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Preface

During the 1990s more and more processor cores and large rensable compo-
nents have been integrated on a single silicon die, which has become known up-
der the label System on Chip (SoC). Main difficulties of this era were, and stilt
are, the standardization of the component interfaces and the validation of the
entire system with respect to its physical and functional properties. Buses and
point fo point connections were the main means to connect the components.
Buses are attractive becanse they provide high performance interconnections
while they can still be shared by several communication partners. Hence they
can be used very cost efficiently.

As silicon technology advances farther, several problems related to buses
have appeared. Buses can efficiently connect 3-10 communication partners but
they do not scale to higher numbers. Even worse, they behave very unpre-
dictably as seen from an individual component, because many other compo-
nents also use thern, A second problem comes from the physics of deep submi-
cron technology. Long, global wires and buses become undesitable due to their
low and unpredictable performance, high power consumption and noise phe-
nomenon. A third problem comes from the application perspective. Designing
and verifying the inter-task communication in a system is a hard problem per
se. Getting it to work and dimensioning communication resources correctly
is even harder for large bus based communication networks due to the unpre-
dictability of the communication performance, Moreover, every system has a
different communication structure, making reuse difficult.

As a consequence, around 1999 several research groups have started to in-
vestigate systematic approaches to the design of the communication part of
SoCs. It soon turned out that the problem has to be addressed at all levels from
the physical to the architectural to the operating system and application level.
Hence, the term Network on Chip (NoC) is today used mostly in a very broad
meaning, encompassing the hardware communication infra-structare, the mid-
dleware and operating system communication services and a design methodol-
ogy and tools to map applications onto a NoC, Alt this together can be called a
NoC platform. The breadth of the topic is also hightighted by the scope of this
book which ranges from physical issues to embedded software. Quite natural

vii
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for a young and quickly evolving research area, the terminology is not yet uni-
formly used and different authors nse the terms d;ffcrently, as it will become

- apparent when reading this book.

It should not come as a surprise that the first part deals with design and

methodology issues. The infamous design productivity gap is one of the strongest,

if not the single most important, driving force towards design, architecture and
implementation structures, Only when we succeed to restrict the design space
in a sensible way will we be able to exploit technology potential. Several
chapters of the first part emphasize predictability of the design process and the
guarantee of high level features by all impiementations.

The second part is concerned with the hardware infrastructore. The net-
work topolegy, power management, fault tolerance, testing and clocking, among
other topics, are ali key issues that must be solved satisfactorily to make NoCs
feasible.

Software and the application perspective is in the center of part three. Not
surprisingly, communication services and the role of the operating system in
future NoC systems are central in the chapters of this part.

Although this book touches upon most of the important No( issues, many
are only superficially dealt with and some key issues are not addressed. NoC
is a young and emerging area and we still have to learn to asses the quality of a
particular solution, be it for the topology, switch design, communication or op-
erafing system services, with respect to an application or application area. We
expect for the near future that NoC specific cost and performance will be devel-

oped that may be application sensitive. An interesting question is for instance,

how to express the communication performance of a NoC. Raw bandwidth may
not be adequate for applications with a highly variable traffic pattern consisting
of a mixture of real-time control messages and high throughput video streams.
In addition, transient fanlts may occasionally destroy transmitted information,
which may make a fanlt management and retransmission scheme necessary.
But again, this will depend on the sensitivity of the application data. Hence,
efficiency of a particular NoC system will be more and more expressed in re-
lation to an application or an application area. Existing benchmarks can be
used to address this guestion but new and modified benchmarks will also be
required.

As it is indicated frequently in this book, NoC could lead to a fundamental
paradigm shift with respect to the way we develop platforms, we design sys-
tems and we model applications. At least it will result in a scalable platform
architecture for the billion transistor chip era. We expect in any case the NoC
area to flourish and prosper and take nnexpected and innovative turns and di-
rections and we hope that this book contributes to this exciting research theme.

AXEL JANTSCH AND HANNU TENHUNEN

I

SYSTEM DESIGN AND METHODOLOGY
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Chapter 1

WILL NETWORKS ON CHIP
CLOSE THE PRODUCTIVITY GAP?

Axel Jantsch and Hannu Tenhunen
Royal Institute of Technology, Stockholm
axel@imit. kth.se, hannu@imit.ith.ce

Abstract We introduce two properties of the design process called the arbilrary
composability and the linear effort propertics. We argue that a design
paradigm, which has these two properties is scalable and has the poten-
tial to keep up with the pace of technology advances. Then we discuss
some of the trends that will enforce significant changes on current de-
sign methodologies and techniques. Finally, we argue that the emerging
Network-on-Chip (NoC) paradigm promises to address these trends and
challenges and has all prerequisites to provide the arbitrary composabil-
ity and the linear effort properties. Consequensly we conclude that NoC
is a likely basis for future System-on-Chip platforms and methodologies,

Keywords: Networks on chip, Productivity gap, System on chip design methodology

1. Introduction

: To boost design productivity it is crucial that the effort to add new
parts to a given design does not depend on the size of the existing design
but only on the size of the new parts. In other words, the design effort
must be a linear function of the size of the new parts. If this is the
case, large parts and blocks of previous designs can be reused and the
design effort can be invested into the new parts. This is also a necessary
prerequisite to provide a solid methodolegy, architecture, and thus a
platform, that are sustainable over several technology generations.

The ceniral thesis of this chapter is that a Network-on-Chip (NoC) has
the potential to provide such a sustainable platform and, if successful,
will incur such a significant change on the system-on-chip architecture

3

A, Janesch and H. Tenhunen (eds.), Networks on Chip, 3-18.
© 2003 Kluwer Academic Publishers, Printed in the Netherlands.
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and design process that i can be called a paradigm change. On the other
hand, if it fails to do so, NoC will be just one of several architectures

" and platforms available to embedded system designers.

Arbitrary composability property: Cliven o set of components
and g set of combinator operafors which allow to connect and in-
tegrate the components into larger component assemblages. Com-
ponenis and combinators together are arbitrarily composable if o
given component sssemblage A can be ertended with any compo-
nent by using any of the combinators without changing the relevant
behavior of A.

Please note, that this and the following property are meant as en-
gineering heuristics, not as mathametical properties. As such they are
ideals and can be achieved at higher or lower degrees.

Note further, that this property is defined with respect to what is con-
sidered to be a relevant behavior. Thus depending on the given objectives
and definition of behavior, the same components and combinators may
or may not have the arbitrary composability property.

For instance, the standard logic gates NAND, NOR, IRV, etc. have this
property with respect to their logic level I/O behavior because adding
new gates to a netlist of gates will not change the behavior of the original
netlist, unless old connections are broken. A given network of gates can
be used in any context and will exhibit identical behavior whatever the
surrounding netlist may be. New gate netlists can be added to existing
ones, using the outputs and results produced by any other part of the
circuit without changing the older parts. This is the foundation of cur
ability to build designs with millions of gates and to reuse large blocks
in arbitrary environments.

It should be noted that this nice property of gates is in part due to
the implementation process which allows the scaling of transistor sizes,
insertion of buffers, and sensible placement and routing by automatic
tools.

It is enlightening to see the effects when the arbitrary composition
property is violated. Two of the most severe problems in today’s designs
stem from violations of this property. Timing closure, i.e. the problem
to get the timing of the circuit implementation right, is difficult because
small changes or addition to the gate netlist may change the timing of
the entire system by adding to the critical path or due to an unexpected
effect of placement and routing on the timing of seemingly unrelated
circuit parts. The system verification problem is so hard because at the
system level behaviors are not easily composable and tiny changes in one

part may have unexpected effects on seemingly unrelated other parts of '

r
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the system. In both cases the design effort prows more than linear with
the system size.

If this property is guaranteed, the effort of adding new components to
a working system only depends on the new components but not on the
sige of the reused system (figure 1.1). Thus, a corollary of the arbitrary

Figure 1.1. 'With the arbitrary composability property the design effort to add new
cormponents to an existing system depends on the integ.;ra.tion effort an(? on the new
components but not. on the size of A because the design effort to build A has al-
ready been spent and is reused as well: Deffort(S) = Deffort(B) + Deffort(C) +

Teffort{3)
composability property is the following linear effort property.

Linear Effort Property: Given is a set of components and a set
of combinator operators which allow to connect and integrate the
components into larger component assemblages. A design process
which builds a system from the components and combinators has
the linear effort property if a given set of n assemblages Ay,..., A,
can be integrated into 6 system S by means of the combinators with
an effort dependent on n but not on the size of the assemblages:
Teffort(n). Thus the total design effort for S ds

Deffort(S) = Detfort(d;) + -+ Deffort(4,) + Teffort(n}

Note, that this property implies that the interface complexity of an
assemblage does not depend on the size of the assemblage. Obviously,
this is not true in practice but it is equally obvious that this is a necessary
precondition to build arbitrary large systems. Thus, we must approach
this ideal as close as possible to be able to build larger and larger systems.
The fact, that we have not been sufficiently close to this ideal is the
fundamental reason for the design productivity gap.

We believe that NoC based platforms have a good potential to provide
both the arbitrary composition and the linear effort properties to a high
degree but they do not automatically guarantee them. We will kt.aep
these properties in mind throughout this chapter, but first we review

Qualcomm Ex. 1014
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some of the underlying trends and challenges that lead to NoC and

similar architectures.

2. Trends and Challenges

IC manufacturing technology will provide us with a a few billion tran-
sistors on a single chip within a few years f1]. Assuming that these pre-
dictions hold and that the market will continue to absorb ever higher
volumes of ICs, the key questions are: how will the future chips be
organized and how will future systems, which include these chips, be
designed? There are a few trends which, if continued, will bring about
a significant change for architecture and design of integrated circuits.

Communrnication versus computation. Technology scaling works
better for transistors than for interconnecting wires. This leads grad-
ually to a domination of performance figures, power consumption and
area by wires and make transistors of secondary importance. At the
system level it has a profound effect by changing the focus from num-
ber crunching and computation to data transport and communication
(2, 3, 4). Communication becomes often the bottleneck because it seems
much harder fo design and get right.

Deep submicron effects. Cross-coupling, noise and transient
errors are only some of the unpleasant side-effects of technology scal-
ing (5, 6]. It requires significant skills, experience, knowledge and time
to keep them under control while exploiting the limits of a technology.
A digital or system designer with an expected design productivity of
millions of transistors per day is not able to deal with these effects prop-
erly. Therefore, designers reuse blocks which are carefully designed by
experts with the proper skills, However, it is of critical importance that
the deep submicron effects don’t pop up again when predesigned blocks
are combined in arbitrary ways. Consequently, at the physical design
level the property of arbitrary composability means that the electrical
and physical properties of blocks are not affected when combining them.

Global synchrony. Physical effects of deep sub-micron technology
make it increasingly difficult to maintain global synchrony among all
parts of the chip [7]. The clock signal will soon need several clock cycles
to traverse the chip, clock skew becomes unmanageable, and the clock
distribution tree is already today a major source of power consumption
and cost. The trends of scaling to smaller geometric dimension and
higher clock frequency make these problems more significant every year.

Will Networks on Chip Close the Productivity Gap? 7

Thus, it is unlikely that large chips will be synchronous degigns with
only one clock domain,

Design productivity gap. Synthesis and c(?mpﬂer technology
development do not keep pace with IC manufacturing te::hnology rfle-
velopment [1]. As a consequence we need either exponentially growing
design teams or design time to design and implemer'lt 'systems wh}ch fit
onto & single YO. Since both alternatives are unrealistic we have in the
past escaped from the problem by using ever more comllalex components
as primitive design units. These primitive design units have e}ro!ved
from individual transistors to logic gates to entire ALUs, multipliers,
finite state machines and processor cores, In fact reuse of ever more
complex design eletnents has been the main device to increase produc-
tivity and will likely remain so in the years to come. Ii has also kept
us close enough to the ideal of the linear effort property to manage the
increasing number of transistors.

