical properties relating to signal and power integrity
[13].

• The switching strategydetermines how the data in a message traverses its
route. There are two main switching strategies:circuit switchingandpacket
switching. Circuit switching reserves a dedicated end-to-end path from the
source to the destination before starting to transmit the data. The path can
be a real or virtual circuit. After the transmission is done, the path reserva-
tion is released. In contrast to circuit-switching, packet-switching segments
the message into a sequence of packets. A packet typically consists of a
header, payload and a tail. The header carries the routing and sequencing
information. The payload is the actual data to be transmitted. The tail is
the end of the packet and typically contains the error-checking code. Since
packet-switching routes packets individually in the network, the network re-
sources can be better utilized. Typical packet switching techniques include
store-and-forward, virtual cut-through, andwormhole switching1.

Store-and-forward: a network node must receive the entire packet before
forwarding it to the next downstream node. The non-contentional latencyT

1In the literature,wormhole switching, wormhole routingandwormhole flow controlhave been
used. In this thesis, we tend to usewormhole switching.



4 Chapter 1. Background

for transmittingL flits is expressed by Equation 1.1. Flit is the smallest unit
for the link-level flow control, which is the minimum unit of information that
can be transferred across a link and either accepted or ejected.

T = (L/BW + R) ∗ H (1.1)

whereBW is the link bandwidth;R is the routing delay per hop; Hop is the
basic communication action from switch to switch.H is the number of hops
from the source to the destination node.

Virtual cut-through: a network node receives the portion of a packet and
then forwards it downstream, if buffer space at the next switch is available.
It does not wait for the reception of the entire packet. The buffers of the
downstream node are allocated at the packet level and the downstream node
must have enough buffers to hold the entire packet. In case of blocking, the
entire packet is shunt into the buffers allocated. By transmitting packets as
soon as possible, virtual cut-through reduces the non-contentional latencyT
for transmittingL flits to

T = L/BW + R ∗ H (1.2)

Wormhole switching: a packet is decomposed into flits. Operating like vir-
tual cut-through, wormhole switching delivers flits in a pipelined fashion
through the network. The difference is that the buffers of a switch are
smaller, and do not hold the entire packet but a portion of the packet (a
flit). If blocking occurs, the flits of the packet are blocked in place. Due to
pipelined transmission, the non-contentional latencyT of transmitting L flits
is the same as that for virtual cut-through.

• The routing algorithmdetermines the routing paths the packets may follow
through the network graph. It restricts the set of possible paths to a smaller
set of valid paths. In terms of path diversity and adaptivity, routing algorithm
can be classified into three categories, namely,deterministic routing, oblivi-
ous routingandadaptive routing[14]. Deterministic routing chooses always
the same path given the source node and the destination node. It ignores
path diversity. Oblivious routing, which include deterministic algorithms
as a subset, considers all possible multiple paths from the source node to the
destination node, for example, a random algorithm that uniformly distributes
traffic across all of the paths. But oblivious algorithms do not take the net-
work state into account when making the routing decisions. The third cate-
gory is adaptive routing, which distributes traffic dynamically in response to
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the network state. The network state may include the status of a node or link,
the length of queues, and historical network load information. A routing al-
gorithm is termedminimal if it only routes packets along shortest paths to
their destinations, i.e., every hop must reduce the distance to the destination.
Otherwise, it is non-minimal. An interesting extreme case of non-minimal
adaptive routing is deflection routing [7].

Deflection routing: it is also calledhot-potatorouting. Its distinguishing
feature is that it does not buffer packets. Instead, packets are always on the
run. In fact, deflection routing is a routing algorithm plus a deflection policy.
The routing algorithm determines the favored links for packets. The deflec-
tion policy governs how the contentions for links will be resolved. The link
bandwidth is allocated packet-by-packet. Contentions are resolved by for-
warding the packet with the highest priority to its favored link and misrout-
ing packet(s) with a lower priority to unfavored links. As it does not buffer
packets, the switch design can be simpler and thus cheaper. Since the routing
paths are fully adaptive to the network state, it has higher link utilization and
offers the potential to allow resilience for link or switch faults.

• Thenetwork flow controlgoverns how a packet is forwarded in the network,
concerning shared resource allocation and contention resolution. The shared
resources are buffers and links (channels). Essentially a flow control mech-
anism deals with the coordination of sending and receiving packets for the
correct delivery of packets. Due to limited buffers and link bandwidth, pack-
ets may be blocked and contended. Whenever two or more packets attempt
to use the same network resource (e.g., a link or buffer) at the same time, one
of the packets could be stalled in placed, shunted into buffers, detoured to
an unfavored link, or simply dropped. For packet-switched networks, there
exist bufferless flow control and buffered flow control.

Bufferless flow control is the simplest form of flow control. Since there is
no buffering in switches, the resource to be allocated is channel bandwidth.
It relies on an arbitration to resolve contentions between competing packets.
After the arbitration, the winning packet advances over the channel. The
other packets are either dropped or misrouted since there are no buffers. The
deflection routing uses bufferless flow control.

Buffered flow control stores blocked packets while they wait to acquire net-
work resources. Store-and-forward, virtual cut-through and wormhole switch-
ing adopt buffered flow control. The granularity of resource allocation for
different buffered flow control techniques may be different. Store-and-forward
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switching and virtual cut-through switching allocate channel bandwidth and
buffers in units of packets. Wormhole switching allocates both channel band-
width and buffers in units of flits. Buffered flow control requires a means to
communicate the availability of buffers at the downstream switches. The
upstream switches can then determine when a buffer is available to hold the
next flit to be transmitted. If all of the downstream buffers are full, the up-
stream switches must be informed to stop transmitting. This phenomenon
is calledback pressure. Low-level flow control mechanisms are introduced
to provide such back-pressure. Since the buffer availability information is
passed between switches, these low-level flow control mechanisms can be
considered as link-level flow control. There are three types of link-level flow
control techniques in common use today: credit-based, on/off, and ack/nack
[14]:

– With credit-basedflow control, the upstream switch keeps track of the
number of free flit buffers in each buffer queue downstream. If the
upstream switch sends a flit, it decrements the corresponding count.
If the downstream switch forwards a flit, it sends back a credit to the
upstream switch, causing a buffer count to be incremented.

– With on/off flow control, there is a single control bit indicating whether
the upstream switch is permitted to send (on) or not (off). A signal is
sent upstream only when it is necessary to change the state. An off
signal is sent when the control bit is on and the number of free flit
buffers falls below the thresholdFoff. An on signal is sent when the
control bit is off and the number of free flit buffers rises above the
thresholdFon.

– With ack/nackflow control, there is no state kept in the upstream switch
to represent buffer availability. The upstream switch optimistically
sends flits to the downstream switch. If the downstream switch has
a free buffer, it accepts the flit and sends an acknowledge (ack) to the
upstream switch. Otherwise, the downstream switch drops the flit and
sends back a negative acknowledge (nack). The upstream switch must
hold each flit until it receives an ack. If it receives anack, it retransmits
the flit.

Link-level flow control can manage short-term imbalance between packet
injection and packet ejection. If congestion persists in the networks, buffers
will be filled up and the traffic flow will be controlled all the way back to
the packet injection source. This exerts the need for end-to-end flow control
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to manage the imbalance between the sending process and receiving process
[9]. Link-level flow control can also be used on host-switch links besides
switch-switch links.

