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VLSI BASED MULTIPROCESSOR COMMUNICATIONS NETWORKS

Progress Report: Year 2

Mark A. Franklin and Donald F. Wann
1. Introduction

This document is the Annual Progress Report for the Office of Naval
Research contract number N00014-80-C-0751, (NR#: 375-033) entitled "VLSI Based
Multiprocessor Communications Networks™. The contract began on September
1,1980 and was approved on scientific/technical grounds for a duration of
three years. Incremental funding was approved for year three of the
research and this work has just beguan. This report documents research
progress and major achievements during the second year of the contract.
Research plans for year three are also presented.

Need for a research effort in the area of VLSI based communication
networks was discussed in depth in the original proposal and will therefore
only be briefly reviewed here.The research is motivated by four basic tactors:

l- Until recently, increases in computational power have
resulted principally from the increased perfcrmance associated with advances
in component technology. In the future, as we push against the basic physical
limitations of various component technologies, large performance increases
based on such advances are likely to be increasingly costly. Another approach
to achieving high computational performance is through the use of parallel
processing techniques. The research discussed in this report is central to the
further development of these techniques. It focuses on tightly coupled
multiple processor computer systems consisting of large numbers of low cost

microprocessors tied together by a communication network.
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2- The communication network is a central and critical factor
in multiprocessor system performance. A poorly designed network cam rapidly
become a performance bottleneck as the number of processors and the amount of
network traffic increases. Furthermore, the complexity and cost of many high
bandwidth networks grows faster than the growth of processors in the system.
With large networks, the cost of the network may dominate overall system
costs. The bulk of our research is concerned with the design and performance
of such networks.

3- Communication and interconnection network research has
often focussed on functional and protocol issues. The advent of  VLSI
however has made it important to examine just how such networks can be
designed to exploit the cost and performance opportunites available with thi:z
technology. Much of our resea-ch work has thus centered on questions of design
in the VLSI environment. In this context, the questions of pin constraints,
geometric regularity, network partitioning and network comtrol are among the
research questions considered. In addition, fabrication experiments related to
different network control schemes have been undertaken.

4- Finally, the role of circuit topology (i.e. circuit
planarity, and overall circuit geometries) is clearly of great importance in
VLSI design. Some of our earlier research has examined this topic in the
context of interconnection networks. Such networks are very similar (from

topology and control points of view), to various regular parallel processing

networka such as systolic arrays. These systolic arrays represent another
approach, as opposed to conventional multiprocessors, to using parallelism to
achieve high computational performance. Extending our network research to

tuese types of regular arrays is a current research area being investigated.
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The major accomplishments of the research performed during the last
year are reviewed in Section Z to follow. Section 3 discusses our plams for
year three of the contract. Section 4 concludes with a summary discussiop of
the research thus far.

A number of appendices follow the main body of the report and
constitute the detailed results of our research. These include research papers
vhich have been published or submitted for publication, and several working
papers which discuss research in progress. Other research performed under this
contract is documenged’iQ last year's anoual report.

2. Research Summary and Major Accomplishments
2.1 Interconnection Networks: Asynchronous versus Clocked Design Methodologies

For large multiprocessor systems, high bandwidth interconmection
networks will require numerous "network chips", with each chip implementing
some subpetwszk of the original larger network. Modularity and growth are
inportan: properties for such networks since multiprocessor systems may vary
in size. The problem of partitioning such netv&rks is thus a critical onme and
must be dealt with if the high bandwidth properties of large idealized net-
works are to be preserved when they are actually implemented as aggregates of
subnetwork chips. Two components of the partitioning problem are addressed in
this report. The first, considered in this section, relates to the broad
question of network timing control. The second, considered in section 2.2, is
concerned principally with the problem of pin limitations.

Timing control concerns just how data movement is synchronized in an
interconnection network. Consider, for instance a mesh connected crossbar

network where messages move from the input to the output ports. Assume that

local routing capabilities are present at each crosspoint (i.e. any message
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proceeding through the network contains header information that is successive~
ly examined by each crosspoint switch to determine message routing through the
switch) and, once a path through the network has been established, that path
is held for the duration of the message.

There are two principal methods which can be used in controlling data
movement along such a path. These are referred to as asynchronous and
synchronous (or clocked) control schemes, and while they are well known as
general and often opposing metlodologies, there have been few cases where a
quantitative comparison has been made between them on the basis of a common
system design problem. Research was undertaken to develop appropriate models
so that such a quantitative comparison could be made. Two types of inter-
connection networks were examined. First the standard mesh connected crossbar,
and then an NlogN network referred to as a Banyan network. Details of this
work can be found in Appendices I and II. Appendix I was presented at the
last International Conference on Computer Architecture where it was very well
received. It is oow being published in the IEEE Transactions on Computers.

In practice, clocked designs have usually been preferred due to their
relative simplicity and generally lower hardware costs. When systems become
physically large howvever, when their size caanot be predicted in advance, or
wvhen there are numerous sysiem inputs which operate independently (and on
separate clocks), then the advantages of asynchronous design begin to mount.
An example of this is in modular computer design where expandability and
arbitrary system restructuring are key system features. In such modular
systems determining the appropriate clock period is difficult, if bnot
impossible, since the final size and configuration of the system is not known
in advance. Not knowing this final size makes estimation of clock skew and the

design of clock distribution schemes problematic. Designing for a maximum size
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system, on the other hand, would require such large clock periods that system
speed would be inordinately slow. The use of asynchronous control schemes in
such environments is a natural solution to designing for system growth. Design
of such control schemes are however difficult, and in general engineers have
shunned this approach focusing instead on extending conventional clocked
schemes. An interesting tradeoff cam be seen here..On the one hand with clock-
ed schemes the design of the control logic is simple while clock distribution
is difficult. On the other nand with asynchronous schemes the design of the
control logic is difficult while there is no clock distribution problem with
which to contend.

All of this relates directly to the control problem encountered with
interconnection networks used in multiprocessor systems. The ideal mnetwork
should be modular and expandable so that it can be readily used to support a
wide range of multiprocessor system sizes. This points to the use of an
asynchronous scheme. Furthermore, since network chips will tend to be pinm
limited rather than component limited, any extra logic components needed for
implementation of the asynchronous control could be easily absorbed on the
chip. But, any asynchronous scheme would have to be implemented on a per port
basis. That is, each input and ouput port of the network or submetwork would
require extra control lines. An asynchronous scheme would thus tend to have
heavy pin requirements in a situation which already has pin constraints.
Synchronous schemes, on the other hand will not be as pin intensive, however,
will also not yield broadly modular and expandable designs.

The research, detailed in Appendices I and 1II, concentrated on
developing models so that the asynchronous/clocked design decision could be
made in a quantitative fashion. The performance measure used was network

bandwidth, and thus the various models concentrated on determining the time




-7-

delays associated with each of the options. For the synchromous case the use
of a simple two phase clocking ;;heme was assumed. A novel clock distribution
arrangement based onm a tree structure was presented. This implementation
assures equidistant clock paths to all switch nodes and thus eliminates one
of the important sources of clock skew. Other sources remain however, and a
model of clock skew based on a MOS VLSI implementation of the network was
developed. These models allow one to determine whether a synchronous or a
clocked control scheme results in higher overall network bandwidth for a given
clock skew and set of fabrication parameters. Decision curves cam thus be
obtained which aid in the design process. For example, with the crossbar
network and a reasonable set of MOS VLSI fabrication parameters, our Tesults
show that if a clock skew below 100 nanoseconds can be achieved, then a
clocked control scheme would yield the highest bandwidth network.Similar
design decisions with regard to the use of crossbar versus Banyan networks

have been quantified and are presented in Appendix II.

2.2 Interconnection Networks: Pin Limitations and Partitioning

In last year's annual report the problem of pin constraints was dis-
cussed. This is a fundamental problem which is having an increasing impact on
the design of VLSI circuits. The source of the problem is that the amount of
logic that can be placed on a chip varies roughly with the area of the chip,
and chip size is increasing as fabrication techniques improve. At the same
time logic densities are increasing, also due to better fabrication techniques
(e.g. smaller line widths).

Standard dual-in-line packaging, on the other hand, typically places

pins on the periphery of the package. These pins must have a minimum dimension

and separation due to mechanical constraints, and these constraints have not
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relaxed appreciably over the years. At the same time other mechanical and
space constraints limit the size of the package which can be built. Thus the
number of pins available per package has increased roughly linearly over the
past years. The result is that the increase in available pins/chip has not
matched the increase in the amount of logic/chip.

The input/output and pin requirements of a particular logical device
will of course depend on the function of the device and details of its design.
There 1is, however, a general relationship between the number of logic devices
a system requires and its pin requirements. Empirically, this relationship
has been found to be reasonably approximated by:

Number of Pins = KC**b
K is a constant which depends on the device function and design. ‘s the
number of logical circuits, and b has a value of about 0.5 . For .cercon-
nection networks of the sort needed in multiprocessor systems, the value of K
tends to be much larger than values found for the "average" circuit. That
is, interconnection networks are very pin intensive.

The effective design of large interconnection networks is thus tied
to handling the pin limitation problem. Our research here has centered on
determining network partitioning strategies which satisfy given pin
constraints, while at the same time minimizing performance measures of petwork
time delay and chip count. In the partitioning process an important synch-
ronization problem was also revealed. Details of this research on partitioning
and associated synchronization problems may be found in Appendix III which is

to be published in the November 1982 IEEE Transactions on Computers.
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2.3 Interconnection Networks: VLSI Design and Implementation

During the past year work was begun on designing and implementing
two small VLSI network chips. Both chips implement the basic crosspoint
used in a modular crossbar network. Imn one chip clocked control procedures
were employed, while in the other, asynchronous procedures were used. The
designs were done for an NMOS fabrication process and omne of the chips is
currently being fabricated at the MOSIS facility at UCLA (ISI).

The goals of this design and implementation work are threefold.
First, once the chips are available, performance testing will allow us to
evaluate the accuracy of our design models. It is clear that mathematical
models, such as those discussed in the previous sections, require verification
and validation before they can be accepted in the design community. The
production of actual subnetwork chips will permit such a comparison of models
and reality.