Heterogeneity of functions. Obviogsly, systems that can be
implemented on a single chip become increasingly more complex. As a
result different functions and features with vastly different cha-ra.:ctens—
tics and history reside on the same chip. Signal processing algorithms,
that recover and generate radio signals, will coexist with global control,
maintenance and accounting functions as well as with natural language
comprehension and generation functions. These functions are developed
in different contexts, by different teams, with different design languages
and tools. However, they need to be integrated into a single chip.

In order to lead a concrete discussion we describe next a typical NoC
srchitecture and in section 4 we investigate how a NoC approach could
address the listed problems. To paint a fair picture section 5 illuminatfas
the price to pay when adopting a NoC ba.sed-a,pproa,ch. Finally, in
section 6 we speculate how the design process will change.

3. Network on Chip

The Network-on-Chip (NcC) architecture, as outlined in figure 1.?,
provides the communication infrastructure for the resources. In this
way it is possible to develop the hardware of resources independently
as stand-alone blocks and create the NoC by connecting the blocks as
elements in the network. Moreover, the scalable and configurable net-
work is a flexible platform that can be adapted to the needs of different
workloads, while maintaining the generality of application development
methods and practices.

Qualcomm Ex. 1014
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Rescurce witch

Figure 1.2. Bach node in the mesh contains a switch and a resource.

A two dimensional mesh interconnection topology is simplest from
a layout perspective and the local interconnections between resources
and switches are independent of the size of the network, Moreover,
routing in a two-dimensional mesh is easy resulting in potentially small
switches, high bandwidth, short clock cycle, and overall scalability. A
NoC consists of resources and switches that are directly connected such,
that resources are able to communicate with each other by sending mes-
sages. A resource is a computation or storage umit. Switches route
and buffer messages between resources. Fach switch is connected to
four other neighboring switches through input and output channels. A
channel consists of two one-directional point-to-point buses between two
switches or a resource and a switeh. Switches may have internal queues
to handle congestion. We expect that the area of a resource is either
the maximal synchronous region in a given technology or a cluster of
computing elements and memory connected via a bus. We expect the
size of a resource to shrink with every new technology generation. Con-
sequently the number of resources will grow, the switch-to-switch and
the switch-to-resource bandwidth will grow, but the network wide com-
munication protocols will be unaffected.

Will Networks on Chip Close the Productivity Gap? 9

Note, that this is one, fairly simple NoC variant described h‘en.a only
to substantiate the following discussion. Many other more sophisticated
architectures have been proposed [8, 9, 10, 11, 12, 13, 14].

4. How does NoC address the problems

Although there are numerous factors and facets to investigate, we
focus on two mechanisms that work in favor of & NoC based approach:
Reuse and Predictebility. We believe these are by far the most important
factors overshadowing other secondary effects.

4.1 Reuse

As mentioned above, reuse has always been the primary means to
pridge the technology gap {15, 16, 17). More and more complex com-
ponents, from transistors to gates to functional blocks, such as ALUs
and multipliers, to microprocessors and DSP cores, have become the
primitive building blocks. In this way, the designers could move up
the abstraction levels and describe the system’s functionality in more
and more abstract terms relying on more and more powerful “primitive”
components. Curiously, synthesis technology has mostiy been used to
bridge one, relatively shallow, level of abstraction. This can be observed
in both the hardware and the software domain. Technology mapping,
logic and RTL synthesis are in principle straight forward steps with a well
characterized optimization space. Synthesis techniques that attempted
to bridge more abstraction levels and to make more profound design de-
cisions have typically failed. Examples are high level and architectural
synthesis. In software the mapping from O to microprocessor instruction
sets is more or less direct and the corresponding compiler technology is
tremendously successful. In contrast, compilation from functional, logic
and other higher level languages lacks efficiency and has never become
mainstream. 'Thus, we believe that reuse by providing more complex
components will continue to be the main mechanism to exploit the po-
tential of technology. Synthesis and compilation techniques will provide
the surface mapping from more convenient descriptions onto the primi-
tive componenis.

However, as a difference to the past, communication “eomponents”,
or better, communication structures and services have also to become
primitive design elements. And this i precisely what a NoC based ap-
proach is all about: The reuse of communication services.

Let us briefly review what can be reused in a NoC based approach.

Qualcomm Ex. 1014
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Components and resources. Arbitrary computation elements
can be connected to the communication network. In fact we expect that
typical NoC based systems may contain processor cores, DSP cores,
memory banks, specislized I/O blocks such as Ethernet or Bluetooth
protocol stack implementations, graphics processors, FPGA blocks, ete.
"The size of a resource can range from a bare processor eore to a ’local
cluster of several processors and memory connected via a local bus. Re-
sources have to comply to the interfaces of the communication network
in order to connect to it and use its services.

The reuse of processor cores has been developed during the last ten
years by defining bus interfaces. By defining network interfaces, NoC
takes this concept further because it allows to integrate an a,rl::itrary
number of resources into a network. In a bus-based system, adding
a new resource has a profound impact on the performance of ’the rest
of the system because the same communication resource is now shared
among more resources. In a NoC adding new resources also means to
add new communication capacity by adding new switches and inter-
con.nects. This scalability property is necessary precondition for the
arbitrary composability property but it is not sufficient to guarantee it.
The communication network must further be able to guarantee allocated
banldwidth and to enforce a decent behaviour of the resources to avoid
for instance the monopolization of the entire communication ba.ndwidth’
by a single resource. :

However, it is important to acknowledge, that a NoC based approach
has the potential to provide the arbitrary composability property with
tremendous benefits for the design productivity.

Communication infrastructure. The main immediate benefit
from a NoC based approach is cleatly due to the possibility to reuse
the communication network., The switches, the interconnects and the
Iower. level communication protocols can be design, optimized, verified
and 'unplemented once and reused in a large number of prociucts. if
requirements on performance, reliability and cost differ too much in
different application domains, domain specific communication networks
can be reused at least for all products in the same domain. For instance
it is likely that mobile, hand-held devices have so different dema.nds’
on power consumption and performance than infra-structure equipment
that different NoC platforms for these two domains are well justified

Apart from the hardwired communication infra-structure, higher Ie;rel
net“.rork services can as well be reused. There is in fact aj long list of
services that would benefit many applications but can impossibly he
developed from scratch for each new product. Examples are

Will Networks on Chip Close the Productivity Gap? 11

» the detection, monitoring and management of faults in the net-
work;

n  the allocation and management of network resources and possibly
task migration for load balancing and power optimization;

» the managerment of global and shared memory;

m the provision of sophisticated communication services such as chan-
nels with guaranteed bandwidth and quality of service, multi-cast
and broadcast communication, etc.

Most of these tasks are typically provided by the operating systemn
in today’s uniprocessor applications. Similarly, a NoC operating system
will be very generic and can be reused for many products. Due to the
increased complexity of future systems as compared to today’s systems,
the operating system will be much more sophisticated and complex, thus
making the case for reuse even stronger.

Application parts and feature reuse. Reuse will not stop with
components and generic services. New products can be composed of ex-
isting, complete features. Peeking into the future we can envision a tra-
ditional maobile phone which is enhanced by speech analysis subsystem,
a speech synthesizer and a language analysis and procesging sub-system
to provide a spoken language interface to the phone. The same modules
or features are apparently useful in a wide range of products and should
therefore be reused as much as posgible. Obviously, the main challenge
will be to define and standardize the high level interfaces between these
features to allow for an efficient communication and sharing of informa-
tion. However, we can observe that a NoC provides an excellent ground
for this kind of feature reuse. For optimized implementation a feature
may come fully implemented either in software or partially as a dedi-
cated hardware block. Either way, the feature can be plugged into one
or several resource slotgs and the NoC provides at least the low level
communication and network services for free for the interaction between
the feature and the rest of the system.

Design, simulation and prototype environment. A significant
part of system development costs are typically spent in setting up simu-
Istion environments and building prototypes. Since many products are
based on the same NoC platform much of this investment can be shared
by many products. Furthermore, even if different domain specific NoC
platforms very in their performance and power characteristics, they are
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sufficiently similar to allow the reuse of much of the design and verifica~
tion environment across very different application domains. In contrast,

" application specific platforms which are not derived from the same prin-

ciple concepts but are developed in an ad-hoc way to suit a particular
application domain, will not provide as much potential for cross-domain
reuse.

Yeriﬁcation effort. The system verification effort is frequently as
‘hlgh as the design effort itself. Hence, by reusing predesigned and prever-
ified parts and services, verification time can be ag drastically reduced

as design time. But reuse is even more important for the verification

than for the design activity because the uncertainty about the required
verification time is much higher and more difficult to plan. Moreover,
the uncertainty about the resulting product quality is high and the po-
tential cost of undetected errors in the final product can be enormous.
Since risk and uncertainties around verification and verification effects
are much higher, verification benefits more from reuse than the design
activities. Reused components are typically much better verified, be-
cause they have already been used in other products. Moreover, system
verification can be done much more effectively when correctness and re-
Liability of the components can be assumed, because errors are identified
faster.

In summary, the usage of a NoC based platform boosts the potential
for reuse in many ways.

4.2 Predictability

The second main aspect of our focus is predictability and it is in fact
closely related to reuse.

Communication performance. Due to its regular geometry and
communication network, communication performance becomes poten-
tially much more predictable. “Potentially” and not “necessarily” be-
cause the regular communication hardware will significantly help to an-
alyze and assess performance but measures at higher protocol levels and
network services have to realize this potential. Since the communication
hardware is shared by many resources, the activity of one resource can
delay the communication of other resources. One mis-behaving resource
can monopolize part of the communication hardware and indefinitely
block other resources from accessing it. Therefore, the network has not
only to provide the raw bandwidth but also a policy for bandwidth al-
location. There are many ways to do this with different advantages
and disadvantages. One possibility is to allocate channels with a maxi-

Will Networks on Chip Close the Productivity Gap? 13

mum bandwidth and fixed latency to two communicsating resources. By
properly allocating and managing these channels many communication
activities can coexist peacefully and all of them know exactly the avail-
able bandwidih and what latency each data packet will exhibit. This
makes systemwide performance analysis feasible and accurate.

As indicated above, a reliable communication resource allocation pol-
icy resulting in predictable communication performance for all tasks and
applications in the NoC is a central part for establishing the property of
arbitrary composability. If a task or a feature can request, obtain and
use communication bandwidéh independent of all other tasks and fea~
tures in the NoC, then the cost of reusing, mixing and matching existing
tasks and features is relatively small, since they have not to be modified
internally.

Electrical properties. Due to the regularity of the layout the
electrical and physical properties of the netwark are well known. The
switch-to-switch wires, most likely the longest on the chip except for
clock, power and ground wires, have all exactly the same well defined
length. Potential uncertainties and irregularities are confined to the re-
source slots and have most likely no global impact. Thus, the regular
and known geometry leads to the accurate analysis of electrical proper-
ties. Furthermore, since the NoC platform is reused in many products,
elaborate electrical and power models can be developed e.g. to model the
dynamic power consumption caused by the communication in the net-
work. High level traffic pattern models can be combined with electrical
models for the better assessment of noise and power consumption.

Design and verification time. As already elaborated above,
reuse will decrease uncertainties and risk in particular for the verifi-
cation tasks. This naturally makes design and verification time more
predictable. Another reason for increased predictability of the design
process is reduced design freedom. Since the network structure and ba-
sic services are fixed as well as the size of resource slots, the design space
is significantly reduces and the remaining tasks are well separated regult-
ing in more smaller and independent tasks. The remajning system level
architectural decisions are the selaction of the platform, the network
size and the resource allocation. Then all the resources can be designed
and implemented separately. Hence, the main challenge is the develop-
ment of the overall system functionality, its partitioning into processes
and their mapping onto resources. However, due to the relatively fixed
architecture and the predictable performance and electrical properties
(8ce above) the behavioursal design is to a large extent independent from |
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the implementation phase. This increased modularization of the design
tasks makes the overall process more predictable.