The Octagonon-chip network can select packet and circuit switching modes
[33]. Using circuit switching in NoCs is proposed in [23, 24]. TheProteoNoC
adopts virtual cut-through switching [4]. The Nostrum NoC employs deflection
routing [25, 29]. Proposals to use wormhole switching in networks on chip can
be found in [2, 10, 17, 34]2. Since NoC can be viewed as the future of SoC,
an on-chip network will be highly constrained with not only performance but also
cost and power. By exploring the traffic predictability of SoC applications, the
network may be customized. In addition, the network should be better utilized but
not over-designed.

1.3 Wormhole Switching

flits

Packet 

switch switch switchswitch

flits flits

body body

bodybody

tail

tail

head

head

Figure 1.2. Flits delivered in a pipeline

Wormhole switching [12] allocates buffers and physical channels (PCs) to flits
instead of packets. A packet is decomposed into one or more flits. We call this
decompositionflitization. Flitization is named following packetization, i.e., encap-
sulate a message into one or more packets. A flit, the smallest unit on which flow
control is performed, can advance once buffering in the next switch is available to
hold the flit. This results in that the flits of a packet are delivered in a pipeline fash-
ion. As illustrated in Figure 1.2, a packet is segmented into four flits, with one head

2The PhilipsÆthereal NoC supports both best-effort and guaranteed services. It uses either
wormhole or virtual cut-through switching for the best effort traffic. For the guaranteed throughput
traffic, it employs TDM-based (time-division multiplexing) virtual circuit switching.
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flit leading two body flits and one tail flit, and then the four flits are transmitted in
pipeline via switches. For the same amount of storage, it achieves lower latency
and greater throughput.

a) One 12−flit buffer b) Four 3−flit buffers

Figure 1.3. Virtual channels (lanes)

However, wormhole switching uses physical channels (PCs) inefficiently be-
cause a PC is held for the duration of a packet. If a packet is blocked, all PCs held
by this packet are left idle. To mitigate this problem, wormhole switching adopts
virtual channels(lanes) to make efficient use of the PCs [11]. Several parallel
lanes, each of which is a flit buffer queue, share a PC (Figure 1.3). Therefore, if
a packet is blocked, other packets can still traverse the PC via other lanes, leading
to higher throughput. Because of these advantages, namely,better performance,
smaller buffering requirementandgreater throughput, wormhole switching with
lanes is being advocated for on-chip networks [2, 10, 17, 34].

1.4 Thesis Overview and Author’s Contributions

In this thesis, we mainly discuss two issues:feasibility analysisfor NoC applica-
tion design andcomplexity reductionfor switch design. We have investigated the
two problems in wormhole-switched networks on chip. The feasibility analysis
aids designers with information about whether the application can fulfill the timing
requirements on the NoC and how efficient network resources will be utilized. For
the complexity reduction, we will explore the switch micro-architecture in order to
reduce the number of logic gates and buffers. Specifically, we look into theflit ad-
missionandflit ejectionproblems. We will present in detail the feasibility analysis
in Chapter 2, flit admission and flit ejection in Chapter 3. In Chapter 4, we briefly
introduce NoC simulation. Finally we summarize the thesis in Chapter 5.

Since the thesis is based on a collection of papers, we concentrate on introduc-
ing the author’s contributions in each chapter. The detailed materials, experiments
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and results are referred to the papers. In the following, we summarize the enclosed
papers highlighting the author’s contributions.

• Feasibility Analysis

Paper 1. Zhonghai Lu, Axel Jantsch and Ingo Sander. Feasibility analysis
of messages for on-chip networks using wormhole routing. InPro-
ceedings of the Asia and South Pacific Design Automation Conference,
Shanghai, China, January 2005.

The paper proposes a method for testing the feasibility of mixed real-
time and nonreal-time messages in wormhole-switched networks. Par-
ticularly it contributes a contention tree model for the estimation of
worst-case performance for real-time messages.

Author’s contributions: The author formulated the contention tree model,
developed algorithms and experiments to illustrate the use of the feasi-
bility analysis, and wrote the manuscript.

• Flit Admission and Flit Ejection

Paper 2.Zhonghai Lu and Axel Jantsch. Flit admission in on-chip wormhole-
switched networks with virtual channels. InProceedings of the Inter-
national Symposium on System-on-Chip, Tampere, Finland, November
2004.

This paper discusses the flit admission problem in input-buffering and
output-buffering wormhole switches. Particularly it presents a novel
cost-effective coupling scheme that binds flit admission queues with
output physical channels in a one-to-one correspondence manner. The
experiments suggest that the network performance is equivalent to the
base line scheme which connects a flit admission queue to all the output
physical channels.

Author’s contributions: The author contributed with the idea, solution,
experiments and wrote the manuscript.

Paper 3.Zhonghai Lu and Axel Jantsch. Flit ejection in on-chip wormhole-
switched networks with virtual channels. InProceedings of the IEEE
NorChip Conference, Oslo, Norway, November 2004.

This paper studies flit ejection models in a wormhole virtual channel
switch. Instead of the costly ideal flit ejection model, two alterna-
tives which largely reduce the buffering cost are proposed. Experi-
ments show that the performance penalty is tolerable with thep-sink
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model, which achieves nearly equivalent performance with the ideal
sink model if the network is not overloaded.

Author’s contributions: The author initially noted the cost problem
with the ideal flit ejection model, proposed solutions, conducted ex-
periments and wrote the manuscript.

Paper 4. Zhonghai Lu, Li Tong, Bei Yin, and Axel Jantsch. A power-
efficient flit-admission scheme for wormhole-switched networks on chip.
In Proceedings of the 9th World Multi-Conference on Systemics, Cyber-
netics and Informatics, Florida, U.S.A., July 2005.

This paper is a follow-up paper on the coupled flit-admission scheme.
It presents the power study of this scheme in comparison with a typical
flit admission scheme, by using multiplexer-based crossbar and tristate-
gate-based crossbar. An RTL implementation of the switch shows up
to 8% reduction in the number of logic gates. The experimental results
show that the coupled admission achieves up to 35% less switch power
than other comparable solutions.

Author’s contributions: The author contributed with the idea, power
analysis methods and wrote the manuscript. Li Tong provided the
power analysis results based on the RTL wormhole switch model de-
signed by Bei Yin. Bei Yin also provided the switch area and perfor-
mance data.

• NoC Simulation and Traffic Configuration

Paper 5.Zhonghai Lu, Rikard Thid, Mikael Millberg, Erland Nilsson, and
Axel Jantsch. NNSE: Nostrum network-on-chip simulation environ-
ment. InSwedish System-on-Chip Conference, Stockholm, Sweden,
April 2005.

This paper gives an overview of the Nostrum Network-on-chip Simula-
tion Environment called NNSE by describing the NoC simulation ker-
nel in SystemC [37, 38], the traffic and network configuration methods,
and performance evaluation strategy. This tool has been demonstrated
in the university booth program of the Design, Automation and Test in
Europe Conference, Munich, Germany, March 2005.