The second goal relates to evaluating the methodologies and tools
available in the 1logic design and implementation process. This 1is of
particular importance when considering the design of asynchronous logic.
Design methods here have by and large been ad hoc and unstructured in nature.
Recently however, a rigorous design procedure for asynchronous circuits has
been developed by C. Molnar and T. Fang of the Washington University Computer
Systems Laboratory,., This procedure holds out the promise of yielding
asynchronous circuits which can be guaranteed by design to work. The asyn-
chronous interconnection chip has been a good vehicle for testing out this
design procedure. If successful, this may well lead to greater acceptance and
use of asynchronous design solutions to digits. systems problems.

The final goal is a long term ome. The chips which are developed and

tested are viewed as small scale prototypes of the interconmection chips
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which are necessary for the design of future multiprocessor systems. A long
term objective is to develop and test such a multiprocessor system.

Appendices IV and V document the procedures used in developing each of
the two interconnection network chips discussed above, and present the
resultant designs. The synchronous chip is currently being fabricated, and
should be returned for testing within the next few wonths. The asynchronous
chip will be submitted for fabrication shortly. Future experiments will
involve replicating the basic switch design so that larger network modules can

be placed on a single chip.

2.4 Systolic Arrays: Asynchronous versus Clocked Design Methodologies.

Although, as we have described above, increases in processing power can
be achieved using multiple processors interconnected via a switching network,
another architectural style that seems to offer similar performance increases
has recently received considerable attention. This is the systolic array.
This architecture has the desirable properties of being modular, can be
pipelined, and has the po;ential for high speed concurrent processing. It
also appears to be quite attractive for VLSI implementation because of its
regular structure. That 1is, it only requires the design of a single basic
module for each of the linear, rectangular or hexagonal arrays.

There are numerous papers describing the applications of such arrays,
particularly in the signal processing field (see references of Appendix VI).
However, most of this literature is concerned with the presentation of
algorithms and there is only a limited discussion of how such arrays can be
controlled. We also are not aware of any reports on how one determines the
actual performance of these arrays in terms of bandwidth or data rate. As

with the multiprocessor interconnection networks, both synchronous and
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asynchronous control can be used.

Consideration of this architectural style then is a natural extenmsion of
our work om interconnection networks and we recently have begun some
preliminary studies aimed at determining accurate delay based models for both
types of control strategies. These models will allow us to make comparisons
of the control strategies and will also permit us to predict the performance
(e.g. data rates) of both structures. A working paper is included in Appendix
VI that illustrates some of our initial research efforts in this area. The
single dimensional linear systolic array is examined and delay models similar
to those for the crossbar networks have been constructed. From these models
the worst case computational periods have been extracted and the data rates
obtained. The results for the synchronous and asynchronous structures are :

DRs = 1/(dcompute + dpath + alpha + delta)
DRa = 1/(dcompute + 2dpath)
wvhere dcompute is the processing delay associated with the module, dpath is
the propagation path delay associated with the transfer of data from module to
ﬁodule, and alpha and delta are related to the skew of the clock in the
synchronous system.

It should be emphasized here that the systolic array architecture is
substantially different than the multiprocessor architecture discussed earlier
and this has important fabrication implications. For a moderate number of
processors an interconnection network can probably be placed on a single chip
or a bit slice approach can be used. The interconnection network, being
simple, is therefore not chip area limited, but pin limited. On the other
hand, with the systolic array, each module contains a processor. This
increased logical complexity will require chip area and thus more of a balance

may be achieved between area and pin constraints. We plan to investigate some
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of these issues Auzring the coming year in addition to developing similar

models and barndwidth relations for square and hexagonal systolic arrays.

2.5 Reinforced Delta Networks: Formal Models and Network Performance

Much of the research work we have pursued on intercomnmection networks
has focused on modelling and comparing two fundamental network types: Crossbar
and NlogN networks. Our work has conmsidered the chip area and pin require-
ments, and the performance (i.e. bandwidth and cost) of these networks using
different control schemes.

NlogN or Banyan type networks have two main attractions. First, they
have moderate component counts since the number of compoments grows roughly as
NlogN versus N**2 for crossbar networks. Second, network control for
establishing connections can be decentralized. This latter property permits
design of modular networks which can be more easily partitioned.

An undesirable characteristic of these networks, however, is their
inability to realize arbitrary connections (mappings) between input and
output ports. Networks which canpot perform all such mappings are said to be
blocking type networks, as opposed to non—-blocking networks such as the
crossbar network. This loss in connection concurrency is one of the
tradeoffs involved in keeping the componment count down in Banyan networks.
A number of studies have been made which formalize the properties and perfor-
mance of such networks, and one of the most general is that of Patel (see
references of Appendix VII). Patel proposed a broad class of NlogN networks
called Delta networks and presented performance models for operation of these
networks in a random access environment. In such an environment, random
connections need to be established between input and output ports, and such an

environment approximates the operation of a large MIMD (Multiple Instruction
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stream Multiple Data stream) computer.

During the past year research has been pursued on extending the Delta
network class to include networks which bhave certain improved properties. This
new class of network is referred to as a "Reinforced" Delta network. There are
three reasons for the developement of this new network class. First, Delta
networks are only defined for network sizes which are powers of the
subnetwork module size (this will typically correspond to the network which
can be placed on a single chip). For a given subnetwork size, this restricts
the size of the overall network which can be constructed. Reinforced Delta
networks relax this constraint and permit a greater number of overall network
gizes for a given subnetwork module size.

Second, as indicated, Delta networks are blocking networks and hence
have poorer bandwidth properties then crossbar petworks with equal numbers of
input and output ports. The reinforced Delta network introduces extra links
into the Delta network construction in a structured fashion. This increases
the bandwidth of the network. Thus network bandwidths which range from pure
Delta networks to crossbar networks can be designed, and a spectrum of net-
wvorks with varying bandwidth and chip requirements are possible.

Third, Delta networks, and for that matter all standard NloghN
networks, have a single path from input to output. If a link along this path
is broken, then certain connections cannot be made. This represents a severe
reliability problem in many applications. Reinforced Delta networks, by pro-
viding extra links, improve the reliability of the network.

Appendix VII presents a formal model for reinforced Delta networks,
indicates how overall networks of different sizes can be constructed from

various submodule networks, and analyzes network bandwidth.

-
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3.0 Research Tasks: Year Three
3.1 Experiments and Tests
As indicated earlier, we have just completed the design and submitted

a layout for the basic module of the synchronous controlled crossbar network

to the UCLA ISI MOSIS facility for implementation in NMOS. This is scheduled
to be fabricated soon and several chips should be returned to us in the next
few months., This design will be tested, and based on the experimental results,
any necessary modifications in the layout will be made. We then plan on
replicating several of the modules on a single chip so that a 2 by 2 or 4 by 4
crossbar network can be obtained. When this larger interconnection network is
fabricated we will be in a position to measure the performance of overall
networks (e.g. delays, data rate, bandwidth), obtain informatiom about other
important parameters (e.g. power consumption), and compare these to the

theoretical results that we have obtained. This should allow us to refine our

theoretical models 80 that they more realistically predict circuit
performance.

During this period the design and 1layout of the asynchronously
controlled crossbar module presented in Appendix V will be finished and
submitted for fabrication. Plans here are similar to those for the
synchronously controlled crossbar: to test and evaluate the basic module, to
modify and resubmit it if necessary, and to then have a larger (4 by &)
asynchronously controlled network fabricated Since the asynchronous switch is
far more complex than the synchromous switch, the testing procedure will be
more time consuming.

The results of these studies and measurements should give us
substantial insight into the accuracy of our models of the two control

structures, and should provide practical results that allow these VLSI
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interconnection networks to be applied in multiprocessor systems.

3.2 Theoretical Studies
3.2.1 Banyan and Reinforced Delta Networks

We have begun work on determining how the Banyan interconnection
network should be controlled and have constructed models for evaluating its
performance. We plan on continuing this work and comparing it to the crossbar
implementations described above. Attempts to convert these results into a
physical NMOS layout and implementation may be undertakem if it seems to be
warranted and if time and manpower permit. If possible, reliability models of
reinforced Delta networks will also be developed and reliability comparisons

with standard NlogN networks studied.

3.2,2 Protocols and Software Support

Research will be pursued on related issues (other than the module
physical implementation) that must be understood before an actual intercomnec-
tion network can be successfully employed. These include additional studies of
source/destination protocol problems which relate directly to higher level
software support, and place additional constraints on network behaviour and

performance.

3.2.3 General Physical Constraints

Three principal physical constraints are associated with VLSI chip
design. These are chip area, number of pins, and heat (power) dissipation. We
have already investigated the impact of pin limitations on interconnection
network design. The development of more general models which integrate all
three constraints is now being studied. This research will continue with the
goal of obtaining an overall constraint model to apply to interconnection

networks of interest.
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3.2.4 Systolic Arrays

Our knowledge of pin limitations, asynchronous and synchronous control
structures, module modelling, and performance evaluation which have been
acquired in our research on crossbar and Banyan networks will be applied to
systolic array designs that are common in signal processing applications.
These arrays are also constructed by the replication of interconnected
modules and our experience with modular interconnection networks should be
extremely useful in this research area. We hope to further expand our initial
work on one dimensional linear arrays (Appendix VI) to squzre and hexagonal
arrays. The goal of this research is to be able to predict the optimum type of
systolic array control structure as a function of array size and clock skew.

This should be of significant interest to the signal processing community.

4.0 Conclusions

This annual report has documented research progress and achievements
which have occurred during year two of ONR contract NOOQ14-80-C-0761 entitled
"VLSI Based Multiprocessor Communications Networks". The work was performed at
the Washington University Center for Computer Systems Design, St. Louis,
Missouri, This work has been motivated by the potential for increased speed
and high reliability associated with the implementation of multiple processor
systems, recognition of the importance of the interconnection network over
which the processors communicate, and by the availability of new design
options afforded by the ongoing VLSI technology revolution. In addition,
interconnection networks are one example of a digital system which has regular
topological properties, and consists of basic functional units which are
replicated and connected in a structured fashion. Systolic arrays are another

example of such regular systems and thus some of the design models and
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techniques used on interconnection networks may be applicable to such arrays.