5. Disadvantages

Obviously, all these nice properties, outlined above, do not come for
free. Essentially we pay for each of them by loosing optimality. Reusing
components always means that we use something more general, thus
less optimal, than necessary for a particular task, Adopting a.’ fixed
and relatively inflexible network topology means that we exciude all the
other topologies that may be more suitable for the problem at hand.
A particular protocol stack with associated services will not be ideal
for all embedded systems and any NoC operating system will often be
too general with unnecessary overhead and lacking important services
at the same time. Only time will tell if it is possible to find a sensible
balance between generality and efficiency which fits sufficiently many
applications.

One way to alleviate the problem may be offered by a layered protocol
stack and a layered set of services. An application may select 5 NoC
platform only up to a particular level of the stack, thus avoiding the
ow?rhead of the upper layers. This flexibility however comes at a price. A
stnc.t layering of protocols and services may not be the optimal solution
An integrated implementation of several layers may result in a morel

efficient design at the expense of the possibility to have direct access to
the lower layers.

6. Effect of NoC on the design process

Let us briefly review a design process based on a NoC platform. The
main activities are:

(Z.,‘onﬁgljlring the platform. Depending on the available configura-
tion options this phase may be extensive or insignificant. A more general
platform suitable for a wider range of applications will have more con-
figuration options.

Every platform will allow to select the size and most likely offer a
selection of communication services that can be included. Every design
will-need the core service for transporting raw data from sending %0
rgcewing resources. ‘This core service may be packet oriented or based on
virtual channels. More sophisticated communication means with varyin
levels of fault tolerance, bandwidth and latency control can be opt:icnnalg
Still higher level services could support transparent task migration from.
one resource to another or a virtual global shared Imermnory.
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Selecting resources. Since every resource slot can receive an arbi-
trary resource, all the resources have to be chosen by the designer. There
may be some constraints because network services like a NoC operating
system have to be implemented also. Part of the resource selection task
is the design of the memory architecture and I/O architecture, which
require specific resources digtributed in a particular way.

Reuse of features. The selection of resources is of course intimately
connected to the reuse of features. In our terminology a feature is a
particular functionality together with its implementation. ¥.g. a spesch
analysis feature can be modeled as a task graph and implemented on one
or several DSP processors or custom hardware blocks. Thus, a feature
canl occupy several resource slots but it can also share a resource, e.g.
a DSP, with other features. Resource sharing of features has to be
considered carefully because it will most likely compromise the property
of arbitrary composability unless precautions are taken., '

Evaluation and integration. The integration of all features and
resources into the final system, the evaluation of performance and the
verification of functionality is the {inal and perhaps most challenging
task. An efficient and elaborate simulation and prototyping environ-
ment, that can be shared by many design projects, will significantly aid
the successful system integration. But above all, the simplicity and pre-
dictability of the interfaces of resources, the communication network and
features at all levels of the protocol stack will determine how well the
property of linear effort can be approximated.

7. Conclusion

Developing a system with several dozens or hundreds of processor
like resources is a formidable task. It can only be accomplished if fea-
tures and components are aggressively reused and if they are arbitrarily
composable at, the physical level, at the architectural and strizctural level
and at the application level (figure 1.3). Or; in other words, the protocol
stack from the physical layer to the network and transport layer to the
application layer must be well defined such that arbitrary components
and features can be connected to the NoC backbone via the protocol
stack without affecting the rest of the system.

We have focused on two issues which are particularly crucial for pro-
viding the properties of arbitrary composition and linear effort. Reuse
from blocks to services and features allows designers to productively
combine existing parts to new configurations and innovative products.
Predictability makes reuse efficient because adding new components and
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Figure 1 . 3. Features and comporents must be arbitrarily composable at the physical,
the architectural and the application level to facilitate seamless feature integration.

features does not require redesigning and reverifying the existing parts
thus avoiding a more than linear growth of the design effort. ’
. It NoC based platforms are able to provide the arbitrary composabil-
ity and the linear effort properties while still allowing for sufficiently
efficient product implementations, the design of systems-on-chip will be
revolutionized, eventually leading to a “design by feature combination”.
The NoC paradigm is highly suited to provide SoC platforms scalable
and adaptable over several technology generations because it opens the
opportunity to define and standardize a communication service infra-
structure and a protocol stack from the physical to the application layer.
If these are well defined and facilitate the arbitrary composability and
the linear effort properties, it will allow the efficient reuse of large re-
sources, communication and network services, and application features.
The TCP/IP protocol stack and the Internet, which also revolutionized
!;he use of computers, can be an inspiring example. Indeed, due to their
inherent scalability NoC platforms may allow the design productivity
to grow as fast as technology capabilities and may eventually close the
design productivity gap.
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Chapter 2

A DESIGN METHODOLOGY FOR NOC-BASED
SYSTEMS
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60571 Ouly, FINLAND

University of Ouln, Department of Electrical and Information Engineering, P.O. Box 4500,
FIN-90014 University of Oulu, FINLAND

Abstract: Diversity of computational requirements of information techmology products
will increase. The products will be based on computers, bu% the i:‘ul]
cxploitaion of silicon capacity will require improvements in design
productivity and system architectures. The chapier presents a backbone-
platform-systern methodology for development of products that are based on a
network-on-chip concept. Encapsulation of dedicated subsystems into a NOE
system is the key idea of an “integrated distributed embedded system
approach. The cornerstones of the methodology are the rewse of a NOC
backbone and a platforn architectne. The NOC backbone ‘encapsu[ates the
physical integration problems into commuonication solul:lon for system
architect. The NOC platform provides application area optirnized computation -
and stovage resources for systern developers. Essential paris of the
methodology are decision-support methods for both NOC pladform and NOC
system designers.

Key words:  Design methodology, platform-based design, reuse, decision-support

1. INTRODUCTION

Exploifation of a billion-transistor capacity of a singlg ASIC reqqir.es new
system paradigms and significant improvements to design productivity [1].
19

A. Jantsch and H, Tenhunen (eds. ), Networks on Chip, 19-38.
© 2003 Khawer Academic Publishers. Printed in the Netheriands.

Qualcomm Ex. 1014




Page 15

20 NETWORKS ON CHIP

The Network-on-Chip types of approaches presented in earlier chapters try
to divide and conquer the use of available silicon surface. Integration of tens
or hundreds of computers into a single chip together with asynchronons
message passing network partitions the design into more manageable units
and allows to optimize the subsystems according to application requirements
[2]- Such scalable and modular architectures are natural steps in system
architecture evolution especially when physical implementations are
considered.

Structural complexity and functional diversity of such systems are the
challenges for the design teams, Simple extrapolations of design productivity
roadmaps reveal that already in the near future omly the very largest
companies can complete their ASIC projects in case the full silicon capacity
is used. In the longer period, it is clear that design capacity is going to be the
Limiting factor for the system complexity.

Structural complexity can be increased by having more productive design
methods and by putting more resources in design work. Design method
improvement using higher abstraction levels leads to the more complicated
and expensive design space exploration and synthesis tasks. When
increasing the number of designers, the communication overheads consume
almost all the benefits. The most attractive approach is the reuse of earlier
designs, because if the design is reused at least three times the cost of
making design reusable is Justified. In platform-based design, the reuse is
extended to architectures [3] and recent reconfigurable platforms duplicate
regular structures of computational units [41.

Tncreasing number of gates can be and will be used for increasing the
functionality of the products. The billion-transistor capacity on silicon and
operation frequency at gigahertz range means that we shall have
teraoperations per second capacity for applications. In addition to software
and computer hardware, the same system can have DSP functions, analog
and radio frequency functions, advanced controlling functions, artificial
intelligence, etc. The system level decisions must take into account all the
different needs of application types. It will require common language,
concepts and terminology. The optimization of the implementations of
applications will mean the integration of a variety of memory technologies,
analog electronics, reconfigurable technologies- and computer technologies
into same platform,

The structural complexity will force us to operate at the system level
when developing NOC-based systems. It will not be possible to go into
details when making decisions concerning reuse or application mappings, for
example. It will also foree us to develop platform-type of architectures and
resources. We have to replace the target product requirements with more
abstract concepts, We have to use requirements of the product area,
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istics of typical applications, forecasts on near future applications,
;&éﬁcht?sniﬁﬂ r?neatflp the shl:lf)t from synthesis or mapping based methods to
i imation based approaches. ‘

anal]g':;;n mtlt.odology is a clzn%erent set of theories, methods, techn_lques
and/or principles used to analyze and/or develop'methods f_c'r 2 particular
domain, The main purpose of the methodology 1s.t.he partitioning of the
design problem into manageable tasks ‘and definition of the tools efnd
practices for those tasks. When considennglNO(.}based systems, the. f{rst
problem arises from the diversity of functlonallty..]f?flost of the existing
design methodologies are application arca specific. However, these
methodologies are results from long cvo}uuop and they have bmlt—:in
knowledge and expertise that should not be ignored. The challenge is
therefore to combine these different approaches. . .

This chapter presents the principles of a I'TIOC design methodology. Since
the NOC-based systemns have not been designed or manl:lfactur?d yet, our
approach is based on the extrapolations and forecasts.l Section 2 gives a brief
review of most important existing and evolving .des1gn methods z.md to.ols.
Section 3 describes the requirements of NO'C design mcthf)dology mlrapld]y
changing technological and economical environment. Section 4 describes the
NOC architecture and quality characteristics of NOC. T.hc backbon?-
platform-gystem design methodology for NOC-based systems is presented in
Section 5. The novelties of the approach are in the‘layered gtructure of.the
methodology, in the integration of phyg.ical issues mt'o'archltﬁcturc d_eslgn,
and attempt to manage system complexity by empham?xpg the e}roluuonaxy
nature of products and product development, The decmon».makmg support
required at early phases of design is the most c'hallengmg part in the
presented approach. Finally, Section 6 summarizes this chapter.

2. DESIGN METHODOLOGIES FOR IC BASED
SYSTEMS

The motivation behind technological development is the need to produce
products that increase our welfare. Such products.ate needed, used, fmd
profitable. The same basic need is also behm(_i the Itechnoluglcal
development, which in turn enables us to i_ntroduce 1nc1.'easmgl){ complex
products. The problem is that the increasing cgmp}emty requires more
advanced design methodologies, because complexity increases the number

ssary for building them. o
o Si)egssi;nec;e&rgdology is dependent on the underlying tcc}'mology, but 1.t is
also a cultural issue and a business issue. Sexes,.pmfessmns, companies,
nationalitics have their background, history and differences, and they may
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need different type of operational environmenis in order to perform
optimaily. Inside the companies, the cumulated knowledge, ithe existing
products, and the sirategic decisions affect to the design methodologies [5].
‘The design methodology is respensible for product success in z sense that
it must guarantee that the company performs the activities that are needed in
quality validation. The main quality factors are performance, cost and
variability, but these are very generic and cannot be direcily used in product
development. Important features of methodology are the transformation of
user needs to physical requirements for different abstraction layers and
partitioning of those needs and requirements to subsystems and technologfes.
The guality fonction deployment (QFD) for example, tries to solve these
problems by introducing correlation matrixes for quality characteristics and
technical requirements [6]. '

2.1 Evolution of ASIC techniques and design methods

Since its invention over forty years ago, IC-technology has offered for
designers increasing number of switching elements in planar form. Basic
logic operations needed to be performed in the digital systems on the surface
of a silicon chip are still AND, OR and NOT. So far, the functions of digital
systems are based on the Boolean aigebra and combinational logic blocks are
constructed of those basic logic gates. Memory function is broaght to the
system by adding feedback connections to a combinational block.