Author’s contributions: The author proposed the methods to config-
ure network, traffic and the process to evaluate networks, programmed
the network layer model for wormhole switching, coded the Graphical
User Interface (GUI) of the tool in Python, and wrote the manuscript.
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During the development of the tool, the author receives feedbacks from
the other authors. Rikard Thid developed the layered simulation frame-
work and programmed the simulation kernel in SystemC with contri-
butions from Mikael Millberg and Erland Nilsson.

Paper 6. Zhonghai Lu and Axel Jantsch. Traffic configuration for evalu-
ating networks on chip. InProceedings of the 5th International Work-
shop on System-on-Chip for Real-time Applications, Alberta, Canada,
July 2005.

This paper details the traffic configuration methods developed for NNSE.
It presents a unified expression to configure both uniform and locality
traffic and proposes application-oriented traffic configuration for on-
chip network evaluation.

Author’s contributions: The author formulated the unified expression
for regular traffic patterns and the application-oriented traffic config-
uration, integrated the methods in NNSE, conducted experiments and
wrote the manuscript.
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Chapter 2

Feasibility Analysis

This chapter covers thecontention treemodel and itsalgorithm for the feasibility
test of real-time messages in wormhole-switched networks on chip [Paper 1].

2.1 Introduction

NoC design starts with a system specification which can be expressed as a set of
communicating tasks. The second step is to partition and map these tasks onto
the resources of a NoC instance. With a mapping, application tasks running on
these resources load the network with messages, and impose timing requirements.
Timely delivery of these messages is essential for performance and predictability.
However, routing messages in a network is inherently nondeterministic because
messages experience various contention scenarios due to sharing resources such as
buffers in switches and links between switches. These contentions cause indeter-
minate delay and jitter, leading to the possible violation of timing constraints for
the messages. It is therefore important to conduct a feasibility test to determine if
the messages can be delivered in time.

Figure 2.1 illustrates the feasibility analysis in a NoC design flow. A NoC
design may be simply viewed as mapping a system specification onto a NoC ar-
chitecture. The feasibility analysis is performed on the resulting NoC instance.
Feasibility analysis could, on its own, cover a wide range of evaluation criteria
such as performance, power or cost. In our context, we concentrate the feasibility
analysis on performance. We follow the feasibility definition in [5]:

Given a set of already scheduled messages, a message is termedfeasibleif its
own timing property is satisfied irrespective of any arrival orders of the messages

13
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Figure 2.1. Feasibility analysis in a NoC design flow

in the set, and it does not prevent any message in the set from meeting its timing
property.

With a feasibility test, we can obtain the pass ratio, i.e., the percentage of feasi-
ble messages, and the network utilization of the feasible messages. This informa-
tion could be used in the iterative NoC design process to calibrate the partitioning
of the specification, the mapping from processes to network nodes, and even the
network architectural decisions such as topology and routing algorithm.

We distinguish messages with two different classes of timing requirements
[34]. Messages with a deterministic performance bound, which must be deliv-
ered predictably even under worst case scenarios, arecritical or real-time (RT)
messages. Messages with a probabilistic bound, which ask for an average response
time, arenon-critical or nonreal-time(NT) messages. The two classes of mes-
sages coexist in on-chip networks. By estimating theworst-case latencyfor RT
messages and average-case latency for NT messages, we can determine their fea-
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sibility, respectively. Our focus in this thesis is on the performance bounds of
real-time messages.

Feasibility analysis of real-time messages usually resorts to astaticapproach.
This means that the characteristics of messages are known in advance. This is
possible since SoC design is application specific, for example, executing a rela-
tively stable body of code. For many SoC applications, a static analysis approach
is preferred over a dynamic one for the sake of efficiency and predictability [40].
Exhaustive simulation of a NoC for each partitioning and mapping is more accu-
rate, but difficult, if not impossible, to cover all the system states and very time-
consuming. Meanwhile, NoC design is constrained by time and cost [6, 13], de-
manding an efficient means to help designers with information about the feasibility
of messages and implications on performance/cost tradeoffs.

In the sequel, the related work is outlined in Section 2.2. Section 2.3 describes
the communication model assumed by the contention tree (CT) model. In Section
2.4, the CT model is described in detail. Based on the CT model, a feasibility test
algorithm and a feasibility analysis flow are described in Section 2.5.

2.2 Related Work

Kandlur et al. [18] developed a scheme to guarantee the maximum end-to-end
message delivery time and a schedulability test to ensure that real-time messages
meet their deadlines in multihop networks using store-and-forward switching. Few
previous studies have been performed on the feasibility analysis of messages for
wormhole-switched networks. Lee [21] presented a feasibility test algorithm for
a simplex virtual circuit with real-time guarantees in wormhole networks. In the
literature, there exist two worst-case performance models that do not assume a
special communication model such as a virtual circuit. One is the lumped link (LL)
model [5, 15], the other the blocking dependency graph (BDG) [20]. Both models
assume deterministic routing and priority-based link arbitration in switches.

The lumped link model is a path-based model in which all the links along a
messageMi’s path are lumped into a single link. The message is scheduled on
this link together with other competing messages. The feasibility test algorithms
based on this model are efficient [5, 15]. However, due to lumping, all the com-
peting messages must be scheduled in sequence. As a result, direct and indirect
contentions are treated in the same way. Also, no concurrent use of the links on
Mi’s path can be taken into account.

In [20], Kim et al. analyzed network contentions to determine the feasibility
of RT messages on wormhole-switched networks. They used a blocking depen-
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dency graph to express the contentions a message may meet. In the graph, direct
contention is distinguished from indirect contention. However, this graph does not
either reflect the possible concurrent use of links.

2.3 The Real-time Communication Model

In wormhole switching, a message is divided into a number of flits for transmis-
sion1. Wormhole switching manages two types of resources: the lanes and the
physical link bandwidth. Lanes are flit buffers organized into several independent
FIFOs instead of a single FIFO. Such an organization can provide deadlock-free
routing, as well as to improve the network throughput [11]. Lane allocation is made
at the packet level while link bandwidth is assigned at the flit level.

In conventional wormhole switches, the shared lanes are arbitrated on First-
Come-First-Serve (FCFS), and the shared link bandwidth are multiplexed by the
lanes. This model is fair and produces average-case latency results, which is suit-
able to deliver NT messages. NT messages do not associate with a priority, and
message delivery experiences average contention scenario. This communication
model can not directly support real-time messages because there is no guaran-
tee that messages are delivered before deadlines. In order to enable guarantee on
message delivery, real-time messages must be served with other disciplines, for
instance, priority-based arbitrations [22].

Similarly to the LL model, we assume a real-time (RT) message delivery model
with a conventional switch architecture. Special RT communication services gener-
ally require special architectural support which potentially complicates the switch
design. All messages are globally prioritized, and priority ties are resolved ran-
domly. This model arbitrates shared lanes and link bandwidth on priority. The
priority, which may be assigned according to rate, deadline or laxity [15, 22], takes
a small number of flits. With this RT model, the worst-case latencyT rt of deliver-
ing a message ofL flits is given by :

T rt = (L + Lpri)/Brt + HR + τ = T + τ (2.1)

whereBrt is the minimum link bandwidth allocated to the RT message along
its route;H is the number of hops from the source to the destination node;R is
the routing delay per hop;Lpri is the number of flits used to express the message
priority. The routing delayR per hop is assumed to be the same for a head flit and
a body/tail flit. The first term counts for the transmission time of all the message

1The effect of packetization is not considered here.
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flits including that occupied by the priority; the sum of the first two terms is the
non-contentional or base latencyT , which is the lower bound onT rt; the last term
τ is the worst-case blocking time due to contentions.