During year 2 of our research, further progress was made on a host of
problems. Of particular importance has been the work developing models for
interconnection network control structures. Our analysis of asynchronous and
clocked control schemes is unique, and represents one of the only published
results which constrasts these two approaches in a quantitative fashion on a
realistic digital design problem. The models developed allow one to decide on
the control technique which yields the highest bandwidth for a given set of
design parameters. As discussed in Section 2.4, this research has been
extended to one dimensional systolic arrays. Control of systolic arrays has
generally been a neglected area of research even though development of
systolic array chips requires an understanding of this problem . Further
research here may provide the designer with a fuller understanding of import-
ant control section design decisions, and thus limit the use of ad hoc design
methods. We intend to do further research work in this area during year 3 of
this contract.

In order to evaluate the interconnection network models and general
design methodologies which we have developed, some time was spent during the
year on the design and layout of two NMOS chips. Each chip implements the
basic crosspoint element in a wmodular crossbar network, with one chip
implementing a clocked control scheme, and one an asynchronous control scheme.
The clocked chip has been completed and sent out for fabrication. The
asynchronous chip will soon be completed and will also be fabricated. Testing
will begin when the fabricated chips are obtained.

Finally, general network modeiling research was also pursued during
the year. Research continued on the pin limitation and partitioning problem,

and a8 new type of network referred to as the reinforced Delta network was pro-
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posed and investigated. This netiork design is both more reliable and has
better baadwidth properties than standard Delta networks. Models were develop-
ed to predict the blocking and bandwidth capabilities of this network.
Proposed research during year three is outlined in Section 3 of this
report. Most of this work represents a continuation of tasks begun during
Years 1 and 2 of the project, and reflect the work discussed initially in our
original proposal. Our expectations are that the coming year will continue to

be productive and that further meaningful progress will be made.
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ASYNCHERONOUS AND CLOCKED CONTROL STRUCTURES FOR VLSI BASED INTERCONNECTION NETWORKS®
Mark A. Franklin and Donald F. Wann

Department of Electrical Engineering
Vashington University
St. Louis, Missouri 63130

ABSTRACT (BENE6S, GOKE?3, LAWR7S, PEAS77), om their
complexzity and performance (PATE79, SIEG79,
A cemtral issue in the design of multiprocssor MALE80), send to s certain extent, on their actual
systeoms is the intercomnection network which design (FRAN7S, QUATS1, FRANSLA). Some of these
provides communications paths betvesn the studies have omphasized the VLSI implementatiom of
processors. For large systoms, high bandwidth such connection networks (HOEYS80, THOMS80, FRANS1B,
interconnection networks will require numerous PADM81) and in particular just how the topology of
'nstwork chips' with each chip implementing soms various networks affects their chip ares and time
subnetwork of the original larger network. delay properties.
Modularity and growth are important properties for <
such networks since multiprocessor systems may vary This paper considers the problem of timing
in size. This paper is concermed with the question control structures for large iatercommection
of timing comtrol of such networks. Two networks where numerous VLSI chips are required for
approaches, assynchrosous and clocked, are used in f“ll network implementation, A general
the desige of & basic network aswitching module. interconnection network is shown in Figuore 1. The
The modales and the approaches are then modelled network is taken to Rhave N’ imput ports amd N*
snd squations for network time delay are developed. output ports where e¢ach port has B’ data lines.
These equations form the basis for a compazison Other lines mnot shown in the fignre will also be
between the two approsches. The importamce of required for control and sybchromizatiom of data
clock distribution strategies and clock skew is ‘f"’f" through the network. Clearly for N’ and
quantified, and a network clock distribution scheme B’ beyond s certain size, the network will require
which goarantees oqual length clook paths is partitioning into & number of subnetworks where a
presented. single VLSI chip cam be associated with each
sabnetwork. A principal motivation for

partitioning the network relstes to chio pin
limitations and, as discussed in FRANS1B, there are
several partitioning strategies available. One

1.0 INTRODUCTION simple spproach is shown in Figure 2.

The principal issves in computer architecture Related to the partitioning problem is the
have continually evolved in response to changes in broader question of timing conmtrol. That is, how
basic computer techmology and in recent years the is dsta movement synchronized in the network?
sdveat of VLSI technology has omce sgain shifted Consider, for instance the mesh comnected crossbar
the design space. While the implications of this shown in Figure 2 and sssume that the metwork is to
shift sre not yet fully understood, certain changes pass messages from iaput to output ports. Assume
in direction are becoming apparsnt. This paper is that local routing capabilities are present at each
concerned vwith s problem of central importance in crosspoint in the network (i.e., any message
the desiga of large sultiprocessor computer proceeding through the network contains header
systems. Such systems are typically based on the information that is successively examined by each
use of inexpensive yet powerful VLSI microprocessor crosspoint switch to determine message routing
chips and chip sets. through the switch) and that omce a path through

the network has been sstablished, that path is held

Over the past few years the availsbility of for the duration of the message. Assume
such microprocessors hus led to numerous proposals furthermore that the individual switches bhave
for the design of & variety of physically loecal, limited memory so that a message can be pipelined
closely coupled multiproocessor systems (SWANT?, along a captured input/output path.

DENNT74, SEJINBO, SULL77). The communications

aetwork utilized by such closely coupled processor There are two principal methods which can be
configurarinns is of central importance to the used in controlling data movement uwlong sach &
performance of these systems. Various studies have path. These are referred to as asynchromous and
focused om functional properties of such networks synchronous (or clocked) conmtrol schemss and while

they are woll known as gensral and often opposing

methodologies there have been fow cases where a
*This work was supported in part by NSF Grant quantitative comparison has boen made betwoen them
KCS-78-20731 and ONR Contract NOOQ14-80-C-0761




on the basis of & common system design prodblem.

This paper preseats such a cowparison, vwhere the
system in questiom is & orossbar intercomnection
nstwork of the genmeral type described above.
Though not pursued here, the analysis presented
extends to other network topologies as well.

In practice, clocked designs have usually been
preferred due to their relative simplicity and
generally lower hardware oosts. Yhen systems
become physically large however, or whem their size
cannot bde predicted in advance, or when there are
nnmerons system inputs which operate independently
(sand on separate clocks), then the adventages of
asynchromous design begia to mount. One example of
this is in processor bus design where asynchronous
control schemes are common (DIGIS1, SUTH79).
Another is in modular computer design  where
expandability and arbitrary system restructuring
are key system festures (CLARS7). In such modular
systems determining the sppropriate clock period is
difficult, if not impossible, since the finmal size
and configarstiom of the syste: is not known in
advance. Not knowing this fiaal size makes
ostimation of clock skew and the design of clock
distribution schemes prodblematic. Designing for =«
maximum size system, on the other hand, would
require such large clock periods that syster speed
would be inordinately slow. A similar type of
problem arises when designing timing control
structures in the VLSI domain which are robust over
s range of feature sizes, that is, which operate
properly as the physical dimengions of the
components are scaled (SEIT79). The wuse of
asynchromous control schemes in such environments
is & natursl soluotion to designing for system
growth (or shrinkage). In this context it has been
pointed out that use of asynchronous techniques cam
also be viewed as & structured design discipline inm
the time (or actually sequence) dowmain akia in
spirit to structured programming in the program
domain (SEIT80). Design of such coatrol schemes
are however difficult, and {n generul engimeers
have shunned this approsch focusimg instead on
extending conventionsl clocked schemes. Aa
interesting tradeoff csn be seen here., Om the one
hand with clockad schemes the design of the conmtrol
logic is simple while the eclock distribution
problem is difficult. On the other hand with
asynchronmous schomes the design of the control
logic is difficult while there is no clock
distribution problem with wkich to contend.

All of this relstes directly to the control
problem encountered with intercomnestion networks
used in multiprocessor systems. The idesl network
should be modular and expandable so that it caa be
creadily used to sapport e wide raage of
moltiprocessor system sizes. This poiats to the
uss of sn ssynchromons scheme., Furthermore, since
network chips will tend to be pin limited rather
than component limited, any extra logic ocomponents
needed for implementation of the asynchrosous
control could easly be absorbed on the ochip. In
contrast, any asynchromous control scheme would
have to be implemented on a per port basis. That
is, each iaput and output port of the network or
subnetwork would require extra coatrol lines (e.g..

request, acknowledge). An asynchropous scheme
would thus tend to bave hesvy pin requirements in a
situstion which alresdy has pin constraints. The
full range of considerations bere is currently
being studied.

This paper concentrates on a principal
compopent of this study, that is, what are the
relative speeds that can be achieved when
implementing an interconsection gnetwork asing
asynchronous versas clocked control schemes. The
section that follows defines asynchromous aand
clocked protocols for s simple but reasonsble
network switch module. Time delay models are then
developed and gomeral ecxpressions for the delay
presoented and discussed. These models show that
clock skew is & key factor in determining which of
the two approaches leads to a faster switching
module. The contral role of clock skew is further
examined in the succeeding section and the physical
origins of this skew are investigated under the
assumption that the switch modules are fabricated
using standard NMOS technology. Clock path layout
is also important in determining skew and an
interesting tree structured layout 1is preseated
which provides for equal length paths to each
switching module. The paper concludes with a
detailed oxample demonstrating the use of the time
delay wmodels im & particular switch design
situation.

2,0 PROTOCOLJ

A brief description of suggested protocols for
the synchronous and asynchronous realizations of
the crossbar interconmnection metwork is givean ia
this section. A complete interconnection network
would require comtrol provision for:

Path establishment

Transfer of dats from source to destimation

Detection of a blocked path

Indication of end of tramsmission

Path clearing
We have described how all of these requirements
could be satisfied (FRANS1C). VWe have also shown
that for many cases of practical importance, a bit
slice architecture in which the mnetwork is
partitioned into planes, each plame switching one
bit of the incoming data words, is optimumal from s
chip count viewpoint (FRANS1E). For this reason
the analysis here is restricted to a ome bit plane
network as shown in Figure 2a. Figure 2b
illustrates what positions may be established iz an
individual switch, Further, since data rate is the
performance measure, omly tke protoool necessary to
transfor data from module to module (assuming that
the path from source to destimation has already
been ostablished) is described.