Switching elements are manufactured on the surface of a silicon chip in a
silicon foundry applying different available semiconductor manufactoring
technologies. Nowadays, and most likely for next ten to fifteen years, it is
usually CMOS technology, where every switching ¢lement consists of two
complementary connected fransistors. The function and elementary structure
of SOC and NOC systems are stil!, like in the first digital ICs from eatly
60’s, based on the CMOS switching elements implementing AND, OR and
NOT Boolean functions.

Over forty years, the semiconductor indusiry has been able to develop
new manufacturing technology generations. The increasing number of
switching elements is offered for designers in different implementation
formats. Therefore, we have general-purpose logic (GPL) devices,
memories, microprocessors, micro-controllers, programmeable logic devices
(PLD), field programmable gate arrays (FPGA), ASICs, SOCs and NOCs.
Implementation format can be understood to be a form specifying how
switching elemenis are grouped and connected on the chip surface. The
format specifies also the customer’s and the manufacturer’s responsibility in

circuoit design process.
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The GPL devices, e.g. 74/54 and 4000 families, were the first
implementation format offered by the semiconducFor _industry in early 60’s.
Billions units of them are still used by the electron{cg 1ndust1:y every year 1:01'
every kind of products. Schematic entry is most effzclclqt design method w1‘Fh
GPL format. GPL format is an example of reuse of silicon layout blocks in
the form of SSUMSI level designs of 10 to 100 gates each: If 50 to 100 pages
of schematics is a manageable amount of documentation then.a digital
system consisting of 500 to 1000 SSI/MSI devices could be possible to be

igned in er time.
deSng:m aftg:O tlljle introduction of GPL format, the semiconductor industry
implemented also the first memory devices and then in 1971 t'he first
microprocessor with 2300 trapsistor switches on a single chip. .The
combination of microprocessor, memory and GPL devices on the Printed
Circuit Board has formed the heart of digital systems known as .embeddcd
systems [7]. Embedded Systems arc an example of implementation format
where the HW reuse is in maximum. Many different systems may hziwe the
same HW architecture. The designer personalizes the system by w_ritmg the
SW code and compiling it into a binary pattern of memory devices. The
same amount of man-hours is needed to write 50 to 100 pages of SW code
than 50 to 100 pages of schematics. One line of the SW code corresponds to
a GPL device in schematic documentation. If one line of SW code ‘could
implement more functionality than one SSI/MSI device then SW designers

ctivity is higher.
pmduNexttztep wgas the micro-controlier device (MCU) in 70’s. MCUs are
whole microprocessor systems on a single chip. The nﬂcropr.ocessor of a
micro controller system cannot have the leading edge complexity bfﬁcause a
large share of the silicon area has to be reserved for memory on peripherals.
Since late 70°’s, MCU devices have been the most popular general-purpose
implementation format of digital systems. '

Pure HW formats, after the introduction of GPL devices, have followed
the development from Simple PLD devices, Complex PLDs arfd FPGAS to
different ASIC formats [8]. The problem with schematic entry of
PLD/FPGA and ASIC designs is the management of complexity. Schematic
entry is applicable to the point where the number of pages is less than 50 to
100. T the symbols used in schematics are normal library components then
maximum number of gates in design could be in the range from 5K to 10K.
HW description languages like VHDL and Verilog, and logic synthesis tools
were the solution for complexity management problems in the 90’s [9,101.
The VHDL model of a digital system includes specification of both the ITW
structure and behavior of the system. Synthesis tool compiles a.YHDF
model to logic schematics. VHDL improves designer’s productivity '1f
synthesis of 50 to 100 pages of VHDL model produces more schematic
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sheets, Complexity of HW modeled ASICs is then in the range from 10K to
1M gates and every page of the VHDL model specifies 250 to 10K gates of
the implemented logic.

System-on-Chip is an ASIC or PLD/FPGA implementation format
where one single silicon chip contain mostly reused IF based logic blocks
like whole microprocessor systems. Manageable logic comi)lexity of SOCs
is somewhere between 1M gates to 100M gates, The new product specific
logic of a SOC could be no more than 1M gates unless more productive
design methodology is available.

Networks-on-Chip implementation formats are needed when the
complexity available on a single chip requires a network of SOCs. Design
documentation of a 1G gate NoC could be 100 pages of schematics where
one page describes a structure of 10 million gates. Basic element, schematic
symbol, could be 1 million gates IP block taken from the IP library of the
design system.

2.2 System-on-chip design methodologies

In the late 1980's, it became possible to develop and implement computer
organizations and architectures using ASIC design methods, #t was realized
that this introduces new possibilities for system optimization, because
hardware/software partitioning is more flexible and not constrained by the
costs as it was earlier. The first approaches to software/hardware
partitioning were based either on software or hardware specifications, but
very soon the need for functional specification and functional verification
were identified, which resulted to SW/HW codesign approaches [11,12].
Functional specification was done using either a single langnage for the
complete system [13] or by combining subsystem models that were each
specified using application-specific languages [14]. Granularity at which the
partitioning was done varied in different approaches from fine-grained
instructions and mediuvm-grained coprocessors to coarse-grained architecture
level objects, The verification of the partitioned system required
cosimulation tools, which could simulate both software and hardware {15].

The system synthesis approaches generate both the hardware
implementation and software generation from the characteristics of
functional specification. The design space exploration and evaluation of cost
function are critical phases [16]. In the mapping based approaches the idea
is to evalyate different mappings of functions to architectural elements.
These function/architecture codesign approaches allowed using existing
architectures or separately modeled architectures and the role of quality
evaluation increased [17]. The intellectual property (IP) blocks and virtual
components were proposed as a solution for design productivity problems in

v
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late 1990’s. The IP-block concept contains both the functionality and
jmplementation. In IP-based design, the main problems are related to Fhe
evaluation of TP-block quality and integration issues. Platform-based design
integrated and extended the earlier methods by reuasing alse system
architectures and fopologies in addition to components. Platform can also
contain the software layer that helps in application development [18].

2.3 System design methodologies

The waterfall model divides tbe software development process il.ltO
requirement analysis, architecture design, coding, testing @d manufacturing
phases that are executed sequentially in a top-down fashion [19]. In the V-
model, the role of testing and verification is emphasized. Each phase of Fhe
waterfall model is accompanied by respective validation or verification
phase [20]. The spiral model is based on the idea that the phases of waterfall
model are repeated for different versions of the system [21}. These
sequences of versions include conceptual models, specificatipns, prototypes,
and product versions. This successive refinement approach is a!so c_alled as
incremental development approach, becanse the idea is to bring in more
details during the development. The meet-in-the-middle principle combmes
the top-down and bottom-up approaches. The idea is to define the primitive
components and objects and to develop them and to system structure
simultaneously, so that in the middle of design process the final systern is
constructed from these primitives. ASIC synthesis tools with libranes apd
IP-based design are derivatives of this principle. In the hierarchical c{es;gn
methods, the system is partitioned to subsystems that are designed
separately. Concurrent engineering atterupts to take into account all the
aspects of system design from the very beginning of the.develqpment
process. It aims in developing subsystems simultaneously and increasing the
communication between different design teams. Cross-functional teams and
information sharing are the main enablers [22]. In product Jamily
development, the idea is to develop simultanecusly a complete set of product
variants [23]. These approaches are based on the ideas of' mass
customization, development of platform product that is easy to modify, or
development of core product that can be extended by product features.

3. NOC METHODOLOGY REQUIREMENTS

NOC technology is a solution for complex systerns, e.g, systems that can
not be implemented otherwise. NOC-based products will have enormous
amount of computational capacity and storage capacity in a very small
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;f;lum; NOCs will not be feasible unless the number of implementation is
g¢. In consumer products, the mass production quantities can be achieved

;:%a;ity, but tﬁt‘?, success depends on how usable the NOC-based platform
- e, “»"hen dlfferent‘ types of products are considered, Third alternatives
genenic  computation platforms that are implemented using NOC

31 Technology capacity effects

incon::c(;‘l;pdn'lg to technology forecasts, the number of transistors is going to
pos::-zie tmi] the next ten years. When we use the 65 nm technology, it is
ible to have over 2.4 billion transistors in a s fe chij :
aechiteones et o ingle chip. Current system
complogiics gn styles do not scale up to such dimensions and
gatcg a‘::,[ cc:nsidt?r the available silicon surface and the characteristics of
wires from the digital design view, it is obvious th
S ‘ A at we have
gta;te;uon ouz chip area to several clock domains that communicate with ea:l(:
othe asd{nc}_lroqously [24]. Similar partitioning is required for testability
; thgy §U1buu0n, aqd communication reasons. We need to Teserve a part’
2 l‘e a;:.hlp area o this kind of infrastructure and to partition the rest for
clpela)u'll‘;; ;;I; aﬁﬁose‘&"’:hﬂe each part has its own synchronization, This
01' 0 H I3 - 4 - )
methodon, Jomt optimization of physical architecture and design
high\?ihaen \:\;e take the Computer science view, then the silicon surface is a
e paclglr compurfatmn platform. Sequential processor can not exploit
- ];:apamty effectively due to earlier mentioned reasons. Operation level
fn stmetismllf;ads to extremely complex design of dedicated hardware
execu; on-leve] pgrallehlsnf (LP) leads to extremely complex control of'
- on and besides, it is difficult to extract enough ILP from large
::)pm:eauar}s. Thread—level parailelism could be viable alternative, but it
rgce " slagnlflcanﬂy_morc threads than in current processors, Task and
Eave S lt:vel parallelism leads to parallel computer architectures, which
Mhitgcrto lems rell?ited to shared memories and communication bljlt these
ures could exploit the area more effectivel si
' ‘ Y. Besides, the
I[z‘:mng @del would be simple [25]. Application level parallelism
gration of embedded systems into g single chip and design
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approach that resemble distributed system design. Such architecture could
exploit ali the possible arca, but the feasibility requires that the ratio of local
and global computations is high [2].

A NOC design methodology has to support both integration and effective
use of different implementation technologies. Technology embedding means
additional costs in ASIC manufacturing process, On the other hand, the use
of different technologies should be justified by final product characteristics,
This linkage between the costs and bepefits of technologies and applications

must be created in the design process.
32 Product requirements and economics

Already today, the complex SOC projects stretch the capabilities of
companies and all the forecasts imply that product development capacity is
lagging behind the technology capacity. Managing functional diversity and
complexity are product requirement related issues that must be solved by
NOC architecture and methedology.

For example, personal communication devices will have both local and
mobile communication capabilities, various types of multimedia features,
intelligent user interfaces, etc. Good implementation will require various
types of technologies and computing architectures, which means that the
implementation of total functionality may consist of a set of optimized
subsystems that are integrated by common functional “glue”,

Commercial products must meet both the market window and target cost
constraints, Desipn productivity and desipn reusability are the critical
parameters in this respect. The cost/object can be used as measure of
effectiveness, If we analyze the cost/transistor in different types of designs it
is easy to sec that dedicated logic is more costly than IP-block based design
or memory design, which benefits from regular and repeatable blocks. If we
use cost/function, the software approaches are better than reconfigurable or
hardware approaches. This means that in NOC systems we must Favor
flexibility over fixed solutions and regularity over ad hoc solutions.

The cost of design of NOC will be such that design reuse must be
exploited at all levels and rensable units must be very arge. In addition to
IP-block rewse, we have to reuse the compuiation architectures, network
architectures, software platforms, existing chips, and design methods. This
means that we have to have very clearly defined interfaces for connecting
resources to the network and for using the network resources with hardware
or software. The reuse of the architecture requires means to modify and
configure the architecture model so that application area specific platforms

can be designed. The reusc of complete chip needs standardized application
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mapping procedures that hide the architecture and hardware details from
application designers.