2.4 The Contention Tree Model

To estimate the worst-case latencyT rt of an RT messageM , we have to estimate
the worst-case blocking timeτ . To this end, we first determine all the contentions
the message may meet.

In flit-buffered networks, the flits of a messageMi are pipelined along its rout-
ing path. The message advances when it receives the bandwidth of all the links
along the path. The message may directly and/or indirectly contend with other
messages for shared lanes and link bandwidth.Mi has a higher priority setSi

that consists of adirect contentionset SDi and anindirect contentionset SIi ,
Si = SDi + SIi . SDi includes the higher priority messages that share at least
one link with Mi. Messages inSDi directly contend withMi. SIi includes the
higher priority messages that do not share a link withMi, but share at least one
link with a message inSDi , andSIi ∩SDi = ∅. Messages inSIi indirectly contend
with Mi. As an example, Fig. 2.2a shows a fraction of a network with four nodes
and four messages. The messagesM1, M2, M3 andM4 pass the links AB, BC,
AB→BC→CD, and CD, respectively. A lower message index denotes a higher
priority. The messageM1 has the highest priority, thusS1 = ∅. For the message
M2, it directly contends withM3, but it has a higher priority, thusS2 = ∅. The
messageM3 has a higher priority message setS3 = SD3 = {M1, M2}, SI3 = ∅.
For the messageM4, SD4 = {M3} andSI4 = {M1, M2} becauseM1 or M2 may
blockM3 which in turn blocksM4.

M1

DA

(a) (b)

M3

M1

M3

M2 M3

M4
M4B C M3

M2

E13

E23

E34

Figure 2.2. Network contentions and contention tree

To capture both direct and indirect contentions and to reflect concurrent schedul-
ing on disjoint links, we have formulated acontention treedefined as a directed
graphG : M ×E. A messageMi is represented as a nodeMi in the tree. An edge
Eij(i < j) directs from nodeMi to nodeMj , representing the direct contention
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betweenMi andMj . Mi is calledparent, Mj child. Given a setn of RT mes-
sages, after mapping to the target network, we can build a contention tree with the
following three steps:

Step 1.Sort the message set in descending priority sequence with a chosen prior-
ity assignment policy.

Step 2.Determine the routing path for each of the messages.

Step 3. Form a tree, starting with the highest priority messageM1, and then
M2...Mn. If Mi shares at least one link withMj wherei < j ≤ n, an edge
Eij is created between them. Each node in the tree only maintains a list of
its parent nodes.

In a contention tree, a direct contention is represented by a directed edge while
an indirect contention is implied by awalk via parent node(s). A walk is a path
following directed edges in the tree. The contention tree for Fig. 2.2a is shown in
Fig. 2.2b, where the three direct contentions are represented by the three edgesE13,
E23 andE34, and the two indirect contentions forM4 are implied by the two walks
E13 → E34 andE23 → E34 via M4’s parent nodeM3. Since determining the
routing path is a priori, creating a contention tree is more suitable for deterministic
routing. For adaptive routing, it is difficult to figure out the worst-case routing path.

The estimation of latency bounds are based on messages’ schedules on links.
A schedule is a timing sequence where a time slot is occupied by a message or left
empty. The latency bound of a message is the earliest possible completion time for
delivery under the worst case. Before introducing schedules of messages, we list
the assumptions, limitations and simplifications as follows:

• The messages we consider are periodic and independent. There is no data
dependency among messages so that each message can be periodically fired
or activated, meaning that the messages are sent to the network and start to
compete for shared resources, i.e., buffers and links.

• We focus on link contentions. Similarly to [5, 15], we assume that there is
sufficient number of virtual channels (VCs) so that priority inversion due to
VC unavailability does not occur. Priority inversion happens when a message
with a lower priority holds shared resources, leading to block message(s)
with a higher priority. As discussed in [5, 15], this problem can be alleviated
by packetization.

• By the communication model, messages are allocated time slots depending
on their priorities and contentions. Whenever there is a contention for a
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link, a message with a higher priority will be allocated first, even if it is
blocked elsewhere. In addition, a higher priority message can preempt a
lower priority message.

• The worst case is assumed to occur when all the messages are fired into the
network at the same time.

• The bandwidth of a link is assumed to transmit one flit in one time slot.
The routing delay per hop takes one time slot. We simplify pipeline latency
on links so that the flits of a message are available to competeall the link
bandwidth along the message’s path simultaneously for the duration of its
communication time. To explain this, we illustrate a message transmission
in Figure 2.3, whereM2 passes through three hops (A, B, C) and two links
(AB, BC). M2 contains four flits (one headh flit, two body b flits and one
tail t flit). It has a base latency of 7 (1 · 3 + 4). If M2 fires at time instant 0,
by the assumption, it will compete forboth links AB and BC for slots [1, 7],
i.e., for its entire base latency period.

b
t

h

t

t

M2

t=1
t=2
t=3
t=4
t=5
t=6
t=7

0

b1
b1

b1b2
b2 b1

b2

b2
t

B CA
M2

h
h

h

Figure 2.3. Message contention for links simultaneously

• We assume that a message advances only if it simultaneously receives all
the link bandwidth along its path. This means that the flits are delivered
either concurrently via the links or blocked in place. As a result, a message
competes for links only for its base latency period. It does not happen that
a flit advances via a link while another flit is blocked in place. As shown
in Figure 2.4, the scenario in time slot 3 is avoided, when the head flith
advances from node B to C but the first body flitb1 is blocked in node
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A. Clearly, if flits are individually routed via links, the contention period
becomes unpredictable and larger than its base latency.
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Figure 2.4. Avoided scenario of flit delivery

Table 2.1.Message parameters and latency bounds

Message Period p DeadlineD Base latencyT Latency boundT rt

M1 10 10 7 7

M2 15 15 3 3

M3 30 30 5 20

M4 30 30 8 28

Table 2.1 shows an example of message parameters for Fig. 2.2, where the
priority is assigned by rate, and the deadlineD equals periodp. The worst-case
schedules for the three links are illustrated separately in Fig. 2.5a. Initially, all
messages are fired.M1 is allocated 7 slots on link AB.M2 is allocated 3 slots on
link BC. M3 is blocked byM1 andM2. M4 is blocked byM3. After M1 andM2

complete transmission,M3 is allocated 3 slots concurrently on link AB, BC and
CD. At time slot 10,M1 fires again and holds slots[11, 17] on link AB, preempting
M3. At time slot 15,M2 fires the second time and holds slots[16, 18] on link
BC. After M1 andM2 complete their second transmission,M3 continues its first
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Figure 2.5. Message scheduling

transmission by holding slots[19, 20]. After M3 finishes its first delivery,M4 is
allocated slots[21, 28] on link CD.M1 starts its third round and holds slots[21, 27]
on link AB. Since the four messages have a Least Common Multiple (LCM) period
of 30, the four messages are scheduled in the same way at each LCM period. From
the schedules, we can find that the latency bounds forM1, M2, M3, M4 are 7, 3, 20,
28, respectively. Equivalently, the worst case blocking time for the four messages
are 0, 0, 15, 20. The latency bounds for the four messages are also listed in Table
2.1. We can see that all the four messages are feasible. Looking into the schedules,
we can observe that
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(1) M1 andM2 are scheduled in parallel. This concurrency is in fact reflected by
the disjoint nodes in the tree. We call two nodesdisjoint if no single walk
can pass through both nodes. For instance,M1 andM2 in Fig. 2.2b are
disjoint, therefore their schedules do not interfere with each other;

(2) M3 is scheduled on the overlapped empty time slots [8, 10] and [19, 20] left
after schedulingM1 andM2. This is implied in the tree whereM3 has two
parents,M1 andM2. The contended slots[1,7] and [11,18] are occupied
by M1 or M2. A contended slot is a time slot occupied by a higher priority
message when the contention occurs. A contention occurs only when two
competing messages are fired.