2.1 Aswvachronous Protocol

A delay insensitive protocol is adopted for
the asynchronous modules, that is, imsertiom of any
fized or time varying delay in apny of the paths
between modules will not cause the network to fail
- slthough its speed may bde wmodified. One such
delay insensitive protocol that has the minimum
number of signal changes (and thus probadbly will
have the wmsximuw data rate) uses transition
sensitive logic. This protocol cam be illustrated
in Figore 3 by considering a single switch pair




(i,§) in which data is te be

transmitted from s
the left to a destination at the right.
The protogol is as follows: If wodule i wants to
send a logic tero to module j it makes a chanmge in
the RO line - if it wants to send a logic one
module j it mskes a change in the Rl line. Upon
receipt of a change ia RO or Rl, module j accepts
the dats and returns am acknowledge to module i by
changing the A line. If module i has some new dats

source at

(e.g. received from the module to its left) it may
now transmit it to module j by sgain changiag the
appropriate line, RO or R1. Note that this

transaction techaique is independent of asay delay
that is inserted in the lines between modules i and
j since the change will eventually reach its
intended module and the module cannot proceed with
its msext exchange uvatil the previous exchange has
bees completed. This protocol will be assumed in
the further disoussions on asynchronous
intercoanection networks.

2.2 Svnchrogous Erotogol

For the synchronous system the standard
clocked-data protocol is adapted in which a level
sensitive two—phase clook is employed. Two such
communicating modules (i,j) are shown in Figure 4
along with an entire network. This arrangement
operates in the following manner: Let data be
available at the input to module i. This dats is
captured by module i (i.e. stored) upon the
assertion of the phase—one clock. Om the assertion
of the phase-two clock the data is transferred to
the output of modole i and propagates over the
communication pathway to the input of module j.
This dats at the iaput of module j is then captured

on the assertion of the phase-omne clock and the
procedure is repeated. Note that this protocol is
not delay insensitive since, if the period of the

clock (e.3. the time detween snocessive assortions
of the phase-ome clook) is too short, them the data

captured st the input to module i at an assertion
of the clock will not have had adequsate time to
propagate through module {, &Cross the

interconnecting pathway and be available at the
input to module j on the next olook assertion.

3.0 DELAY MODELS
3.1 Asynchronous Delay MNodel

For the asynchronous switching elements shown

in Figure 3 consider only a single request from
left to right with the corresponding ascknowledge
from right to left, The Huffman modol (that

satisfies the protocol discussed in the previous
section) for a pair of modules slong a path from
source to destinmstion is represented in Figors 5.
Consider module i ia this figure. Let the
propagation delay of the combinstional logic be

‘Li’ the propagation delay of the feedback path
be dp » and the propagation delay aloang the
roqnogt path from module i to modulse j be .
Similarly for module j the 1logic and fooa‘nek
delays are , sad d. ., while for the
scknowledge path *ro- IOGBYI j to module i, the
delay is d To ensure race free operationm it

has been sho¥i by FANGS1
satisfy the relations:

that the delays wmust

e e i T e Y

to

, -

dF 2 dL [3.1]
dp 2 0 [3.2)

It is now possible to compute the minimum
interarrival time between successive requests to
module i. Assume that there is an ascknowledge
present st module i and a first request to this
modnle arrives from the module to its left, This
request propagates along the docted path shown in
Figure 5§ and arrives back at the combinationsl

logic input to module i. If the module to the left

of module i has produced a new request in response
to the aocknowledge gonersted by module i, this
second request could be processed immediately.
Thus the time between servicing successive data
bits (e.g. requests) for the asynchronons
architecture is given by the loop delay, dA’
where

[3.3]

dy = dpy *dpyy iy tdpy Y dpyy

The values for the individual delays will vary from
module to module due to processing and fabrication

nonuniformities and the next questiom is just what
values of delays to adopt. Note that the network
operates in a pipeline manner, and thus the data

rate of the network is determined by the maximum
value of this loop time (i.e. the maximum value of
one of the pipe delays). For a network with N

sources and N destinations the average path through
the network contaiss N modules. For large N there
is a high probability that a loop between a pair of
adjacent wmodules will be encountered that contains
propagstion delays that all bhave their largest
values., This probability spproaches one as N grows
snd to ensure vorst case conditions it will be
assumed that sach a maxzimum loop delay, d,, is

enscountered, (It is interesting to observe here
that becanse of the pipeline mnature of this
srchitecture the xmaxjmug delay determines its
performance. This is in  comtrast to many
spplications of asynchronmous systems in which a

good estimate of

aversge delay).
identified by
Equation 3.3.

d, = 2d; +dp + 24y
3.2 Synchronous Delay Model

The model for two modules in the synchronmous
system of Figure 4 can be constructed using a
finite state machine representation of each module.
This machine is designed to implement the classical
two~phase level sensitive clocking scheme protocol
described in Section 2.2 and cam be depicted as
shown in Figure 6. This model has combinational
logic delay N memOry delay d",
interconnection dats path delay d,, and delay
along the oclock 1line d.. The delays and
d, are assumed to have a distribution of “values
1505:1«-1 to those used for the asyachromous model,
thus no distinguishing subscript is needed. The
delay d is used to represent propagation delay
along the path over which the clock is distributed.

the performance is given by the
These maximum delays will be

removing the subscripts i and j in
Hence

[3.4)




Each wmodule

contains two memory elements (i.e.

master—slave configuration) and these are
identified by an additional subscript (e.g.
dlil‘ dyyy) corresponding to whether they

receive & phase-one or & phase-two clock.

Consider dsts stored in a memory elemeat on a
particular clock phase, This data can propagate
along a path to a memory element and, to guarantes
deterministic behavior, this data must arrive and
be stable prior to the next occurrence of this
clock phase. This imposes constrsints on the
sinimum ¢lock period. The module pair shown in
Figure 6 has four such paths along which data is
transmitted: a path from y il to y j1, a
path from memory 12 to wmemory j2, an isternal
feedback path from i1 to il sasnd an intermal
feedback path from jl to jl. Each of these path
delays places s constraiant on the clock period and
the maximum delay determines the acceptable period.
The constraiant for Path 1 is: Dats st the inmput to
memory il at an occurremce of the phase-ome clock
at memory il must propagate via dg A ¢l“1 ’
dN ., sod dE. and be stable at the inpat %o
-cnary jl at . 13 next occurremce of the phase~one
clock at wmemory jl. A timing diagram for this
constaint is shown in Figure 7 and the period of
the clock is specified as T. The occurrence of the
phase~one c¢lock at the two memory elements il and
j1 is influenced by the value of the two clock line
delays d i1 and de 1 From the timing diagram
the clocE period cln be expressed as:

T > dyyy + dyyp * dpgy * 4 + (doyy - dgjy)
In a similar manner the other three paths consist
of dsta propagating through the following elements:

Path 2: dli:’ dPij' dLj' and dljl
Path 3: dlil' dlil' and dLi
Path 4: dljl‘ dljz' and dLj

The constraint relations for these three paths can
be found in a manner similar to that for Path I and
are:

T > dyjy +dpyy + dpj + dyyy + ldgyp - dgyy)  [3.6]
T2 4y * duyz * 4 13.7]
T dl)l + dljz + dLj (3.8]

Since in most designs the last two constraiats

imposed on T are smaller tham either of the first
two, they will not be considered further here.
Note that the bracketed quantity in Equation 3.5 is
the differeace in arrival of the phase—one clock st
the corresponding memory elements of the two
modoles. Likewise for the bracketed gquantity in
Equation 3.6 and the phase-two clock. These
differences sre called g¢clock skew and will be
defined as

- - (3.91
8¢y = d¢51 " depn

- 3.101
ey = dgi2 T d¢j2 t

[3.5)°

The delay values are statistically distributed azd,
doe to the pipsline argument, the delays for the
module pair under considerstion are assamed to
represent tho largest delay encountered in the
distribution. Thea Equations 3.5 and 3.6 are
identical. Removing the subscripts to imdicate
this worst case condition allows the maximum delay
for the synchronous architecture to be written as

ds = dL + 2d‘ + dP + 8

where the clock skew is & = dci - dc

4,0 DATA RATE COMPARISON

f3.11]

i

The dats rate for the asyanchromous systes,
DRA, snd the data rate for the synchronous
system, DR, are the inverses of the

corresponding delay times given in Equatiouns 3.4
and 3.10. Therefore

DRA - x/(ZAL + dF + de) (4.1]

DRy = 1/(d; + 24y + dp + 8) [4.2]

The condition under whichk the asynchrosous data
rate is larger than the synchronous data rate can
be written as
. dL + dP +dg - Zdu {4.3]

Equations 4.1 snd 4.2, which provide the data rates
for the asynchronous and synchronous systems, snd
Equation 4.3, which indicates how clock skew
affects the data rate comparisons betweea the two
systems, are the msjor developments of this work.

Once the design team has information about the
specific implementation parameters and can
determine their numerical delay values, these
design equations can be used to compare systes

performance and make & selection of an appropriate
systom architecture.

The interpretation of this rate comparisom can
be simplified further by observing that the delay
of the memory will normally be equal to the delay
of an eolemental transistor, d. The combinational
logic delay can be expressed as a multiple of this
delsy, that is, dL = kd. The minimum delay
constraint for dF from Equation 3.1 will be used
so that dg - d¥ = kd. Using this nomenclature
the condition of Equation 4.3 them becomes

§/d > 2(x-1) + dP/d [4.4]
This relation is shown in Figure 8 and illustrates
the regions im which DIA > Dls and in which

DR, < DR,. For
system §ltl rate is
ssypchronous system.

large dP the syschronous
bigher than that of
This is because appears
only opg¢ inm the path between two synchronous
switch modules (see Figure 6 and Equation 4.2)
while, in the asynchronous system, the handshake
protocol requires & round trip, thus d occurs
twice (see Figure 5 and Equation 4.1). tircviso as
3 is increased, the performsnce of the synchronous
system is degraded (see Equation 4.2). The
interaction between these two varisbles can be




shown graphically (for a specific value of k and
} by plotting a normalized data rate, d°DR

versus §&§/d. An example of this is illustrated in
Figure 9 for the special case of zero propagation
delay (dP = 0) bdetveen modules. The role of
clock skew becomes clear from this figure. As the
skew incresases, there is a distinct crossover poinat
beyond which samn assyachroaous desiga is superior
from a data rate performance viewpoint, The effect
of the intermodule propagation delay is aslso
apparent. As this delsy inoreases the synchronous
design becomes superior.