33 Diversity and complexity

The product development consists of several areas of expertise and in the
decision-making process, we have to be aware of effects to all aspects of
design. When we start to develop our ideas into the products, the number of
details is increased rapidly and the design methods and practices diverse.
The design process is actually a sequence of design decisions that limit the
design space. In the beginning, the number of possible implementations is
largest and each design decision actuaily removes possible implementations
until we have only one left. Working  simultaneously in multiple
technologies requires firstly that we partition our system functionality to
technologies. Partitioning requires that we have portable models that can be
transferred between technologies and subsystems. Secondly, we must derive
quality criteria for each abstraction level from the quality criteria of the
product. Thirdly, we have to make trade-off between different technologies
and optimize the complete system instead of subsystems. This means that we
need analysis and estimation methods that can be used at early phases of
design and that take into account the coupling effects between technologies,
Fourthly, we have to validate our decisions at various levels of abstraction,
This needs an ability to combine different models. Finaily, we have to be
able to use technology dependent methods and tools. This requires
encapsulation and interfacing capabilities.

In addition to management of work and implementation dependent
issues, also business and economical issues significantly affect on how we
should develop our products. Economical constraints such as time to profit
require the reduction of design effort and design time, which can be achieved
with platform-based approach with reuse both at implementation level and
design level. The problem is how to guarantee adequate performance and
variability. The market success depends on product’s capability to satisfy
users. User needs are diverse and the trend is to customize the products and
services. If it is done with software, we sacrifice the performance features, If
we do it in hardware, it is not cost effective. Naturally, the problem is more
complex and we should consider the competitive strategy and market
situation too.

In NOC design methodology, we must find out how to balance the
system characteristics. Most important are complexity vs. feasibility,
flexibility vs. suitability for purpose, and generic vs, dedicated solutions,
These relate to the problem when and how we should apply reuse instead of
design. Complexity/feasibility relates to the principles on how we design our

) -
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NOCs. It relates to both hardware architectures and software architectures.
Flexibility issues relate to how we identify and' encapsulate those p@? of the
system that must be optimized without loosmg the programn%ablht:y and
configurability of onr system. The generic/‘dedlf:ated trade-off is mainly 2
design eifort issue. The problem is the separation of COMMOn of generic
problems from those that need special methods. T!le generic problems
should be solved so that they become as a part of NOC infrastructure.

4. NOC-BASED SYSTEMS

Networks can be applied to very different kinds of integratgd systems and
the success of a NOC depends on how effectively it can satisfy the of_te?n-
contradictory requirements of applicability and performance. Apphcgbxhty
requires flexibility and generality, simple programming modefls., and simple
development of final functionality. Performance requires efficiency, power
awareness, dedicated structures, and optimal combinations of resources and
functions, . .

The NOC design methodology presented in this chapter is meant for
NOC systems that are based on product family type of prodyct deve!opment
presented in Figure 7-1. The NOC systems also use a specific ‘?Iciutectural
approach that is called “integrated di.s'm:buted embedded system”, The target
application domain is telecommunication systems, but the ideas can be
applied to other types of systems as well,

High-performmance

. communication systems

High-capacity
Baseband platform ’//'v communication
systerns
~——
: Personal
t{'orrn/,/ assistant
3 . Data
\ collection
|
torm . Entertzinment
.
. Wirtuai reafity gemes

Detabase p

—
BACKBON

Multimedia

PLATFORMS
SYSTEMS

Figure 2-1. NOC-based produet family development
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We believe that NOC-based systems are economically feasible, if
implemented chips can be used in several product variants, and if we can
reuse the design in various application areas. However, we also believe that
successful product must provide well enough quality for all users, which
often requires solutions that are designed to specific needs. Achieving this
requires balancing between flexibility and optimality in platforms,

If we compare the different implementation formats for ASIC systemns, it
is obvious that good performance characteristics need dedicated solutions,
The configurable hardware or software based systems are lagging behind in
area efficiency and power consumption, for example. If we compare the
design effort and design cost the situation is opposite. We combine the
benefits of both by providing hardware optimized, customizable computation
platforms for each application area. The hardware optimization is done by
embedding computation resources that are application domain specific into
the chip. The design effort is reduced by providing a common basis for the
integration, e.g. the backbone. The role of the backbone is to provide
mechanisms for “distribution” and “integration”. Infrastructure services,
such as communication and interfaces are the best examples,

4.1 Architecture of NOC-based system

The NOC architecture is presented in Figure 7-2. The architecture is 2-D
mesh, which consists of resources and network. The network elements are
swiiches, channels and resource-network interfaces., The resources are
embedded systems integrated into this architecture. The idea is to separate
infrastructure area and application area also in the physical layout.

The only limitations to resources are related to the sizes of resources and
to the interfaces. Any type of resource that can be implemented in
synchronous area with the silicon technology is possible. From system
perspective, the resources are independent embedded systems that have
standard interfaces to the infrastructure services. The whole network of these
embedded systems can be considered as a distributed system, where the
network elements provide communication services.

The regions are used for embedding different technologies such as large
mermory systems, parallel computers, or reconfigurable arrays into our NOC.
The size of the region can be larger than the size of resource, and the
communication between the region and rest of the NOC can be arranged via
specific switches only,

e A R B

I L R A

31

. : . R ia ork
Figure 2-2. Example of a network ¢n chip architecture. S = switch, rni = resource-netw
mfexface. P = processor core, C = cache, M = memory, D = DSP core, re = reconfigurable

logic, L = dedicated hardware.

4.2 Quality characteristics

NQC hased systems have similar quality characteristics as any othfar
system with respect to performance, cost and vari.ab.ility.‘ However, in
addition to generic quality characteristics, we can distinguish the quality
characteristics for the NOC platform, which are different from product
characteristics, Identification of these is important, because they affect our
design decisions and the quality assurance procedures. .

When considering the NOC platform quality characteristics, we have to
consider comrnunication systems, flexibility, and system integration issues.
Communication system has to provide performance guarantees for delay,
bandwidth, power consumption, and communication reliability, The basic
communication functionality has to be accompanied by performance figures
to allow application engineers to build reliable applications with predictable
performance. ’ .

Flexibility is a major concern, since the main Pomt of a platform is to
support a variety of concrete producis and app]i_catlons. Hfsnce, the.platfonn
has to support different traffic types with widely varying requirements.
Safety critical systems will put higher demands on predictability than multi-
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.rnedia applications. Power management and efficiency is of highest concern
in l?_and—held. devices. The matter is complicated further by the prospect that
various application types will co-exist in fumre NOC based products. Thus, a
NO(; Platform has to be carefu] at offering a sufficient range of choices ’to
application engineers.

In order to support system integration and application mapping, a
m‘ethodology has to provide sophisticated means to for systefn analysis,
St.nce the final product will contain a large number of different resources, it
will be a fqrmidable task to integrate the performance assessments of ﬁw
resources with the performance guarantees provided by the network into a
relisble system performance assessment.

5. BACKBONE-PLATFORM-SYSTEM
METHDOLOGY

The organ%zation of work in our backbone-platform-system NOC design
methodology is based on heavy reuse of existing desi gos, reuse of software
systemns ".md rease of platforms. Our NOC concept encapsuiates embedded
systemr., mtc? a network, computers, reconfigurable fabrics, or embedded
memories into resowrces, and intellectual property blocks,. virtual
componen?s and software into embedded computer systems. The hierarchical
glé?sulanon introduces well-defined interfaces between different layers of
o o?i?g and allows constmucting the complete system from black-box

We .hfwe partitioned our design methodology in three ways. Firstly, we
have divided the NOC system development in three main layers that are
backbone, platform and system development. Secondly, we have divided the
methodology according to what kind of methods we need for the
fievelopment of subsystems. Thirdly, we have divided each design activit
into phases according to the purposes of those phases. ’

5.1 NOC layers

\ E'he la'yered NO('J qevelopment separates technology specific e.g,
ac bom? issues, appl}canon area specific e.g. product platform issues and
grc;gl]mt ;Estauce specific e.g. system issues from each other. The layering
naoles the separation of infrastructure design fro i
applcation de g m resource design and
The NOC backf;one layer consists of infrastructure and especially
co(rinml_.u.ncanon services. Infrastructure part consists of physical components
and wiring for clocking, energy distribution, and testing, for example. The

i
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communication services consist of physical components such as channels,
switches, and network interfaces, and basic services such as protocols for
physical and data link layers. The purpose of the backbone is to provide an
integration framework for platform and resource designers and to hide
physical level details from them. It also provides a communication model for
application developer in a form of protocols. The physical design issues have
an important role, because the system-level communication challenges the
limits of technology.

The NOC platform layer describes the computation platform for target
application area. Its main purpose is to hide the hardware from application
designer and to provide a programming model for them. Platform design
requires the understanding of how the target systems operate and what kind
of computation they have. Scaling of the network, definition of regions,
design of the resource nodes, and definition of the system control are the
activities that must be based on absiract models of applications. The
platform encapsulates the hardware design problems and serves as a
manufacturing integration platform for system developers.

The NOC system layer describes programmed chip in the final product.
The resource atlocation, optimization of network usage and verification of
performance and correctness are the main problems that are basically similar
to what distributed and parallel system designers have to face.

5.2 NOC design methods

The integrated distributed embedded system concept does not define the
embedded resources. The platform designer can use all his creativity to
improve the applicability of the platform in the application area domain.

Freedom of choices challenges the design methodology, because
consistent methodology must provide tools and techniques that allow
designing and modifying everything that are not fixed. We have organized
our methodology as a hierarchy of subsystem specific methodologies. The
lower level methodologies can be used in implementing the subsystems of
upper levels, as long as upper level consiraints are fulfilled. The methods at
each level are following:

1. System-level design and networked system’s design methods. System-
level design deals with application modeling and analysis, while network
design methods are applied for mapping and load balancing.

2. Parallel computer design, distributed computer systemn methods,
embedded system design, etc. The choice of the method depends on the
type of region that we are developing,

3. Computer system design, software system design, codesign, or
configuration design depending on the resource, are examples.
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4. Bagic sot_‘tv.wre, logiF and synthesis methods and design flows.
The feasibility of hierarchical methodology depends on how easy it is to

- model and present the comstraints for lower levels and how much these

constraints actual!y effect on the final system. Application programming
interfaces and virtual component interfaces are essential elements in
successful implementation.

53 NOC design phases

The complete design flow consists of a sequence of design activities. The
exact set and order of activities is always product specific. In our
met.hodology, a generic design activity is divided into analysis, estimation,
decision, and validation phases. Analysis phase is needed for understanding
what we have as input for our design decision. For example, when software
system is designed the first task is requirement analysis, where the objective
is to find out what are the user needs that should be implemented but
implementation considerations are strictly forbidden. Estimation is part of
design space exploration where to objective is to forecast the outcorne of
possible decision without putting too much effort into the implementation of
the decision. Decision is the phase when selections are implemented as a
new system model. Decision includes the creation of a new model, which
typically includes the refinements and transformations. In the validation
Phase, the effects of decisions are measured using the new system model as
1oput. The validation should consider all the quality characteristics of the
system.

54 NOC design flow

~ The overview of the design flow for NOC-based systems is presented in
F1gpre 7-3. In this figure, the design flow is presented as path through the
design plane, where the x-axis direction represent the development of system
resources and the y-axis the development of system functionality. In the
bottom left comer of the plane, the system does not exist, and in the top right
coner, the final NOC-based system is ready. In NOC system development,
we divide the problem according to NOC layers, e.g. the backbone
development, platform development, and system development,

. The backbone design aims at providing infrastructure services for
different types of NOC platforms. In backbone design, we have to combine
the Fechnology dependent implementation and very generic architecture
considerations. The analysis phase must consider the silicon characteristics
and general principles of system construction. During the estimation phase,
the focus must be on production vield, power management and

r
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infrastructure/application area efficiency. In the decision phase, network
topology, switches, channels, resource-network interfaces and protocols
must be designed as well as the principles of resource integration e.g. how
the resource are connected to the infrastructure. The quality of these services
should be measured doring validation phase as simplicity of resource
integration, cost and performance.