(3)M4 is scheduled only afterM3 completes transmission at time 20. The indirect
contentions fromM1 andM2, which are reflected via slots [1,7] and [11,18],
propagatevia its parent nodeM3. ForM3, these slots are directly contended
slots. ForM4, they become indirectly contended slots.

The four message schedules are individually depicted in Fig. 2.5b. If direction
contention is not distinguished from indirect contention,M3 and M4 would be
considered infeasible sinceM2 would occupy the slots [8, 10] and [18, 20], leaving
only three slots [28, 30] forM3 andM4. If the concurrent use of the two links,
AB by M1 and BC byM2, was not captured,M3 andM4 would be considered
infeasible sinceM2 would occupy the slots [8, 10] and [18, 20] before slot 30.

In a contention tree, all levels of indirect contentions propagate via the inter-
mediate node(s). This might be pessimistic since many of them are not likely to
occur at the same time. Also, a lower priority message can use the link bandwidth
if a competing message with a higher priority is blocked elsewhere.

The validation of the CT model as well as the comparisons with the LL and
BDG models are provided in [28].

2.5 The Feasibility Test

2.5.1 The feasibility test algorithm

Based on the contention tree created, each feasible message obtains a global sched-
ule. A message schedule is based on its parents’ schedules. If a node has no parent
or feasible parent, it is scheduled whenever it fires, thus is feasible. If a node has
feasible parent(s), we must first mark the contended slots as occupied and then
schedule the node.
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Note that a slot occupied by a higher priority message is not necessarily a
contendedslot. Consider the contention tree in Figure 2.6 where the three messages
use the parameters in Table 2.1. The message schedules are depicted in Figure 2.7.
M1 has the highest priority and schedules whenever it fires. Consider the LCM
period for the three messages, which is 30 in this case,M1 fires three times and
occupies slots [1, 7], [11, 17] and [21, 27].M2 fires twice at time 0 and 15.
Although the slots [10, 15] and [21, 27] are occupied byM1, M1 does not contend
with M2 during these time slots sinceM2 is not fired or has already been scheduled.
The direct contended slots withM1 are slots [1, 7] and [16, 17], implying thatM2

can not be scheduled on these slots. Hence,M2 schedules on slots [8, 10] and
[18, 20]. M3 fires once at time 0. The contended slots are [1, 7] (indirectly with
M1) and [8, 10] (directly withM2). Hence,M3 is scheduled on slots [11, 15]. In
summary, a slot is regarded as a contended slot only if two conditions are true: (1)
it is occupied by a higher-priority message; (2) competing messages must fire at the
time slot. Particularly, for indirectly contended slots, the intermediate message(s)
must also fire in order to pass the contention downwards; otherwise, the slots are
not contended. As illustrated in Figure 2.7, forM3, slots [11, 15] are occupied by
M1 but not contended slots, sinceM2 are not fired during these slots. Therefore
M3 is scheduled on these slots.
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Algorithm 1 CT-based Feasibility Test for Real-Time Messages
1 Find the LCM for the periods of alln messages;
2 For a messageMi, initially i = 1, do{
3 Feasible(Mi) = 0;
4 findMi’s feasible parent(s)FP ;
5 if FP = φ
6 fireMi and schedule it to the length of LCM; Feasible(Mi) = 1;
7 else
8 do{
9 fireMi once;
10 markMi’s contended slots as occupied and the rest as empty within

Mi’s deadlineDi;
11 compute the lengthNJi andNDi, which are the overlapped empty slots

onFP ’s schedules withinMi’s jitter rangeDi − Ji and deadlineDi,
respectively;

12 if (Mi is jitter-constrained andNJi ≤ Ti ≤ NDi)
or (Mi is deadline-constrained andTi ≤ NDi), Feasible(Mi)=1
and scheduleMi on these free time slots;

13 else Feasible(Mi) = 0; release the scheduled slots forMi;
14 } while (Mi fires not reaching LCM) and (Feasible(Mi) = 1);
15 i = i + 1;
16 } while (i <= n);

The indirect contentions propagate via parent nodes. Disjoint nodes are sched-
uled concurrently. If a nodeM hask feasible parents,M can only be scheduled
on the overlapped empty or free slots of thek parents’ schedules. The feasibil-
ity of a message can be determined by comparing the numberN of empty slots
available for schedulingM with its non-contentional or base latencyT . We distin-
guish messages with a deadlineD constraint or a jitterJ constraint. For a deadline
constrained message, its latency boundT rt must satisfyT rt ≤ D; For a jitter
constrained message, its latency boundT rt must satisfyD − J ≤ T rt ≤ D.
For a messageM with a base latencyT , we denote that the number of available
slots for schedulingM before its jitter rangeD − J and before its deadlineD
is NJ andND, respectively. IfM is deadline-constrained andT ≤ ND, M is
feasible (feasible(M )=1); otherwise,M is infeasible (feasible(M )=0). If M is
jitter-constrained andNJ ≤ T ≤ ND, M is feasible; otherwise,M is infeasible.

We formulate this contention tree-based feasibility test in Algorithm 1. The
input to the algorithm is a contention tree and message parameters, and the out-
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put is the feasibility for each of then messages on the tree, eitherpass(feasible,
Feasible(Mi) = 1) or miss(infeasible, Feasible(Mi) = 0). After obtaining the
feasible messages, we can further estimate the link utilization of the feasible mes-
sages. Finding the LCM of the messages’ periods is the necessary and sufficient
condition in order to terminate the algorithm since the rest of a feasible schedule
can be repeated after the LCM.

2.5.2 The feasibility analysis flow

Application task graph

START

messages

Task partitioning

Message priority policy

Feasibility test 

Satisfied?