3.0 DETERMINATION OF SYSTEM DELAY RELATIONS

Let the crossbar network be implemented via
NMOS technology with a collection of switching
modules on a chip and let a number of such chips be
placed on : printed circuit board snd
interconnected via priated circuit wiring. In this
section the factors that affect the values of the
various system delays are eoxamined and simple
expressions for each of them are developed.
3.1 Cosbinstionsl Logjc, Memory and Feedback
Delavs

The synchronous module can be described by
40 row state table and s PLA implementstion of this
table was chosen. A design methodology for
determing s PLA having the minimum delay was
applied (ANANS2) and yielded a combinational delsy,
d} = 37.5 ns and memory delay d, = 2 ns.
Although a complete state table for the

asynchronous case was aot developed, the
preliminary amalysis indicstes that its complexity
would be comparable, so this ssme valuoe of is

used for both architectures. The feedback elay,
d., for the asyachronons case is squal to the
combinational logic delay.
$.2 Path Delsy

There are two intermodule paths that must be
examined: paths bdetween two adjacent modules on
the same integrated circuit chip and paths between
twvo adjscent modules on different chips. Because
of the topology of the crossbar network, modules
that communicate can be implemented in close
physical proximity., Compared to the other circait
delays, the intermodule path delay between modules
on the same chip is them very swmall and csn be
ignored. This, however, is not true when s modmle
on one chip must communicate with a module on
another chip. The delay is related to the
resistance and capscitance of the path and, since
the intercoamection path will be short and will use
metal conductors, its resistance is smsall and can
be neglected. The propagation delay is then
determined by the ratio of the capacitance of an
elemental gate, C and the capacitance >f the
interconnection lin8, . It has been shown
(MEADS80O) that if ome uses an exponential buffer
this delay is given by the expression

d = do[ln(CL/C')l (s.11
3.3 Clock Skew

The clook skew is the maximum delay between
the clock signals that comtrol a horizomtally or
vertically adjsceat module pair in Figure 4.

Consider the simple model for this situation in
which two modules Ml and M2 are driven from
common clock point P, with clook lines from this
common point of lemgths L1 and L2. Assome that the
clock is asserted at t = 0. The clock skew is then
the difference in time between when M1 responds to
Cl1 and when M2 responds to C2. This difference in
response is determined by four factors:

Differences in the line parameters (o.g.
resistivity, dielectric constant) that
that determine the line time constant.

Differences in the threshold voltages of
the two modules Ml and M2.

Differences in delays through any active
olements inzerted in the lines (e.g.
clock buffers).

Differences in the lime lengths L1 and L2.

It is reasonable to assume that the clock will be
generated oxternal to the chip so that supfficient
drive for all the on-chip modules is available.
Hence buffers will not be needed and the third
factor in the sbove list cam be ignored. In the
next section a clock distribution that guarantees
equal clock line [lengths for all paths is
developed. Thus the fourth factor can be
eliminated. A model for the clock path skew that
incliudes the first two factors is developed ia the
Appendix ¢ 1d the clock skew is found in terms of
the mazimum and minimum time constants of a clock
line (RC and RC) and the mszimum and miniwum values
of the threshold voltage of a typical logic gate
(V; and !T)‘ The result of that derivation
gives the clock skew as

& =RCln Vo -BC 1n ¥ (5.2]

6.0 CLOCK DISTRIBUTION

As shown in the Appendix, it is importamt to
waintain thg same on—chip clock line length to esach
of the N modules. One technique that
accomplishes this utiljzes a binary tree layout for
the clock path., An example of this distribution
for a single-phase clock supplied to an 8x8 network
is shown in Figure 10. Note that as this tree is
traversed from its root (clock input) to any leaf
(module) the length to each switch is constant,
Let the dimension of one edge of the netyork array
oequal E, then the length of each of the clock
paths (for this example) is 11E/8. As N increases
(i.e. for large E) the lemgth, L of each path
becomes L = 3E/2. In order to estimate the clock
skew, the RC time constant of the clock path must
be computed. Thus the length and type of
conducting material for each bramch of the clock
tree must be known. Although the clock could be
distributed using metal for the horizomtal clock
paths and diffusion for the vertical paths, meta]
shopld be wused wherever possible. Some short
sections of diffusion will be necessary, however,
in order to bridge intermodule communication,
power, ground and reset lines (assuming only a

single layer of mets! is available). An  actual




layost of a synchromoss module indicstes that these
sections can be shortened so that omly 20% of the
clock lime is in diffusion. The distributiom of
the two~-phase clock requires two such binary traes
~ this secomd tree cam be constructed by merely
displacing the first tree in the vertical and
horizontsl directions by the wninisum line
separation. The length of the metsl branches and
the length of the diffusion branches for a large
chip with side E then becomes

- 1.2E - 0.38 (6.1}
Ly Lo

where L = LI + LD = 1.5E
1.0 EIAMPLE

Consider s netwvork constructed on a
25c¢m x 25cm printed circuit board which contains 64
packaged chips each with a package size of
2.5cm x 2.5¢cm, The actual chip size is
spproximately Icm x lcm. (If an individaal chip
had 100 pins this arrangement could handle ome bit
slico of a 48z48 asynchromous network). Assume
copper pristed circuit copnections betweenm chips.
The pin capacitance for this type of construction
is about 4 pf and the capacitance of an olemental
sate is sbout 0,02 pf. Then the msaximum delays for
this type of circuit are approximately = 37,5
os, d. = 2 ns, dF = 37.5 ns, and dP = 43 ns.

Substituting these values into Equation 4.3
shows that in order for the asynchrosous data rate
to exceed the synchronous systes dats rate the
clock skew would have to be 114 as or grester.
Next an estimation of the clock skew is computed
for this example.

Since there is negligible clock skew due to
the printed circuit hoard paths, the clock skew is
dominated by intrachip parameters. From the
Appendix the RC value for the chip clock line is
found as 50 as. Discussion with commercisl
fabricators have indicsted & variution of + 20% in
RC. Thus RC = 61 ns and RC = 30 us. For a supply
voltage of 5 volts, equal uoise margins can be
obtained with V. = 2.5 volts. The range of the
threshold van-tson is also about + 20%, so
V.=3.0 and V,.= 2.0 volts. Using these
values 1n Eqn:{ion $.2 gives the clock skew as 39
ns. PFigores 11 and 12 illustrate & oumerical
comparison betveen the two architectures. Note
that the synchronous system architecture yields s
higher data rate tham the asymchronous architecture
for these network parameters.

8.0 CONCLUSIONS

This paper has presented s ocomparison of
asynchronous and clocked timing control structures
in the context of the design of an intercommection
netvork. The network has local routing comtrol, is
pipelined, and has a mesh connected erossbar
topology. It is intended for wuse in s message
based multiprocessor environment. The selection of
the appropriate control structure is oritical if a
high bandwidth, modular interconnection network is
to be achieved. Designing for growth and size
uncertainty both in the large (i.e. the number of

prooessors i the final systes may change), and in
the small (i.e. the VLSI feature size may change)
sppears to aske (1} ssynchromous approsch
sttractive. Such an approach, however, will tend
to have heavy pin requirements. Before a complete
comparison of the methodologies can be achieved, it
is necessary that fundamentsl models which allow
one to compare their relative speeds asre developed.
This {s the principsl costribution of this paper.

First two switch modnles, onme asynchronous and
one clooked, and their respective dats
synchronization protocols were defimed. Based on
this s model of each module’s operation was
developed. These models allow one to determine the
data trasnsmission speed associsted with the modules
(and therefore for an entire network) and thus
compare the timing control wmethodologies in
question. The model equations yield decision
curves which cam be used to compare these two
control structores under a variety of design
parameters. The equations indicate the key role
played by clock path delay and clock skew, and
clearly shows how the speed of clocked systems must
be lowered as the clock skew increases. Koy
squations are derived for path delay and clock
skew, and a tree structured clock layout scheme 1is
presented which results in oqual length clock psths
to each switching module. An example is developed
where the switching modales are assumed to be
fabricated in the NNOS techmology and for this
example the synchromous coatrol is shown to yield a
faster system.

APPENDIX

The waveform of the clock at the iaput to one
of the modules in Figure 10 due to a step change st
the clock input is approximated by an exponential
of the form

v(t) = vDD[1 ~ exp(-t/RC)) [A1)

where R and C are the lumped resistance and
capacitance of the clock path and V is the
supply voltage. The time constant, IE? of two

clock lines will be different because of the
variability in the line parsmeters. Let RC and RC
be the aazimnm and minimum values of this
variability. The clock skew is also dependent on
the differences in the threshold voltages of the
two adjaceant modules. Let the mesn threshold
voltage of a module be V_ with a range of V.r to

V.. Then if one module Ill the maximum threshold
and the maximum RC line time constant, and the
adjacent module has the minimum threshold and the
minimum RC 1line time constant, this causes the
maximom time differemce in the response of the two
modules to the oclock. This is illustrated in
Figure Al where the delay differemce is € ~ %.
Substituting these vworst ocase— conditions isato
Equation Al allows the valmes of V. and !T

to be expressed in terms of t and as

VT - VDDII - exp(~-t/RC)) [A2]

XT - VDD[I - oxp{~-3/RC)] [A3]




Comdinimg these two equations yields the clock skew
due to both time comstant and threshold varistioas
as

8§ =t - g = RC1a(Vy) - BC 1a(¥p) {Ad)

Next the value of RC is determined. The physical
goometry of a conductor can be represented as shown
in Figure A2 where the resistasace and the
capacitance are given by

R= pLI('\c) and
(as]
C= cLl/(ho)

In these relations p is the resistivity of the
conductor, s is the dielectric constaat of the
oxide, ho is the thickness of the oxide, and hc

is the thickness, ¥ is the width sna L is the
length of the conductor. Hemce the time coastant
of the line can be expressed as

2
RC = pel /(hcho) [A6]

Note that the time constaat is iadepeandeat of the
width of the line, If two clock lines have
different lengths, the clock skew is related to the
square of the differences in line lengths. It is
for this reason that the binary tree distribution
illustrated im Figure 10. which provides equal
lengths, has been chosen.