Comrmunication Non-configurable  NoE System
A channels hardware
1
L)
;
E
£ i raduct ditferentiation
8 i
© H
8 ! ‘
E : Architecture
8 ! des Rlatform
I R " System Services
iy
- --=1---Qperation principlas
uct area specialisation
System —’
daes Resource developrant
not exist

Figure 2-3, NOC design flow

The platform design aims at architecture and set of system services that is
optimized for a certain product area. The three major decisions concerning
the platform architecture are the dimensions of the network, types and sizes
of technology regions, and the contents of resources. Understanding the
characteristics of typical application workload is the main requirement for
analysis phase. The definition of network size and shape requires the
analysis of the total complexity of computation, communication and storage.
The characteristics of applications affect to technology regions. For example,
do we need memory capacity that does not fit into synchronous resource slot,
or large areas of reconfigurable amrays or processors, or parallel computer
level capacity? Finally, we have to analyze the characteristics of individual
functions in order to see what kind of computing resources are needed inside
the resource areas. Because of complexity, we have to be able to do these
analyses very rapidly and at very abstract level, and current methods and
tools are not capable to deal with this problem.

The platform architecture decisions must be supported by feasibility
estimations that take inte account the application characteristics, resource
characteristics and function/architecture mappings. These estimations are
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needed both in network level and resource level, and they have to support
the evaluation of relative costs of different implementation formats.
Performance and efficiency are the behavioral criteria to be considered.

In the decision phase, we must design all the regions and resources.
Applying existing design methods and tools is essential. Integration of the
models of different blocks both for implementation and estimation purposes
requires a NOC description language for the modeling of the complete
structure and how resources connect to infrastructure services.

The validation at platform level must cover the quality criteria above.
Since the platform architecture is a programmable and configurable system
that can be used for various types of products, the performance validation
must be done using the methods of distributed and computer systers design,
Analytical performance estimation, workload model based performance
simulations, and benchmarks are therefore feasible aliernatives,

The final programming and configuration of a NOC system is called the
applicarion mapping. Applicaiion mapping consists of four activities. First,
we have to model the whole system. Secondly, we have to partition the
functionality into network resources. Thirdly, we have to implement the
behavior with the resources. Finally, we have to download the complete
system description into our NOC platform and verify it. In various phases of
application mapping, we need to construct a complete description of a
system although the description itsclf may consist of several differcnt
descriptions. A NOC assembly language is therefore needed for presenting
the application’s mapping to resources and interfacing to platform’s system
services.

During the application mapping the modeling of the behavior of the
sysitem and its workload for the platform elements are main tasks. Modeling
of complete functionality so that we can reuse existing subsystem
implementations requires high-abstraction level methods and means to add
interfacing functions that are platform and resource dependent. Workload
models are required during mapping phase for optimization purposes,

Mapping functions to resources is the decision that must be supported by
estimates on system quality. Feasibility of platform for chosen set of
functions, performances of functions with chosen mappings and utilization
of platform resources are figures of merits that must be considered before
committing to implementation design.

Validation and verification of complete NOC-based system are problems
in which we do not have answers. Built-in self-test structures are most likely
alternatives for verification of the platform, but also hierarchical testing
approaches with separation of communication, data storage and computation
must be developed.

y— oxj
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The presented NOC design flow requires new languages for representing
the NOC specific structures and services and new methods for supporting
NOC related decisions. Proactive decision support methods are needed for
efficient reduction of design space. Complexity and capacity estimations are
needed for sizing and scaling so that we know the quantities of objects.
Mappability estimates are needed for selections of physical and functional
objects, so that we know the suitability of objects. Performance and
workload estimation is needed for allocation and validation, so that we know
the effectiveness of our design. Cost and quality estimation is needed for
feasibility analysis. We want to know as eatly as possible if the work is
worth the effort.

Validation methods are needed after decision for analysis of
consequences. Validation methods can be more detailed because only a
emall number of alternatives are designed in more detail. However, the
validation methods must also be very effective. Validation must cover all the
quality criteria, but if we consider the performance, for example, then the
quality validation procedure may consist of network simulation, transaction-
level architecture simulations, and instruction-level processor simulations.

6. SUMMARY

NOC-based products will be extremely complex and difficult to design.
Management of structural complexity and functional diversity requires that
the physical issues, architecture issues and methodology issnes are
considered and optimized together. Most likely economically feasible
products can be developed only if both designs and implementations are
reused, and if product functionatity and system resources can be separated
during the design.

Principles of a backbone-platform-system design methodology have been
presented. The BPS methodology is based on the manufacturing platform-
based product family development. The application-area specific platforms
are based on the NOC backbone that is a generic NOC architecture allowing
integration of dedicated computation and storage resources and a set of
supporting infrastructure services.

The BPS methodology supports the encapsulation of the design of
network elements, e.g. resources and their functionality, and the capability to
support design decisions. The most important decisions concern technology
and computing architecture selections, system dimensions and mappings at
different abstraction levels.
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Abstract Embedded system designers are faced with an expanding atray of challenges
in both application and architecture design. One challenge is the task of mod-
¢lling heterogeneous concurrent applications. Another is the task of finding a
programming model for heterogeneous multiprocessor architectural platforms.
Compounding each of these challenges is the task of implementing heterogeneous
applications on heterogeneous architectures. We believe that the key problem un-
derlying each of these challenges is the modelling of concurrency, and the key
to medelling concurrency is to capture concurrent communication formally in
models of computation. This chapter broadly outlines a disciplined approach to
the design and implementation of communication structures in embedded appli-
cations. Ourapproach combines the Network-on-Chip paradigm with the models
of computation paradigm. We use models of computation to capture the commu-
nication requirements of an application as well as to abstract the capabilities of
a communication architecture, Then, application requitements and architectural
capabilities are matched using a discipline based on Network-on-Chip principles.
In this chapter we describe this approach and present 2 case study where a Click |
network routing application is implemented on a multiprocesser architecture us- i
ing this discipline. |

Keywords:  model of computation, network on ciip, application development environment,
programming model, programmabie platform, heterogencous concutrency, mul-
tiprocessor architecture, design space exploration, mapping

1. Introduction

Embedded system designers are faced with an expanding array of challenges
in both application and architecture design. One challenge is the task of mod-
3

A, Jantsch end H. Tenhunen (eds.), Nesworks on Chip, 39-59.
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elling heterogeneous concurrent applications. The burden of this task is typi-
cally born by an application development environment. An application develop-

" ment environment is a framework that is tailored to modelling (and principaily

simulating) system applications. Successful application development environ-
ments have considerable specialized snpport for application-domain-specific
modelling including domain-specific libraries and domain-specific models of
COnCurrency.

Examples includs envitonments for Internet packet processing[1], signal pro-
cessing(2, 3], and reactive systems[4, 5] among many others. Although there
are many issues that must be addressed in application development entviron-
ments, the critical issue is allowing the system developer to naturally organize,
partition, and model the concurrency of the application.

Another set of challenges arises with each successive generation of archi-
tectural platforms. Moore’s law enables an exponentially growing number
of architectural features in these platforms. In this chapter we focus on pro-
grammable architectural platforms or simply programmable platforms[6]. Fea-
tures in the current generation of programmable platforms include: processing
paratlelism, special-purpose functional units, intelligent memory stmctutes,
networks-on-chip, and peripherals[7). Processing parallelism comes in three
varieties. Process-level parallelism is associated with independent programs
and memory spaces. Instruction-level parailelism involves the parallel execu-
tion of operations from a single thread of program control. Gate-level paral-
lelism encompasses the varieties of parallelism offered by small special-purpose
execution units and reconfigurable structures. The principle challenge of pro-
grammable platforms is finding a way to harvest their capabilities in a program-
ming enyironment. '

Many programming environments for programmable platforms consist sim-
ply of an assembler. Some go as far as to offer a C compiler and a debugger.
Sequential languages like C and assembler do not help the software devel-
oper deal with process-level concurrency. Beyond the issue of merely offering
primitive software development tools there is the deeper issue of allowing de-
velopers to effectively access and exploit the important architectural features
of the programmable platform. Developers need a programming model of the
programmable platform. A programming model is a complete abstraction of
the key features of a programmable platform. Its goal is to enable developess
1o exploit the capabilities of the device while hiding less essential details.

A specific example is the challenge of developing a programming model
for the Intel IXP1200 processor[8]. A successful programming model for this
device must allow programmers to efficiently exploit the parallelism of six
microengines with four thread contexts each, a special-purpose hash engine,
and a complex communication architecture with Ethernet peripherals. Although

Mapping Concurrent Applications onto Architectural Platforms 41

there are many issues involved in the development of a programming model,
the central issue is exposing and managing paralielism.

1.1 The Implementation Gap

Suppose that we have been fortunate enough to find an application develop-
ment environment that naturally fits’our system application. Further suppose
ihat we have found a programming model that adequately abstracts and exports
the key features of our target progratamable platform. The remaining chal-
lenge is to correctly map from our application development environment tn the
programining model of our programmable platform in a way that ej‘iczently
implements our application. We denote this challenge the implementation gap.

Depending on the application domain, there may be a number of pr‘oblen}s
in crossing the implementation gap. We believe that the fundamenta} issue is
mapping the concurrency captured in the application development enviromment
to the paralielism in the programming model of the programmabie platform,
This transition needs to be made correctly and efficiently.

Concurrent communicaiion is one aspect of this issue. For example, a signal
processing application may be designed using an application develt_)pment en-
vironment like YAPI[3] that is natural for signal processing applications. YAPI
contains an abstraction for concurrency based on Kahn Process Networksf9].
This abstraction defines a system of quetes that concurrept processes use for
communication. The target architectural platform may provide only a single
shared memory for communication between all processing elements. The way
that the application wants to perform concurrent communication does not match
the structures that the architecture provides for performing concurrent commu-
nication. This implementation gap problem makes the task of mapping from
application development environment to programming modet difficult. '

This examyple shows that the implementation gap exists even when designers
start with a good application development environment that provides formal
abstractions for concurrency. The implementation gap problem can be much
worse. If designers choose poor abstractions for concurrency, or design het-
erogeneous applications that use multiple different abstractions for concurgent
communication, the implementation gap grows in complexity.

1.2 A Disciplined Design Methodology

We maintain that modelling concurrency is the core problem behind the de-
sign of a successful application development environment, the exportation of
a successful programming model, and the correct and efficient mapping from
the application development environment to the programming model. The key
to the embedded systems design challenge is modelling concurrency, and the
key to modelling concurrency is to capture concurrent communication formally

Qualcomm Ex. 1014




Page 26

42 NETWORKS ON CHIP

H
H
ki
H
%
%
]
%

" Use different
i mapping
sirategies &

."'-,. Suggest architectural
*., improvements

.
i
H
F
H
+
&

.......-»-"'"Modify the

Figure 3.1, Y-chart Design Methodology

in models of computation. A model of computation is a mathematical formal-
ism for describing the interaction between components in a concurrent System.
Space does not permit a detailed discussion of models of computation, but to
understand the principles that are referenced in this chapter the reader should
see [10]. Our design methodology uses models of computation to capture the
concurrency contained in an application as well as the parallelism provided
by a programmable platform. This allows us to compare application require-
meunts and architectural capabilities in a common theoretical framework, Then,
we combine models of computation with Network-on-Chip principles to form
a discipline for implementation where application requirements are matched
with architectural capabilities. The fundamental Network~on-Chip principle
we use is the concept of viewing a programmabie platform as a composition of
computational modules that communicate over an interconnect topology using
network protocols.

Figure 3.1 graphically describes the steps in our methodology. The arrange-
meont of steps forms a Y-chart[11]. The Y-chart is an iterative strategy for design
space exploration that enables the co-evolution of hardware and software.