END

N

Y

Build contention tree

Message mappingTopology

Routing algorithm

messages and contentions

Pass ratio and network utilization

Message characterization

Figure 2.8. A feasibility analysis flow
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By using the feasibility test, we can efficiently conduct feasibility analysis by
exploring the application-level, partitioning/mapping-stage and architectural-level
design space. Figure 2.8 shows a feasibility analysis flow. First, we partition the
tasks and then characterize the messages from the application task graph. Then we
build a contention tree. Since the contention tree is affected by several design de-
cisions such as task partitioning, priority policy, message mapping strategy and the
routing path etc., we can build different contention trees by simply exploring these
possibilities. After creating a contention tree, the feasibility test algorithm can per-
form the feasibility analysis. The outcome of the test is the pass ratio and network
utilization of feasible messages. These two measures may serve as the criteria to
make the design decisions. Clearly, this procedure is iterative until satisfaction.
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Flit Admission and Flit Ejection

This chapter presents thecoupled admissionmodel for flit admission and thep-sink
model for flit ejection in wormhole-switched networks on chip [Paper 2, 3, 4].

3.1 Introduction

Because of the aforementioned advantages, namely,better performance, smaller
buffering requirementandgreater throughput, wormhole switching with lanes is
proposed for NoCs. Nevertheless, using wormhole switching for on-chip networks
has to minimize the switch design complexity. Since a network on chip is an in-
terconnect scheme using shared wires instead of dedicated wires to pass signals,
its cost should be reasonable [13]. Another reason can be seen from the power
perspective. Although the communication bandwidth is achievable for future com-
plex SoC integration, the energy consumption will probably be the bottleneck that
has to trade off the performance [30]. Therefore, it is crucial to reduce the switch
design complexity to decrease the number of gates and switching capacitance in
order to shrink energy dissipation.

delivery
Network

Destination nodeSource node

Flit ejectionFlit admission

Flits PacketsPackets Flits
AssemblyFlitization

Figure 3.1. Flit admission and flit ejection
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In this chapter, we examine the problem of flit admission and flit ejection in a
wormhole-switched network. As illustrated in Figure 3.1, the delivery of packets
passes through three stages:flitization, network delivery, andassembly. The flitiza-
tion is performed at a source node, and the assembly, which decapsulates flits into
packets, is conducted by a destination node. Since flits are both the workload of
switches and the source of network contentions for shared Virtual Channels (VCs)
and Physical Channels (PCs) (links), the admission speed, the ejection speed and
the balance between admission and ejection are important. To achieve good net-
work utilization and system throughput, flits should be admitted as fast as possible.
However, the more flits admitted in the network, the higher contentions may occur,
leading to performance degradation. Similarly, a slower ejection of flits will make
the ejection become performance bottleneck. An ideal ejection, which ejects flits
immediately once they reach their destinations, may over-design the switch.

The remainder of this chapter is organized as follows. Section 3.2 outlines the
related work. In Section 3.3, we explain the operation of a canonical wormhole
lane switch. We discuss flit admission and flit ejection models in Section 3.4 and
Section 3.5, respectively. Particularly, we detail thecoupledadmission and the
p-sink model.

3.2 Related Work

The performance model of a wormhole switch that considers implementation com-
plexity was first noted by Chien [8]. A more efficient canonical wormhole lane
switch architecture and its performance model was presented in [32]. In general,
the design complexity of a wormhole lane switch is the function ofp andv, where
p is the number of PCs of the switch andv is the number of lanes per PC. To gain
further performance, flit-reservation flow control [31] was proposed which utilizes
control flits to reserve bandwidth and buffers before transferring data flits.

To our knowledge, no prior work has been reported in the literature specifically
discussing flit-admission and flit-ejection models. All of the above work assumes
an ideal flit-ejection model while evaluating the network performance. Our motiva-
tion is to reduce the switch complexity to achieve cost-effective designs in silicon
by exploring the design space of the switch micro-architecture. In line with this
idea, Rijpkema et al. proposed to customize the lane buffers as dedicated hard-
ware FIFOs instead of register-based or RAM-based FIFOs to reduce the area and
thus achieve reasonable buffering cost [34]. To reduce the control complexity of
the switches, deterministic routing is favored against adaptive routing. This may
also be justified by exploiting the traffic predictability of specific applications [17],
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which NoCs target. Moreover, regular low-dimension network topologies are con-
sidered for NoCs to further simplify the control and keep the electrical properties
of wires under control [13, 25].

3.3 The Wormhole Switch Architecture
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Figure 3.2. A canonical wormhole lane switch (no ejection)

Figure 3.2 illustrates a canonical wormhole switch architecture with virtual
channels at inputs [11, 32, 34]. It hasp physical channels (PCs) andv lanes per
PC. It employs credit-based link-level flow control to coordinate packet delivery
between switches.
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A packet passes the switch through four states:routing, lane allocation, flit
scheduling, andswitch arbitration. In the routing state, the routing logic deter-
mines the routing path the packet advances. In the state of lane allocation, the lane
allocatorassociatesthe lane the packet occupies with an available lane in the next
switch on its routing path, i.e., to make alane-to-laneassociation. If the lane-to-
lane association succeeds, the packet enters into the scheduling state. If there is a
buffer available in the associated downstream lane, the lane enters into the switch
arbitration. The first level of arbitration is performed on the lanes sharing the same
physical channel. The second level of arbitration is for the crossbar traversal. If
the lane wins the two levels of arbitration, the flit situated at the head of the lane is
switched out. Otherwise, the lane returns back to the scheduling state. The lane-
to-lane association is released after the tail flit is switched out. Credits are passed
between adjacent switches in order to keep track of the status of lanes.

vcidtail vcid

overhead

Assembly

Packet

payload

Packet

Flitization

body

Flits

src

srcdstdata bits

srcdstdata bits

vcidbody vcidheaddst

Figure 3.3. Flitization and assembly

With wormhole switching, a packet is decomposed into a head flit, zero or
more body flit(s), and a tail flit. A single-packet flit is also possible. In Figure 3.3,
a packet is encapsulated into four flits, wherevcid is the identity number of a virtual
channel or lane. A flit differs from a packet in that (1) a flit has a smaller size; (2)
only the head flit carries the routing information such as source/destination address,
packet size, priority etc. As a consequence, the routing and lane allocation can
only be performed with the head flit of a packet. Once a lane-to-lane association is
established by the head flit of the packet, the rest of flits of the packet inherit this
association. After the tail flit leaves, the lane-to-lane association is torn down. This
is to say, a lane is allocated at the packet level, i.e.,packet-by-packetwhile a link
is scheduled at the flit level, i.e.,flit-by-flit since the flit scheduling as well as the
switch arbitration is performed on per flit basis. As the head flit advances, lanes
are associated like a chain along the routing path of the packet, the rest of flits are
pipelined along the chain path. Carrying routing information only in the head flit
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of a packet leaves more space for payload. However, flits belonging todifferent
packets can not be interleaved in associated lane(s) since flits other than head flits
do not contain routing information. To guarantee this, a lane-to-lane association
must beone-to-one, i.e., uniqueat a time. An upstream lane can not associate
with two or more downstream lanes simultaneously (one-to-many association). A
downstream lane can not be allocated to two or more upstream lanes at the same
time (many-to-one association). Both one-to-many and many-to-one associations
must be forbidden. Figure 3.4 illustrates lane-to-lane associations. The one-to-
many association leads to that the flits from lane 2 in switch 2 are delivered to lane
2 and 3 in switch 3. The many-to-one association results in that lane 3 in switch
2 will receive flits from lane 1 and 2 from switch 1. Obviously the one-to-many
association and many-to-one association result in that the integrity of a worm (the
flit sequence of a packet) is destroyed. It becomes impossible either to route the
flits of a packet or assemble the flits into a packet. In a word, only one-to-one
association is permissible.