Consider one of the paths in the binary tree
and let the diffusion length and width be LD and
W, and the metal length and width be L and
'D. The resistance will be expressed in !or-s of
o!-s per square aad capacitance in terms of pf per
onit sres (im this case square microns). These
relations can be related to the basic parameters
shown in Figure A2 as

R/sq = p/hc and C/ar = t/h° [A7)
Since the resistivity of diffusion is very large
compared to the rosistivity of metal, the
contribution of the resistance of the metal psth to
the total line resistance will be negligible.
However, the capacitance of both the diffusion and
metal lines wmust be included in the computation.
Therefore the total line resistance and total line
capacitance is approximately

R= (RD/sq)(LD/'D) [A8]
Cs= C' + CD
- (C"/u')'"l.‘| + (CD/u)'DLD {A9])

If the minimum feature aize is A them MEADSQ shows
that the minimum width of a diffusion conductor is
2)\ and the minimum width of a wmetal conductor is
3A. Bquation 6.1 gives the lengths of metal and
diffusion in terms of the chip dimension. Hence
the totasl resistance and capacitance can be written
as

R = (lnl!q)(O.JB)/(Zl) {A10]

C= (Cl/lr)(Sl)(l.ZE) + (Cn/lr)(zl)(O.SE) [A11]

4 e - -

The line time coamstant is then

RC = (ln/.qns’)(o.mc,/u) + 0.09(cy/ar) [A12)

For the ezample discussed ia  Sectiom 7 the
following representative valuves for the line
parameters are used:

Ry/sq = 20 Ohms/sq

E = tcm = 10* om (A13}

C'/nr - 0.3 x 10-‘ pl/n-z

Cylar = 107¢ pt/ua?

Substituting these values into Equation Al2 gives
RC = 50 nanoseconds.
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APPENDIX II WORKING PAPER

DELAY COMPARISON OF VLSI BASED BANYAN AND CROSSBAR NETWORKS

S. Dhar, M Franklin and D Wann
Washington University,
5t. Louis, Missouri.

1.0 Introduction

Advances in VL3I technology have made available a8 number of
low cost yet powerful microprocessor chips. This has led to a host of
propasals [SWANN77,SULL77, SEJUNB0] for the design of closely coupled multiple
processor systems in which 3 number of processors are connected together by a
communications network. The communications netwark handles interprocessor
communication and makes sharing of common rescurces possible A key 1issue 1in
the design of such systems is the design of this network, and overall system
performance 1is dependent to a3 large exlent on the performance of the nelwork
The choice of the type of communications network therefore becomes a magjar
factar in the design process

A number of studies [FRAN21A, FRANBIC, KAHN7R, FRAN791 have
focussed on Crossbar and NlogN interconnection netwerks in a VYLEI environment.
The planar and modular construclion of the Crossbar network makes it very
suitable for VLSI implementation. NlogN networks, such as Banyan netwaorks.
while not planar, generally require fewer chips for implementation of networks
of equal size

The data rate that can be achieved in 28 network is an
important perfarmance measure that determines the suitability of a particular
network in a particular system. A high data rate is generally desirable and
several methods have been evolved which reduce the delay through a netwerk to

maximize the data rate. The pipelined mode of data transfer is a3 commanly

used technique for achieving high data rates
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Consider an N#N crossbar network buill from the basic¢ module
shown in Figure . With uniformly addressed inpul and output ports, tlhe
average number of modules in an inpul/outputl path is N If the pipelined mode
of data transfer is applied t¢ such 38 system, and long messages are
transferred, there would be an increaséd data rate of approximately N times
over the non-pipelined case. A recent paper [FRANS8!A) has evaluated the delays
in Crossbar and Banyan netwerks under a non-pipelined mode of data transfer.
In such 2 system the delay is directly proportional to the length of a data
path and it has been shown that for large networks requiring multiple chips,
the Banyan network has 3 higher data rate due te a3 smaller path length
However, in a pipelined system the length of the data path has az much smaller
influence on the delay, especially when large messages are transferred The
data rate of the network then is determined by aother factors.

Anather important issue in the design of the communicatlions
network is the type of control scheme to be used for control of data movement.
There are two principal methoeds that can be used in controlling data movement
along the network; these are referred to as the synchronous (ar clocked) and
the asynchronous (or self-timed) schemes. Franklin and Wann [FRANZIDI have
made 3 quantitatlive comparison of the twe control schemes for 3 Crossbhar
network. The synchronous contral scheme has been traditionally faveurea,
especially in small systems, bhecause of the simplicity of 1logic design
However, for large systems where size cannot he predicted in advance, or where
a number of subsystems cperate independently, the maximum clock skew may not
be known in advance and the asynchronous coentroel scheme seems tc be more
sui table

This paper is an extension of the work presented by Franklin

and Wann. Their analysis focussed on a single netwark, the Crasstar, and how
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the use of asynchronous or clocked control schemes affected nelwork
performance. As pointed cul above however, for large networks, the use of a
Banyan (or other NlogN) networks can significantly reduce the number of chips
required for overall nelwork implementation This paper therefore compares
both Crossbar and BRBanyan network performance (e. g datla rate or bandwidth)
over the asynchronous/clocked control design options. The analysis is based on
a2 finite state machine model of the basic switch modules, and a8 clack line
layout which minimizes clock skew in both the Crossbar and Banyan networks.
The analysis provides a quantitative apprcach to making the Crossbar/Ranyan:
asynchronous/synchronous design decisions. For a particular example, decision

curves are provided to illustrate the procedure

2.0 Protacel Issues

A complete interconneclion network requires control provisions
for:
3) Palh establishment.
b) Transter of data from source to destination
c) Detection of a blocked path
d) Indication of end of transmission with path clearing
The way in which these requirements can be satisfied have been described in
FRANZID and is nol considered further here. The present analysis assumes that
the path from source to destination has already bheen established and focuses
on data rates achievable afler path establistment
It is alse assumed that the network has heen partitioned
following a bit slice architecture approach with one bit per plane, that is,
if a word size of sixteen is desired , then sixteen network planes are
implemented. The present analysis is therefore restricted to cone bit plane of

the network




For the asynchronous networks a3 delay insensitive control
structure is adopted That is, inserlion of any delay belween modules will not
cause the network to malfunction Tramsiticn sensitive logic is employed and
with 1this approach the total number of signal changes necessary to complete
the transfer of one bit of data is two (one on the request line and one on the
acknowledge line). Figure 2(3) shows the interconnection between two
asynchronous modules. A transition on Ri indicates the presence of a2 "1" bit,
while a transition on RO indicates the presence of 3 "0" bit. The "A" 1line
supplies the acknowledge response signal. Interconnection of tws synchronous
modules is shown in Figure 2(b). For the synchronous network, the standard twe
phase level sensitive clock is used for the data transfer Data at the input
of a module is caplured a3t phase one of the clock and is transferred to the

output of the module at phase two of the clock

30 A Banyan Network Model

31 Banyan Asynchronous Delay Model

The logical implementation of the asynchronous module is
achieved by means of a finite state machine. The Huffman representation «f
such an implementation is shown in Figure 3. 1f the input of the combinatienal
logic is a function of the outpul of the combinaticnal logice, then it has been
shown (FANG811 that the sufficient conditions on the variocus delays to achieve
hazard free operation are given by the relations
dF o= diL (3. 1)
dQ >= dF + dL (3. 2)
For the purpose of determining the data rate consider Figure

2(a) where a single request moves from left to right with the corresponding

O W, e W
v
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acknowledge proceeding from right to left. Since the network is pipelined, the
data rate in 3 given source/destination path is determined by the the maximum
delay between any twe communicating modules in that path. A pair of
communicating modules i and j; in a path k is modelled as shown in Figure 4(3a)
Considering module i, the maximum propagation delay from any inpul to any
output of the combinational logic is dLi while the propagation delay of the
feedback path is dFi. dPi; is the propagation delay «f & request in geing
from module i to module ; over the physical distance between module i and
module ;. The delay term "max(dPij, dFi)" in the request path belween modules i
and ; shown in Figure 4(3) is ne2essary to satisfy the constraint given by
{3 2) and is explained later on. Similarly for module j, we have dL; and dF
with the propagation delay in the acknowledge path from module j Yo module i
over the physical distance between modules j and i being dP;i. The propagatian
delay of the path from the output of the combinational logic of madule i,
through the combinational logic of module ; to the input of the combhinational
logic of module i corresponds to the term d0 in Figure 3 If relation (3 1) is
satisfied, then the delay terms "max(dFi,dPi )" and "max(dFi, dP;i)" ensure
that relation (3. 2) is always satisfied

The minimum delay between two requests for the pair of
Asynchronous BAnyan modules i and j is equal to the maximum locwp delay as
given below.

dABAij = dLi + max(dPij, dFi) + dL; + max(dpPi,dFi) (2 )

The inverse of the delay dABAi) gives the data rate between
the pair of modules i and j. However, we are interested in determining the
data rate of the entire network In an asynchronocus netwerk the data rate in
different paths of the network will in generel be different. Mence the average
data rate that the network can support will be considered. QObviously, the

average data rate is dependent aon the relative frequency of usage of the




different paths in the network. We will assume that all paths in the network

are equally used In the remaining part of this secticn we will develop
expressions for the minimum delay between two requests for a path in the
network. and then by obtaining the average of such delays for all paths in the
network we will arrive at the expression for the average delay tetween two
requests for the entire network

The expression (3. 3) is for a particular pair of modules i and
J in a path k. Consider next all pairs of such communicating madules in the
path k. Each pair of communicating modules has an associated maximum loop
delay which determines the minimum time belween twc requests. The path k can
then be modelled as shown in Figure 4(b) where each pair of communicating
modules and the maximum loop delay associated with thal pair is shown Because
the network is pipelined the maximum of the delays dABALZ, dABAZR,. .. .,
dABA(P-1)n will determine the minimum time between twe requests for the path
k. This minimum time can then be expressed as

dABAk = 24L + 2(max(dPk, dF) (3.8
where dL and dF are the maximum values associated witlh the combinational lagic
and feedback delaysi dPk is the maximum delay between modules alang the
request acknowledge lines for path k, that is

dPk = max(dPi;, dPji) for all i in path k. =i+l (39
Notice that dPk will be dependent on the particular path since this delay
reflects the layout of module chips on 23 printed circuit beard and that layout
is in turn dependent on the topelegy of the network being considered Fiqure
S shows a layoul for a 44#44 Banyan network composed of 4#4 chip moedules. It
is clear from 1this figure that differenl source/destination paths will
anceunter different delays, and that within a given gpath there is some

particular module to module delay which is largest. This resulls from the
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nonplanar topology of the Banyan network which will generally require longer
paths between modules than a Crossbar netwaork.