In this approach, applications are designed with a high-level application
development environment that uses models of computation. This provides
software programmers with the right abstractions for modelling heterogeneous,
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concurrent applications. Section 2 describes how app]_ica!ion enyirqnments
use models of computation to define the concuirency in an application. ‘111
particular, we present the Communication Implemeniation View, an absiraction
of the application and the model of computation that formally captures the
communication betwesn concurrent components. . '

At the same time, models of computation are used to export the MCUOna]lty
of the target programimable platform to the dcvelqpcr. The programming model
for a specific architecture is that of a machine which performs concun:ent com-
munication according to the rules of a particular model of cm_npl{tauon. This
style of programming model is an appropriate match for application develop-
ment environments that use models of computation themselves.' The concurrent
communication implemented by the programmable platform is also ce?pturtf,d
in the Communication Implementation View. This technique is described in
Section 3. .

Next, the application development environment and programming model ab-
stractions are combined in a mapping process. In this step, designers match the
concurrent commanication requirements of an application with the concurrent
communication capabilities of an architectural platform using the (}‘ommmnca—
tion Implementation View. Section 4 describes a discipl'{ne Tor this task based
on the Network-on-Chip principle of viewing the architecture as a commu-
nication network. The result of the mapping process is a formal model that
describes the implementation of an application on an architef:wral platfoFm. A
code generation process is then used to produce a concrete implementation of
the system. o

The use of our design methodology and mapping discipline is demonstrated
with a network routing application in Section 5. We summarize and draw
conclusions m Section 6.

2. Application Development Environments

The goal of an application development environment is to provide program-
mers with abstractions that are useful for a particular application domain. This
is accomplished by separating the concems of computation anfl coneurrency.
Designers focus on implementing the functionality of the application using a
domain-specific library of computational components. A model of computa-
tion provides a model of concurrency that is natural for the application. Lt
does the work of defining the interaction between computational components,
Without this separation of concerns, designers would bave to use ad hoc tech-
niques to implement the application’s computation and concurrency _togeth.er.
Then the definition of the application’s concurrency would be implicit and.m«
formal. Models of computation define the application’s concurency explicitly
and formally.
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To implement an applica_uion that uses models of computation on an archi-
tectural platform, we must implement not only the computation defined by the

* application’s computational components but also the concurrency imposed by

the application’s model of computation. The Ptolemy II system provides a gen-
era.al str.autegy for implementing models of computation[12]: Although Ptolemy
primarily targes simulation on desktop workstations, the separation of concerns
and modular design principles that it uses have broad utility. These underlying
thec.)nes enable several features that are important for application development
environmenis, especially the ability to design heterogeneous application models
that use §everal different models of computation in combination. In this work
we consider applications designed in application developinent environments
that use Polemy principles to separate the concems of computation and con-
currency. We extend Ptolemy’s gencral strategy for implementing models of
computation to target execution on programmable platforms. Next, we describe
the division of labor in the Ptolemy system, : '

' Ptolemy works by separating the functionality of a model of computation
into two parts. Fitst, the communication pottion of the model of computation
describes how concurrent application components share data (see Section 2.1).
S_.econd, the control portion of the model of computation describes how applica-
Gon components ¢xecute relative to each other (see Section 2.2). These aspects
of a model of computation are implemented with modular components that
perform separate communication and control tasks. The model of computation
components work together with domain-specific library components to make
complete, functional application models,

2.1 Communication

‘ Ptolemy library components, called actors, communicate through consistent
mterfa(fes called ports. Ports are connected to other ports with relations. The
semantics of communication of data tokens over a relation is mmplemented by
a model of computation component called a receiver. A receiver implements
the communication aspect of a model of computation.

Each model of computation has its own receiver, but all receivers implement
the same modular interface. The primary functions in the receiver interface are
pul, get, hasToken, and hasRoom. The communication semantics of any mode]
of computation can be implemented through these functions.

2.2 Control

The director model of computation componentimplements the control aspect
of a r_nodcl of computation. Directors tell actors when to execute by calling
fupcpons through the execurable modular interface. The primary functions in
this interface arc initialize, prefire, fire, postfire, and wrapup. Directors can

v
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implement any combination of sequential or parallel firing semantics that a
5 model of computation may require.

The director is a centralized control component. Since Ptolemy primarily
targets simulation, it is not inefficient to implement even parallel execution se-
mantics with a centralized controller. However, programumable platforms must

make a firm distinction between distributed and centralized coutrol. Processes

that can execute in parallel should not have to rely on a centralized controller

" unless there is an explicit execution dependency. We therefore extend Ptolemy’s
system to include a mode} of computation component called a subdirector. One
subdirector is instantiated for each actor in an application model. The director
and subdirectors cooperate to implement the control semantics of a model of
computation, The director implements the control functicnality that is central-
ized in nature, and the subdirectors implement the control functionality that is
distributed in nature.

2.3 The Communication Implementation View

In an application development environment like Ptolemy, the details of how
models of computation are implemented are purposefully hidden. Developers
do not use directors, subdirectors and receivers directly. Rather, a model of
computation is simply specified as a property of the application model. This
is exactly the abstraction of concurrency that makes application development
environments useful for modelling concurrent applications. However, the de-
tails of how models of computation are implemented become important once
designers are ready to target a programmabie architectaral platform.

Our design methodology provides a useful abstraction for capturing these
details called the Communication Implementation View. The Communication
: Implementation View is part of the multiple views methodology[13]. In the
i multiple views methodology, designers use specialized abstractions for different
: aspects of the embedded system design process. In this case, the abstraction
is wsed for the task of mapping concurrent applications onto programmable
platforms.

The Communication Implementation View provides an abstraction of a con-
current application that graphically depicts the details of how the application's i
concurrency is implemenied. Here we make use of the separation of concerns
described above that powers Ptolemy’s general strategy for immplementing mod-
els of computation. The Communication Implementation View shows designers
an abstraction of an application mode] that contains the application’s computa-
tional components together with the model of computation compopents defined
by Ptolemy. This view captures the way in which the application is divided into
computation, corpmunication and control aspects.
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Figure 3.2, Simple Ptolemy Application

Figure 3.3. Communication Implementation View

. For a concrete example, consider the basic Ptolemy application shown in
Figure 3.2. This application model consists of a producer actor and a consumer
actor that communicate over a single relation. The model has an annotation that
inFlicates the model of computation used. The Communication Implementation
View generalizes to all models of computation, so in this example we refer to
the application’s model of computation with the variable X,

‘ Figure 3.3 shows the Communication Implementation View for this applica-
tion. The components in the Communication Implementation View are derived
f_rom the original application actors and their underlying model of computa-
tion components. There is one director that implements the central control for
the model, and one receiver that implements the semantics of communication
for the rclation between the application actors. Each application actor has a
subdirector that implements the distributed control of the model.

The Communication Iimplementation View is useful in particular because it
formally captures the concurrent comimunication of the application. It divides
the application into components that implement concurrent communication (re-
cei\-rcrs) and components that utilize concurrent communication (actors). We
believe that capturing concurrent communication in this manner is the key to
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Figure 3.4. General Architecture

mapping concurrent applications onto programmable platforms. In the nextsec-
tions we elaborate on how the Communication Implementation View is used in

our design methodology.

3. Programming Models

Formally capturing an application’s concurrency is only part of the design
challenge. There is still the issue of formally capturing the capabilities of an
architectural platform in a programming model. In particular, we are interested
in capturing the concurrent comimunication capabilities of the target platform’s
communication architecture. In this section, we desctibe how models of com-
putation can be used to export this functionality to the programmer.

What characteristics of a communication architecture are important to cap-
ture in a programming model? To answer this question, consider the architecture
shown in Figure 3.4. In this figure, two processing elements are connected with
a bus. This example is a generalization of a2 more complicated communication
architecture. It illustrates the level of granularity that is used to identify the
important features of a communication architeciure. Each processing element
has a hardware bus interface. The bus and bus interfaces together implement a
communication link that transfers data between the processing elements. The
programming model for the device must describe how software ranning on
the processing elements can utilize this communication link. Examples of the
important characteristics of the communication link include:

» Memory: The communication link may exhibit the behavior of a shared
storage location. Transmitting and receiving data is abstracted as reading
or writing to the shared storage. An example is a bus that uses a FIFO
for the intermediate storage of data. An important characteristic of this
type of communication link is the amount of space available for data.
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= Control: How does the communication link influence the flow of control
of the software running on the processing elements? Transmit and recéive
operations may exhibit blocking or non-blocking behavior.

= Dara: A communication link may be designed to handle continuous
streams of data, or it may be appropriate only for shorter, intermittent
messages. Are data items guaranteed to arrive at the receiver in the same
order they were transmitted? Does the communication link guarantee
that no data items will be lost, or that the data will atrive without bit
errors?

» Time: Are there any guarantees on the time it takes to transfer data?
Programmers must also know what happens when there is a mismatch
in the transmit and receive rates. If a processing element does not read
incoming data in a timely fashion, it may be overwritten with new data
or the new data may be lost.

The characteristics of a communication link that are used to define a pro-
gramming model are identical to the characteristics used to describe a receiver,
the component that implements the semantics of concurrent communication in
the application development environment, Therefore we can use the concept
of a receiver as an abstraction for the communication link. The functionality of
the communication link is exported to the programmer as a component in the
Communication Implementation View called a virtual receiver. This is shown
in Figure 3.5. This abstraction applies to a specific communication link in the
communication architecture. In general, a complex communication architec-
ture will export a set of these virtual receiver components. Each can implement
a different communication semantics.

The virtual receiver abstraction tells the programmer that the architecture
implements the communication semantics of a particular model of computation.
This is a good abstraction for a programming model because it enables a direct
comparison between the communication semantics required by an application
and those implemented by the architecture, Application requirements appear
in the Communication Implementation View in the form of components that
wani to use a particular type of receiver. Architectural capabilities appear
in the Communication Implementation View in the form of components that
implement a particular type of receiver. The next step in the design methodology
is to match the application requirements with the architectural capabilities.

4.  Bridging the Implementation Gap

In the mapping stage of a design methodology, designers make a transition
between the application developtient environment and the programming model.
The challenge in this step is to correctly map the concurrent communication
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Figure 3.5, Exporting Virtual Receivers

requirements of the application to the concurrent communication capabilities of
the programmable platform in a way that efficiently implements the application,
In our methodology, designers tackle this challenge with the Communication
Implementation View abstraction and a discipline based on Network-on-Chip
principles,

In the previous section we placed application components and components
exported from the architecture together in the Communication Implementa-
tion View. The goal of the mapping process is to replace receivers from the
application with virtual receivers from the architectural platform. Then, the
Communication Implementation View will contain a model that describes how
the computational components of the application interact with each other us-
ing the communication architecture of the system. This model is called the
commiunication implementation model.

Due io the implementation gap, the communication semantics implemented
by the commumication architecture may or may not match the communication
semantics specified by the application’s model of computation. Therefore the
architectural virtual receivers may or may not be acceptable substitutes for the
original application receivers. It is a special case when the application and
the architectural platform match naturally. Then, the mapping problem is sim-
plified considerably and high performance implementations can be achieved.
Examples of this “natural fit” principle are given in {11]. Designers can make
connections in the Communication Implementation View such that the com-
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Figure 3.6. Natural Fit Mapping

putational components of the application are directly connected to the virtuat
receivers exported from the architectural platform. This is shown in Figure 3.6,

This communication implementation model represents a complete solution
to the mapping problem. It is a formal model of the interaction between the
application and the architectural platform. A designer can then run a code
generation process on this model to obtain a concrete implementation of the
application that executes on the target programmable platform. This is further
described in Section 5.4.