h2b2t2
t2

One−to−many associationMany−to−one association

One−to−one association

Switch 3Switch 1 Switch 2

t1 b2 h2 b1 h1

t b
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Figure 3.4. Lane-to-lane associations
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3.4 Flit Admission

3.4.1 The decoupled admission

We assume that a switch receives packets injected via a packet FIFO. A packet is
first flitized into flits that are then stored in flit FIFOs, calledadmission queues,
before being admitted into the network. There are various ways of organizing the
packet queue and the admission queues. In Figure 3.5.(a), flit-admission queues are
organized as a FIFO. In Figure 3.5.(b) and 3.5.(c), they are arranged asp parallel
FIFO queues (p is the number of PCs). Figure 3.5.(a) and 3.5.(b) allow at maximum
one flit to be admitted to the network at a time while Figure 3.5.(c) allows up to
p flits to be admitted simultaneously. We adopt the organization of flit-admission
queues in Figure 3.5.(c) for our further discussions since it allows potentially higher
performance.

flitpacket

Packet queue Flit−admission queues (1 ... p)

packet
flits

(1 ... p)

packet flit

(c)(b)(a)

Figure 3.5. Organization of packet and flit-admission queues

Figure 3.2 also illustrates the organization ofp flit-admission queues in the
switch architecture. Initially, packets are stored in the packet queue. When a flit-
admission queue is available, a packet is split into flits which are then put into the
admission queue. A flit-admission queue transits states similarly to a lane to inject
flits into the network via the crossbar. The routing is performed after flitization.
By this scheme, each flit-admission queue is connected top multiplexers. Flits
from a flit-admission queue can be switched to anyone of thep output PCs. To
implement this scheme, the crossbar must be fully connected, resulting in a port
size of2p× p. Since the flit-admission queues are decoupled from the output PCs,
we call this admission schemedecoupled admission.

Observation:Although the decoupled admission allows a flit to be switched to
anyone of thep output ports, this may not be necessary since a flit is aimed to one
and only one port after routing.

3.4.2 The coupled admission

We propose a coupling scheme for the flit-admission that can sharply decrease the
crossbar complexity, as sketched in Figure 3.6. Just like the decoupled admission,
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it usesp admission queues, but one queue is bound to one and only one multiplexer
for a particular output PC. Due to this coupling, flits from a flit-admission queue
are dedicated to the output PC. Consequently, an admission queue only needs to be
connected to one multiplexer instead ofp multiplexers. The size of the crossbar is
sharply decreased from2p× p to (p + 1)× p, as shown in Figure 3.6. The number
of control signals per multiplexer is reduced fromdlog(2p)e to dlog(p + 1)e for
anyp > 1 1.

mux

mux

(1...p)

(1...p)
Flits in

Flits out
(1...p)

Flit buffers

Lanes (1...v)

Packet queue

Routing

Routing

(p+1)−by−p crossbarFlit−admission queues

mux

Figure 3.6. The coupled admission sharing a (p+1)-by-p crossbar

In order to support the coupling scheme, the routing must be performed before
flitization instead. By a routing algorithm, the output physical channel which a
packet requests can be determined. Hence, the corresponding admission queue is
identified. One drawback due to the coupling is that the head-of-line blocking may
be worse if the packet injection rate is higher. Specifically, if the head packet in
the packet queue is blocked due to the bounded number and size of the admission
queues, the packets behind the head packet are all unconditionally blocked during
the head packet’s blocking time. By the decoupled admission, the head-of-line
blocking occurs when the four flit-admission queues are fully occupied. With the
coupled admission, this blocking occurs when the flit-admission queue the present
packet is aimed to is full.

1dxe is the ceiling function which returns the least integer that is not less thanx.
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3.5 Flit Ejection

3.5.1 The ideal sink model

(1...v)

(1...v)

Packet sink

Flits

(1...v)

(1...v)

D: Demux
(1...v)

Flit sinks (p·v)

The ideal sink model

Flit FIFOs

Crossbar

Packets

(1· · · p)
Flits

(1· · · p)

(1...v)Lanes

D

D

D

D

D

D

D

D

D

Figure 3.7. The ideal sink model

An ideal sink model is typically assumed for a wormhole switch. With an ideal
ejection, flits reaching their destinations are ejected form the network immediately,
emptying the lane buffers they occupy. An ideal flit-ejection model is drawn in
Figure 3.7. Aflit sink is a FIFO receiving the ejected flits. Each lane is connected
to a sink and the crossbar via a de-multiplexer.

To incorporate ejection, the lane state is extended with areceptionstate in
addition to the four states. If the routing determines that the head flit of a packet
reaches its destination, the lane enters the reception state immediately by establish-
ing a lane-to-sinkassociation. Since flits from different packets can not interleave
in a sink queue, there must bep · v sink queues, each of them corresponding to
a lane, in order to realize an immediate transition to the reception state. Assum-
ing that one sink takes the flits of one packet, the depth of a sink is the maximum
number of flits of a packet. After the lane transits to the reception state, the head
flit bypasses the crossbar and enters its sink. The subsequent flits of the packet are
ejected into the sink immediately upon arriving at the switch. When the tail flit is
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ejected, the lane-to-sink association is freed. This model is beneficial in both time
and space. Although a head flit may be blocked by flits situated in front of it in the
same lane, a non-head flit reaching its destination neither waits to be ejected (time)
nor occupies a flit buffer (space) once the lane is in the reception state. Moreover, it
does not interfere with flits buffered in other lanes from advancing to next switches
downstream (because of the use of the demultiplexers, one PC always allows one
flit from a lane to be switched via the crossbar without interference with sinking
flits from other lanes.). Upon receiving all the flits of a packet, the packet is com-
posed and delivered into the packet sink. If the packet sink is not empty, the switch
outputs one packet per cycle from the packet sink in a FIFO manner.

Observation:Implementing the ideal sink model requiresp · v flit sinks, which
can ejectp · v flits per cycle. This may over-design the switch since there are only
p input ports, implying that at maximump flits can reach the switch per cycle.

3.5.2 Thep-sink model

Since the maximum number of flits to be ejected per switch per cycle isp, we can
usep sink queues instead ofp · v sink queues to eject flits to avoid over-design.
Moreover, in order to have a more structured design, we could connect thep sink
queues to the crossbar, as illustrated in the dashed box of Figure 3.8.
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To enable ejecting flits by thep-sink model, we now extend the four lane states
with two new states: anarriving and areceptionstate. If a head flit reaches its
destination, the lane the flit occupies transits from the routing to the arriving state.
Then it will try to associate with an available sink, i.e., to establish alane-to-sink
association. If the association is successful, the lane enters thereceptionstate.
Subsequently the other flits of the packet follow this association exactly like flits
advancing in the network. Upon the tail flit entering the sink, the association is torn
down. If the lane-to-sink association fails, the head flit is blocked in place holding
the lane buffer. To speed up flit ejection, the contentions for the crossbar input
channels and crossbar traversal are arbitrated on priority. A lane in a reception state
has a higher priority than a lane in a state for forwarding flits. The drawback in this
sink model is the increase of blocking time when flits reach their destinations. First,
the lane-to-sink association may fail since all sink queues might be in use. Second,
only one lane per PC can win arbitration to an input channel of the crossbar due to
sharing the input channel for both advancing flits and ejecting flits. In case of more
than one lane of a PC are in the reception state, only one lane can use the channel.

p × 1 Mux 1 × 2 Demux Flit sink

The ideal model - p · v p · v
The p-sink model p - p

Table 3.1.Cost of the sink models

To implement thisp-sink model, the crossbar must double its capacity from
p-by-p (p p × 1 multiplexers) to p-by-2p (2p p × 1 multiplexers), as illustrated in
Figure 3.8. The number of control ports of the crossbar is doubled proportionally.
Table 3.1 summarizes the number of each component to implement the sink mod-
els. As can be seen, the ideal sink model requiresp · v flit sinks while thep-sink
model uses onlyp flit sinks. With thep-sink model, the sink number becomes in-
dependent ofv, implying that the buffering cost for flit sinks is only1/v as much
as the ideal ejection model.