In order tc obtain the average delay between two requests for
the entire network, the average of dABAk over all possible paths in the
network should be cbtained. This can be expressed as

M
dABA = ( > dABAK )/M (2. 6)
k=1
where there are a total of M paths in the network. \We will assume here that
the maximum delays associated with the combinational legic and feedback are

constant for all paths in the network. Then equation (3 &) can be expressed as

dABA

M
2dL + 2¢ D max(dPk, dF ) /M) (3.7
k=1

If dPk 2= dF for all k then equation (3. 7) can be written as

M
2dL + 20 2 dPKI/M (3.8
k=1

dABA

Letting dPBA be the average of dPk aver all paths we abtain

dABA = 2dL + 24PBA (2.9)
M

where dPBA = 3 dPk/M (3. 10)
k=1

Evaluation of individual delay paramelers is deferred to Section 3. 3

w
~nN

Banyan Synchronous Delay Madel

The synchroncus module may also be represented as a3 finite
state machine. As in the case of the asynchronous system, a pair of modules in
a2 path from a source to a destination is modelled The model shown in Figure
& has combinaticnal logic delays db, memory delays dM, interconnection path
delay dP and clock delay dC. Each module contains two memory elements and

these are identified by the subscripts | and Z A two phase clocking scheme is




used to clock the memory elements | and 2.

Constraints on the time-period of the clock can be oblained by
noting that the following conditicns must exist o ensure proper operation:

(1) Data at input of memory il at phase | of the clock must propagate
via dMil, dMi2, dPi,; and dL; and be stable at the inpul of memery ;1 before
the next occurrence of the phase | clock

(2) Data at inputl of memory i2 al phase 2 «f the clock must propagate
via dMi2, dPi;, dLj and dM;! and be statle at lhe 1nputl of memary ;2 before
the next occurrence of the phase 2 clock

(3) Data at input of memory il a3t phase I of the clock must propagatle
via dMil, dMi2Z and dLi and be stable at the inpul of memory il tefare the next
cccurrence of the phase | clock
These constraints can be expessed in terms of the <clock periocd and various

delays as shown below

T >= dMil + dMi2Z + dPi; + dL; + (dCil - diC 1) (21D
T >= dMi2 + dPij + db; + dM,1 + (dCi2 - dC2) (2 12)
and T >= dMil + dMi2 + dLi (243

In most designs the third constraint on T is smaller than either of the first
two; hence it will not be considered further. The quantity (dCil-dC, i) is the
difference ' ‘tween the times the phase | clock arrives at the carresponding
memory elements of the two modules. The same applies to  the guantity
(dCi2-dC;2) and the phase 2 clock These terms are referred to a5 the glock

skew and are defined as

Sci
dc2

The clock period will be determined by the pair of modules far which the

dCil - dC t (3. 18)

dciz2 - d4C;2 (31

constraint on T is the largest 1§ we assume that the largest individual
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delays are encountered for this pair of modules (this gives the warst case
cendition), then relations (3. (1) and (3 12Z) are identical (or 1if not, we
select the most limiting condition). This warst case condition clock time
periad for the Synchronous BAnyan netwerk represents the delay, d5BA, belween
twoe requests and is given by

dSBA = dL + ZdM + dPmax + O (3 14)
where dPmax is the maximum path delay belween any pair of communicating
modules over the entire nelwork, that is,

dPmax = max{dPij, dP;i) four 21l i in the network, =i+l (3 {7)

and S = the clock skew = dCi - dy (3

o

)
The next section considers the individual delay parameters for the Banyan

netwaork,

23 Delay Parameters for Banyan Network

We 3ssume that the network will be implemented wilh NMOS
technelcogy with 2 number of modules on 2 chip and 3 number of chips on &
printed circuit board The minimum feature size for the NMOS technoleogy is
assumed tc¢ be 2. S microns. Consider next the varicus delay paramelers needed
for evaluation of JdARA and d5BA in Equations (3. 9) and (3 1&) respectively.

The synchronous moedule was designed and can be described hy 3
40 row state table. Using a PLA implementaticon, the maximum delay through the
combinational logic was determined to be 45 nsec. The asynchronocus module was
alsoe designed and the combinational legic delay after the path has bteen

established was calculated as 24 nsec

Hence dL = 4S nsec for the synchronous module
and dL = 34 nsec far the asynchronous module
We choose dF = dL = 4% nsec for the synchromncus module
and dF = dL = 34 nse¢ far the asynchronous medule
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such that the cenditien given by (3 1) 15 satlisfied The memory element
typically is an inverter with pullup to pulldown transistor ratic of 3:1., and
hence we have dM = 2d where d is the delay of a 4. inverter Next consider
the delays dPBA and dPmax. The path delay involves delay in paths on chip and
delay in paths off chip. The former is negligible compared to the latter
because the capacitances in paths off chip are orders of magnitude larger than
thase in paths on chip In order to minimize the delay in driving a load
capacitance CL external to the chip we use exponential drivers. Assuming that
a3 signal present at the inpul to an elemental gate (an inverter) is tu bLe
transferred to the load capacitance CL, the delay using exponential drivers is
given by IMEADR0Q]

dP = dwe*ln(CL/Cg) (249
where Cg 1is the capacitance of an e«lemental gate. Expressions for dPEA and
dPmax in terms o«f the network size N/ and the module size in a single chip N,
are derived in Appendix A as

Z 4
dPBA = dee#ln(2Cpin+LI+((N +1)(N-1)/2ZN IN/#L2/Cq) (3. 20)

b

dPmax = d*e*ln((ZCpin+Ll+(N-1)N’*LZ!N‘)ng) (321
where Cpin is the pin capacitance, and L1 and LZ are the chip separations for
the Banyan network as shown in Figure S

We next consider the clock skew The clock skew between two
modules is the difference in the delay in the clock lines to the twe madules.
Consider the simple model shown in Figure 7. Twe modules ML and M2 are driven
from a commen c¢lock point P with clock line lengths of LI and LZ The clock
skew is the difference in the time when mcdules M1 and MZ vrespond to the
assertion af the clock at point P This difference can he attrituted te

(a) Differences in line lengths.

{t) Differences in the passive line paramelers like resistance
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dielectric constant that determine the line time constant.

(¢) Differences in the threshold voltages of the twe modules
The delay in a line with a3 lumped resistance R and 8 lumped capacitance C 1s
propertional to the time constant RC. As shown in Appendix B the time constant
RC is proportional to the square of the line length. Hence the contribution of
€8) to the clock skew grows as the square of the difference in the clack line
lengths One possible clock distribution scheme that guarantees equal length
paths, thus eliminating (a) from consideration is shown in Figure 3 Given
equal length paths the clock skew can be found as:

)

where (RCYmax and (RC)min are the maximum and the minimum RC time constants

(RO)min*ln(i-(VTmin/Vdd)) - (RCImax#ln(i-(VTmax/Vdd)) (3.2

for the clock line, VTmax and VTmin are the maximum and minimum values of the
threshold voltage of a typical legic gale, and Vdd is the power supply
voltage.

In order to determine (RC)max and (RC)min, the path asscaciated
with the clock line must be analyzed in terms of its length and material.
Consider a chip which contains an N#N Banyan network Lel the 1length of the
chip be AN ; then assuming that the switch madules are distributed as shown in

Figure 3, the width of the chip WN is given by

“
N
“

WN = AN(lag N-D)/CN/2)-1) » N > 2 (
b

2
The clock could be distributed using metal for the horizental clock paths and
diffusion for the vertical clock paths. However, since the line resistance of
diffusion is much larger than that of metal, it is desirable to use metal
only. Some small sections of diffusion will, however, be necessary to bridge
intermodule communication, power, ground and resel lines (only ane layer of
metal is assumed here). Actual layoutl of the network indicates that only about

20% aof the total clock line need be in diffusion




The total clock line length is calculated as

LBA = AN/Z + UWN (3 24)

Hence the lengths of the metal and diffusion secticons of the clock line are

given by
LMBA = 0. 8LBA (3.2%)
LDBA = 0. 2LBA (3 26)

As mentioned earlier, AN in the lenglh of an N#*N Banyan network chip. The
length of such 3 chip, as seen from Fiqure & is proportional ta lhe size of

the network, that is , AN is propertional toe N

4.0 A Crasshar Network Model

41 Crosshar Asynchroncus Delay Model

The delay model for the Crassbar network is cobtained in  the
same way as in the Banyan network. A pair of communicating moedules in a path
from a source to a3 destination is modelled in the same way as shown in Figure
3. The maximum Asynchroncus, CrassBar loop delay taor modules i and j is then
obtained as

dACBij = dLi + max(dPij, dFi) + dL; + max(dP;i, dF1) (4. 1)
Since data is pipelined in the same manner as in the Ranyan nelwork, following
the same reasonings as in the Banyan netwark, we obtain the data rate as the
inverse of dACB where

dACB = 2dL + dF + 24PCB (4. 2)
where dPCB is the path delay between two communicating modules It should be
noted that because of the planar construction of the Croassbar netwark, the
distance between two interchip communicating medules is a censtant independert

of network size. Hence the path delay bhetween two communicating modules is not

- i..f’ b ’ ]
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dependent on any particular path being considered This is a key difference in

the analysis of the Banyan and the Crossbar networks.

4 2 Crossbar Synchronous Delay Model

The synchronous delay model for the Crossbar network is
similar to the model develaped for the Banyan network (Figure &), The data
rate in the network is then given by the inverse of d3CB where

dSCR = dL + ZdM + dPCBmax + 8 (4. 3)
where dPCBmax corresponds to the delay in the longest path between two

communicating medules in the netuwork.