If the application and the architectural platform are not a perfect match for
cach other, additional work is tequired to solve the mapping problem. Con-
sider a communication architecture that implements non-blocking transmit and
receive operations. The communication semantics implemented by this com-
munication architecture are not an exact match for an application designed
using the Communicating Sequential Processes model of computation, which
calls for a rendezvous style of communication[14]. Alternatively, consider a
communication architectire that does not gnarantee that data items will be trans-
mitted without error. These semantics are probably not a good match for any
high-level application model of computation. The functionality of the architec-
tural platform and the application can differ in all of the ways that characterize
commuynication semantics - memory, control, data and time.

We can leverage Network-on-Chip principles to close these semantic gaps.
The Network-on-Chip paradigm introduces the concept of viewing the architec-
tural platform as a network of communicating computational modules, In our
discipline, we extend this idea to formulate the implernentation gap as a com-
munication network problem. By definition, a networking protocol provides a
particular communication abstraction on top of a set of lower level abstractions.
A pratocol can be designed to implement rendezvous-style communication on
top of a non-blocking infrastructure, ot to guarantee error-free transmission on
top of a lossy bus. Designers solve the implementation gap problem by creat-
ing protocol stacks to match the communication semantics implemented by the
architectural platform with those required by the application,

Figure 3.7 shows a model of a typical protocol. In this model, two instances
of the protocol communicate with each other using a communication link that

T
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Figure 3.8. Bxporting Protocols as Virtmal Receivets

implements a particular communication seme.mticg 'I:he combination of the
two protocol instances and their communication link }ml{lement a new com-
munication link that provides a higher level comrpumcahon semantics. The
functionality of a protocol-based communication link can be exported mtq the
Communication Implementation View in much the same way as an architec-
pural communication link. The difference between exporting a protocol-bas:.ed
link and an architectural link stems from the fact that thF protoco]'-based ht;k
not only implements the teceiver interface, it also requires a receiver for 3
lower-level connection. Therefore the virtual receiver for the pTotocol—l:!a:]sgl
link is split into two halves, as shown in Figure 3.8. The gap in thef mi e:
indicates the protocol’s requirement ic])r a lc.)wer-level connection. It is mean
in with a lower-level virtual receiver.
N Tnﬁa]icegiltz:ural virtual teceiver that was not directly appropriate. f01: the ap-
plication components may be a suitable receiver for thf:_comn.]umc:':mon hll:'k
between the protocol components. Figure 3.9 shows this relationship graphi-
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- cally. The bottom layer in this figure represents the architectural platform. The
-} : communication link shown in that layer provides communication functionality
il o - for the protocol components in the middle layer. The protocol builds on top of :
: this functionality to provide a higher level of communication semantics for the
i application actors in the top layer. Figure 3.10 shows how these communrication |
] ] abstractions are described in the Communication Implementation View.
C Theuse of layers of abstraction to bridge the implementation gap is the core of
. - our discipline for solving the mapping problem. Designers can chain any num-
ber of protocols together to implement the desired communication abstractions,
i o using both top-down and bottom-up techniques. Protocol stacks reminiscent :
' of the OSI model follow directly[15]. Behavioral type checking is used to
determine that all connections between components that require the receiver :
_ interface (application actors and protocols) and components that implement the i
| receiver interface (protocols and architectural virtpal receivets) are valid[16].
; This is used to prove that the protocol stacks designers create in the Communi- f
_ cation Implementation View correctly implement the semantics of concurrent ]
| o communication required by the application’s model of computation.
o In summary, this discipline is important and useful becanse it gives designers :
: o the necessary framework for understanding the implementation gap. Instead of ;
| ' using ad hoc techniques to match the concurrent communication required by an
: application with that provided by an architectural platform, designers can think —
i : about the problem as a communication network problem and use networking
: = principles to reach a solution. Network-on-Chip protocols implement a transi- : Figure 3.9." The Layers of Abstractions Behind a Protocol Stack ._
| s tion between the application development environment and the programming : !
' model. The Communication Implementation View|provides a useful high-level .
B abstraction for making this transition, The resultis afformal modet that describes :
i how the computational components of the application interact with each other - = " '
; using the communication architecture of the system. This technique quickly
reveals the roots of the mapping problem and provides the right abstractions for
a disciplined solution. '

| 5. Design Example

_ In this section we will apply this design methodology to a network process-
. ing application. This application domain is interesting because there exists a

o remarkable implementation gap between network processing application de-
velopment environments and network processor programming models.

It is important to clearly distinguish between the network processing ap-
> plication area and the Network-on-Chip paradigm for system design. The
i I network processing application area is concerned with traditional computer F
- B network problems such as IP routing, network address translation, quality of ) - _

: service, and others. A network processor is an architecture designed specifi- ] Figure 3.10. A Protocol Stack in the Commmunication Implementation View
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cally for network processing applications[7]. In this example, we consider a — - = 5

Network-on-Chip architectural platform that implements a network processing
- application, Network-on-Chip and network processing share marny of the same
concepts and concerns. The similarity between the application that the system
petforms (the handling of Internet packets) and the internal workings of the
system (communication via Network-on-Chip packets) is merely coincidental.
An example of a network processing application development environment is
the Click Modular Router[1]. The goal of Click is to provide designers with the
right abstractions for describing the inherent characteristics of packet process-
ing applications. These characteristics include manipulating bits in packets,
buffering packets, and controlling the flow of packets (both spatially and tem-
porally). Click combines an extendable library of components with 2 model of
computation and a tool set for producing executable implementations. Users
assemble dataflow-like graphs of library components to describe a packet pro-
cessing task. The Click model of computation defines the concurrency in these
graphs. It abstracts away the details of how parallel streams of packets flow
through the graph.

High-level Click models can be execnted with reasonable performance on
desktop machines, but there is no current methodology to target any of the
numerous network processor architectures that have been proposedf7]. These
heterogeneous multiprocessor architectures are supposed to excel at packet pro-
cessing. Unfortunately, they are extremely difficuit to program. Programming
models for enrrent network processors do not give developers the abstractions
they need to implement concuirent applications like Click routers efficiently
and correctly. The challenges here are twofold. The first challenge is to export
a programming model from a network processor architecture that captures the
parallelism implemented by the machine. The second challenge is to map the
concurrency in a Click application to the concurrency captured in the program-
ming model. Our disciplined design methodology can tackle these challenges.

5.1 Application Model

Figure 3.11 shows a graphical model of a Click router application based
on the design in {1]). To simplify this example, we have eliminated the error
handling functionality of the router and have shown only two channels. This
application model was designed in Teepee, one of the core tools of the Mescal
project[13]. Teepee is based on Ptolemy I and provides an implementation of
the Click model of computation following the principles described in Section
2. This Click model can be simulated within Teepee to test for functional
correctness using Ptolemy’s standard simulation capabilities.

Figure 3.11.  Simplified Click Router Application

5.2 Target Architectural Platform

The target architectaral platform consists of six processing elements that are
connected with two shared buses as shown in Figure 3.12. This architecture
is similar to the microengines and internal buses of the IXP1200 processor.
Two external interface units connect the on-chip shared buses to off-chip buses.
One external bus is connected to Ethernet MACs and the other is an external
memory bus. Teepee extends Ptolemy’s Discrete Event modelling capabilities
to describe and simulate architectural platforms such as this one.

53 Mapping

The first step of the mapping process is to choose a partitioning of the com-
putational components of the application onto the processing elements in the
architectural platform. Currently this is done manually. Here we choose to
dedicate one processing element to each FromDevice packet source element.
These elements perform the work of reading in packets from the Ethernet MACs
and separating packet headers from data payloads. A third processing element
will perform the CheckIPHeader and LookuplPRoute operations. Two final
processing elements are used for the output portions of the router application.
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Figure 3.12.  Target Architectural Platform

The second step is to implement the connections between the application
components in the Communication Implementation View. The partitioning we
have chosen requires that some of the application components communicate
with application components on different processing elements, These connec-
tions will be made using stacks of virtual receivers.

The communication semantics specified by the Click model of computation
state that the flow of control follows packet headers as they are passed from actor
to actor. Compared to other models of computation, these semantics are not
restrictive and are therefore compatible with a broad range of behavioral types.
However, the broadcast nature of the shared buses makes the hardware virtual
receivers unusable directly. A protocol is required to provide the abstraction of
maltiple point-to-point communication links on top of this broadcast medium.
Teepee provides such a protocol, called Address. The Address protocol works
by prepending Network-on-Chip messages with a data field that contains a
destination address. Instances of the Address protocol only keep messages if
they match the destination address.

The communication semantics implemented by the Address protocol ac-
tors are an acceptable match for the Click application actors. A portion of the
communication implementation modei is shown in Figure 3.13. This model de-
scribes how the two FromDeviee actors communicate with the CheckiPHeader
actor using a shared bus and the Address protocol. The shared bus is exported
into the Communication Implementation View as a SharedBusInterface virtual
receiver with six ports (one for cach processing clement that the shared bus con-
nects to). Instances of the Address protocol break the shared bus into separate
point-to-point links. The remainder of the connections in the Communication
Implementation View are made in a similar fashion.

54 Code Generation

A complete communication implementation model is a formal model of the
interaction between the application and the architectural platform. Together
with the model of the target architectural platform, it contains all of the infor-
mation necessary to produce a concrete implementation of the system. The
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Figure 3.13.  Portion of Click Router Communication Implementation View

mathematical formalisms behind these models aliow us to produce implemen-
tations in a correct-by-construction fashion. This process is called code gener-
ation. Examples of code generation targets include compiled-code simulators,
synthesizable HDL, and executable machine code.

To produce executable machine code for the programmable pla}tfoFm, 'the
code generation algorithm implements each object in the communication im-
plementation model as a software object on the programmable platform. Appli-
cation actors such as FromDevice and LookupIPRoute are realized as software
processes. The same is true for protocol components such as the Address ac-
tors. Architectural virtual receivers (e.g. SharedBusInterface) are synthesized
as device drivers for the programmable platform’s communication architectu_re.
Each software object is assigned to a particular processing element according
to the partitioning made in the mapping step.

Qur current code generation algorithm produces an individual C++ program
for each processing element. These programs initialize software ol?jects and
manage threads of control. The initialization and execution semantics for all
software objects ate specified by the mathematical formalism that powers the
Communication Implementation View. No additional operating system func-
tionality is requited. Standard C-++ compilation techniques are used to produce
machine code for each processing element.
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6. Conclusion

_ Embedded system designers are faced with three important challenges. First,
there is the challenge of modelling a heterogeneous concurrent application in
an application development environment. Second, there is the challenge of
capturing the important capabilities of a programmable platform architecture
in a programming model. The third challenge is to correctly map from the
application development environment to the programming model of the target
platform in a way that efficiently implements the application. :

We believe that the key to overcoming these challenges is to properly model
concurrency in both the application and the architectural platform. In this chap-
ter, we have introduced a new disciplined design methodology that focuses on
formally modelling concurrency using models of computation. Inthis approach,
application developers use the abstractions provided by models of computation
to model heterogeneous, concurrent applications. At the same time, models of
computation are used to abstract the parallelism of an architectural platform in
a programming model, The use of models of computation in both the appli-
cation development envitonment and the programming model gives designers
a common theoretical framework for comparing application concurrency and
architectural concurrency. This enables a disciplined approach to the solution
of the mapping problem. Designers use the Communication Implementation
View to abstract the mapping problem as a communication netwerking problem.
Then, Network-on-Chip principles are employed to close the implementation
gap efficiently and correctly. '

Moore’s law drives the exponential growth in the complexity of embedded
system architectures. The latest generation of heterogeneous, concurrent archi-
tectures are accompanied by the latest generation of heterogeneous, concutrent
applications. Without a disciplined design methodology, designers will have to
resort to ad hoc techniques to implement concurrent applications on complex
architectural platforms - a deubtful proposition. Using the appropriate abstrac-
tions to correctly model concurrency, designers can tackle the design challenges
put forward by these systems.
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