Chapter 4

NoC Simulation

This chapter introduces the NoC simulation tool called NNSE (Nostrum Network-
on-Chip Simulation Environment) and the traffic configuration methods integrated
in NNSE [Paper 5, 6].

4.1 The NoC Simulation Tool

Network-on-chip offers the potential to overcome the design challenges of future
SoC designs such as the synchronization problem, the scalability problem of buses,
the heterogeneity of systems etc. However, it greatly enhances the complexity of
on-chip communication design. One major difficulty is to select a communication
network that suits a specific application or application domain. From the network
perspective, there exists a huge design space to explore with regard to topology,
routing and flow control. From the application perspective, the network should
serve as a customized platform and be relatively stable.

Simulation is a fast and cheap approach to help designers to make design de-
cisions before resorting to emulation and implementation. NNSE is aimed to be a
tool for full NoC simulation. Currently, it is capable of evaluating network archi-
tectures by parameterizing network and traffic configurations. It enables to con-
figure a network, traffic models (TMs) and then evaluate the network with various
traffic models. The evaluation is iterative by applying the traffic on the configured
networks, as illustrated in Figure 4.1. The evaluation criteria can be performance,
power and cost. The current version evaluates only network performance in terms
of packet latency, link utilization and throughput.

37



38 Chapter 4. NoC Simulation

Network 1 Network nNetwork 2

TM nTM 2TM 1

Figure 4.1. Network evaluation

NNSE logically comprises a NoC simulation kernel wrapped with a graphical
user interface (GUI) written in Python. The simulation kernel is called Semla
(Simulation EnviornMent for Layered Architecture) [37, 38] which implements
the physical layer, the data link layer, the network layer, the transport layer and the
application layer in SystemC following the ISO’s OSI seven-layer model. Semla
is cycle-accurate. The salient advantage of layering is that the complexity can be
decomposed and dealt with independently. One can change the implementation of
a layer without the need to change the layer above provided the interface between
the two layers maintains. For instance, Semla originally developed the network
layer for deflection routing. In order to perform experiments for flit admission and
flit ejection in Chapter 3, the network layer for wormhole switching was developed
and integrated into the Semla framework. With the GUI, all the network and traffic
configurations can be stored and reused. To facilitate data exchange, they are stored
as EXtensible Markup Language (XML) files.

4.2 Traffic Configuration

Network evaluation typically employsapplication-driventraffic andsynthetictraf-
fic [14]. Application-driven traffic models the network and its clients simultane-
ously. This is based on full system simulation and communication traces. Full sys-
tem simulation requires building the client models. Application-driven traffic can
be too cumbersome to develop and control. Synthetic traffic captures the promi-
nent aspects of the application-driven workload but can also be easily designed and
manipulated. Because of this, synthetic traffic is widely used for network evalua-
tion.

To evaluate on-chip networks, traffic configuration should also capture the ap-
plication characteristics. In NNSE, two types of traffic can be configured. One
is synthetic traffic, the otherapplication-oriented traffic. For synthetic traffic, we
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proposed a unified expression to configure both uniform and locality traffic. With
this expression, changing the traffic locality is realized by changing its locality
factor(s). The application-oriented traffic can be viewed as a traffic type between
application-driven traffic and synthetic traffic. It statically defines the spatial dis-
tribution of traffic on a per-channel basis, and the temporal and size distribution of
each channel may be synthetic or extracted from communication traces.
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Chapter 5

Summary

This chapter summarizes this thesis followed by future research directions.

5.1 Thesis Summary

In this thesis, three important issues,feasibility assessment for NoC application
design, complexity reduction for switch designandNoC simulation, have been dis-
cussed. The significance of the topics lies in that (1) there is a huge design space to
explore, for instance, task partitioning, architectural choices and process-to-node
allocation etc. Such an exploration should be efficient and achieve a good utiliza-
tion of network resources; (2) although a future chip is abundant in transistors,
the incremental cost and power consumption due to using networks as shared re-
sources (switches and links) of interconnections should be minimal; (3) flexible
and efficient NoC simulation is essential in a NoC design flow.

Throughout the text, the thesis focuses on the author’s contributions to the three
topics.

• The contention tree model accurately captures network contentions and re-
flects concurrency in link utilization, providing a simple model to estimate
the worst-case performance for real-time messages on wormhole-switched
networks. With this model, feasibility analysis with respect to design deci-
sions in a NoC design process can be performed efficiently. The outcome of
such a feasibility analysis can help designers to calibrate design decisions in
order to achieve design goals.
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• We have taken the initiative to look into the flit admission and flit ejec-
tion problem. The proposed coupled flit-admission technique andp-sink
model shrink the switch complexity with only limited performance penal-
ties in some cases. The coupled flit-admission largely simplifies the switch
crossbar. With an RTL implementation, it shows a reduction of 41% in the
crossbar logic gates and up to 8% in the total switch logic gates. In our ex-
periments, the coupled admission scheme achieves up to 35% switch power
reduction due to the decrement in logic gates and switching activities. Thep-
sink model uses only1/v flit sinks as much as the ideal sink model. Although
these models are equally applicable to macro-networks in parallel comput-
ing, we have conducted experiments in a wormhole-switched network using
smaller amount of buffering resources and with a lower dimension topology.
These models can serve as potential alternatives for cost-effective on-chip
network design. Moreover, they demonstrate the importance and possibility
to reduce the design complexity of canonical switches.

• The traffic configuration methods integrated in NNSE allows one to change
the traffic locality by simply modifying the locality factor(s), and to create
application-specific traffic.

5.2 Future Work

There are some interesting directions for further studies on feasibility assessment
and complexity reduction. The feasibility analysis flow highlights the possibili-
ties with the contention-tree-based feasibility analysis algorithm. Many more ex-
periments from application-level decisions to architecture-level decisions could be
performed and results can be studied in-depth.

We have reported preliminary results on the track of complexity reduction. As
demonstrated, the reduction in design complexity leads to both cost reduction and
power saving. We believe that the room for complexity decrement is large since
networks on chip probably employ regular topologies and designers have good
knowledge of the traffic characteristics. If combining flit admission together with
packet admission, we could efficiently dimension the packet buffers to satisfy the
performance constraints without buffer overrun for specific applications.
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