4.2 Delay Parameters for Crossbar Network

The delay parameters dL. dF and dM are same as for the Banyan
network. The term dPCB is estimated in Appendix A  Alsc, the ¢lock
distribution is similar to the Banyan network giving equal clock path lengths
for all the modules. A clock distribution for 3 16#16 Crossbar network is
shown in Figure 9. Using metal and diffusion to distribute the clock as in the
Banyan network, the total clock line length LCR is given by

LtCB = 1l SAN (4. 4)
where AN is the length (or width) of an N#N Crossbar network. The length of
clock line in metal and diffusion then are given by

LMCB = 1. ZAN  for the metal line (4. 5)

LDCB 0. 3AN for the diffusion line (4. 4)

5.0 Example

As an example let us consider a N/ #N- network built from N=N
size module chips which are laid on copper printed circuyil boards. The pin

capacitance for this type of construction is aboutl 4pf and tLhe capacitance of
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an elemental gatle is Q. Qlpf The variocus delays are:

d = 2.0 nsec

dM 4 Q0 nsec

dL = 45 nsec for the synchronous module

24 nsec for the asynchronous module

dF

4% nsec for the synchronous module

34 nsec far the asynchronous module

An estimate of the clock skew is given in Appendix B. The synchronous module
was designed and a VLSl implementatlicn was achieved via a PLA. The area
required by a 2#2 network was estimated and from this data it was calculated
that the largest network that can be implemented on a lem¥icm chip is lé#lé

We will 3ssume that the size of the largest chip available is 2Zem#2Zcemi a 32832
network can be implemented in a3 chip of these dimensions. The delays dARRA and
dACB for the asynchronous modules and the delays dSBA and dSCB for the
synchronous modules of the Banyan and Crossbar nelworks are plotted in Figures
10 and 11 against N’, the network size. In Figure 12 the same delays are

plotted against N, the module size.

S 1 Comparison of Asynchroncus and Synchronous Network Delays

Banyan Network

Consider the delay dABA for the asynchronous module From
Figure 10 we observe thatl the delay increases with an increase in the network
size N for a constant N, the module sizei the delay decreiases with increase
in N for a constant N-. The increase of dABA with N/ can be altributed to the
term dPBA, the average of the maximum path delays. As the size of the network
increases, the physical path lengths between communicating chips increase and

since the off-chip path determines the path delay, there is an increase in
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delay. On the other hand, with increase in the module size, the implementation
of a given size neltwork requires fewer chips and hence the physical path
length belween communicating chips decreases; this results in a decrease in
the delay.

Next consider the delay dSBA for the synchronous module. The
synchronous module delay increases with N/ for 23 constant N and increases with
N for a constant N The increase of dSBAR wilh N’ can be attributed to the
term dPmax, the maximum path delay between two communicatling chips. As
mentioned with reference to the asynchronous module, with increase in the
network size the physical path lengths increase resultling in an increased
delay. On the other hand, increase of d5BA with increase in N is due to the
increzse in clock skews as the physical size of the chip increases (wilh
increase in N) the clock line lengths within the chip increase and hence
result in an increased clock skew A key assumption in this is that lhere is
negligible clock skew associated with clock distribution to the individual
chips.

Crossbar Network

The delay for the asynchronous module is independent of N~
and N. This is because «f the planar construction of the Crosshar network The
distance belween communicating chips is 3 constant independent of network size
and hence the delay is alsc censtant.

The delay for the synchronous module is independent of N7;
this is because of the same reasons as in the asynchronous module. The delay
increase with N in the asynchronous case is because the clock skew increases
with N as explained earlier

The variation of dABA and dSBA with N for different N~ has
been shown in Figure 12 From this figure we can make a comparisen of the

delays associalted with the asynchronous and synchronous controel schemes. It is

s 7 ‘¥ e W, e W
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clear that in the case of the Banyan network: for small N the synchronous
control scheme resulls in a smaller delay Consider a particular network size
N‘. From the intersection of the curves for the asynchronous and synchronous
control schemes for this value of N/, we can obtain the range of values of N
for which a particular control scheme is best. For example, for N =512 we get
the following result:
Synchronous control betier for N < 23
BANYAN Asynchronous control better for N > 23
The same interpretation can ke extended to the Crossbar
network curves. Notice that the Crossbar network delays are independent of the
netwerk size because Yie intermodule distances are constant independent of the
madule or network size. Thus we gel the following result:
Synchroncus control better for N { 19
CROSSBAR g_

Asynchronous control better for N > 19

S 2 Comparison of Banyan and Crosshar Network Delays

We first consider the asynchronous control scheme. From
Figures 10 and 1l we find that the Crossbar asynchronous network always has a
smaller delay than the Banyan asynchronous netwe~k. Far small network sizes,
the difference in the Banyan and the Crossbar network delays is net
significant; however for large network sizes, the Crossbar network has a
significantly less delay. The reason for this difference again is because of
the planar construction of the Crossbar network. A more important
characteristic of the Crossbar network is that the delay is constant
independent of the network size; this could become 3 significant advantage
for neltworks which are designed with future expansion in mind

We next consider the synchroncus contrel scheme. Again, the
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Crossbar network has a smaller delay for small values of N, while for large
values of N the delay of the Crossbar network is significantly higher than
that of the Banyan nelwork. From Figure 1Z we find that the delay of the
Crossbar synchronous network increases more rapidly as N increases than thatl
of the Banyan network. The reason for this is the clock skew In the Crossbar
network the clock path lengths increase much more rapidly with incresse in the
module size in 3 chip than in the case of the Banyan network since the
Croussbar network requires more number of modules to implement a given size
network than the Banyan network.

In order to minimize hardware costs (i. e. reduce total number
of chips), the maximum module size would be selected However it should be
noted that given current chip sizes and pin constraints, if ane wants to wuse
the maximum module size possible (i.e 16 < N < 32), then unfortunately this
is just the region of greatest uncertainty in terms of selecting the optiaon

with minimum delay.

60 Conclusions

This paper has presented 2 comparison of the Banyan and
Crossbar nelworks on the basis of the type of conlrol scheme used for routing
of data. The networks are intended for use in multiprocessor systems for
interprocessor communication. The cheoice of the type of network and contral
structure is important in achieving thigh bandwidth and modularity. The
analysis used in this paper can be utilized in making certain important
decisions regarding the bandwidth and modularity of the network.

The Banyan and the Crossbar networks have been maodelled
according to the type of control scheme used These models were used to obtain
the delay associated witlh each type of network and control scheme. The delay

equations were then used to obtain the delay curves of Figures i0 and 11 and
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Figure (2

Comparison of the delays in the Banyan and the Crossbar
network were made for both types of control schemes, the synchroncus and the
asynchronous. The modular and planar structure of the Crossbar network was
found to be very suitable for VLS] implementation; this was also the reasoen
for the delays in the Crossbar network for both types of control schemes being
less than that in the Banyan network. Delay curves were obta ned for a
particular example clearly showing the delay tradeoffs for the Banyan and

Crossbar networks, and the synchronous and the asynchronous centrol schemes.
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APPENDIX A

e e e e s o e

Determination of dPBA

The layout of 3 &4#64 Banyan netweork buill from 4#4 module
chips is shown in Figure & (only paths from source | te all destinaticns are
shown for clarity). The analysis for the delay will be made for network sizes
N/ given by

N7 = N##p- where n- is an integer.

As shown in the layout of the 63#64 network, the number of
rows in the layoul of a3 N’#N’ network is given by N°/N = N##(n“~{). A column
will be referred to as the level of the network; the number of columns is
given by log N/ = n-.

N

We consider source 1 and evaluate the maximum delays in each
of the paths from source | to all the destinations. We will firsl identify the
maximum intermodule communication distances and the levels at which they occur
for each of these paths

For destinations (N##(n--1)+i) to N7, the maximum distance
between twa communicating modules is the distance belween tLhe module at level
(n--1) and the module it communicates with at level n-. Hence the maximum path
delays from source ! to destinaticns (N##{n--1)+l1) te N/ are due te the path
delays between the (np/-~1)th level and the n’th level of the netwark

We now analyze the communication distances hetween modules at
level (n’-{) and level n’ for the paths +from source ! to destinations
(N¥#({n=1)+1) to N/, MWe will consider N**#(n--1) paths at a time starting from
the path to destination (N*#(n--{)+l), 1that is, the groups of paths to be

considered at a time are:




-~

Paths to destinations: N##¥(n--1)+i te 2N##(n--1)
IN#%(n/-1)+l to 3N#x(n--{)

AN (n/={)41 to 4N##(n/~1)

(N-1IN##(n ={)+1 to N##n/

Consider the paths to destinatlicans (N##(n-=~1)+)) to
2N##(n-~1). The maximum distance between two communicating modules is between
the modules at level (n’-{) and level n’ and are equal for all these paths.
Let this be 3Z Similarly, considering the next N##(n--1) destinations (
destinations (2N##(n/—{)+1) to SN¥#(n--1)), the maximum distance between two
communicating modules are equal for all these pathsi this is denoted by 53
Proceeding in the same manner, lel SN bte the maximum distance belween twe
communicating modules for destinations (N-{)N##(pn--{)+{ to N~

Consider now the paths to destinations | to N¥x{n‘~-1). The
maximum distances between two communicating modules for these paths are not
the intermodule communication distances belween levels (n’-1) and n-. Let S{
be the average of the maximum intermodule communication distances for paths te
destinations | to N##{(n’-1). Then the average «f the maximum distances helwesn
two communicating modules for all paths from source | is given by

N N
Sav = S Si/N = (SI/N) + 3 SisN (AL
i={ i=2

We now evaluate 3i. In order to do this, we consider the
intermodule communication distances between levels (n--2) and (n"-1). Clearly,

for paths to destinations N##(n/-2)+l to N##(n-/~1), the maximum intermodule

communication distances are those between modules at levels (n--2) and (n/-1).

We define 312, 513,...., SIN in the same way as we defined 52, &3,...., SN
where the the first number after S denotes that S12, 313, ...., SIN are
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components of the term SiI. Sll is defined in the same way as 51, that is, 31ii
is the average of the maximum intermodule communication distances for paths to

destinations | ta N##(n--2). Hence we can express 51 as

N N
S1 = 3 SLi/N = (SLI/N) + 3 SLi/N (AZ)
i=1 i=2
2 N z N
Hence Sav = (B1I/N ) + 2 SLI/N + 3, Si/N (A3)
1=2 i=2

We assume that the chips are going to be laid out on the printed circuit
board as an array such that distance betlween two adjacent chips in the same
row is Ll and the distance between two adjacent chips in the same column is
L2  The first term in the expression for Sav is small compared to the third
term:; we take Sill 3s equal to the smallest distance between twe communicalting

modules, that is, L1. Hence

Si = L1 + (i-1)#(N##{n/-2))¥2 , i=2 to N (A4)
Sii = L1 + (i-1)#(N##(n--3))%L2 , i=2 tao N (AT)
8i1 = Li (AL)

where we assume that L1 { L2

2 4
Then Sav = L1 + ((N + [)*(N-1)/2N IN-#L2 (A7)

3av gives the average of the maximum intermodule communication path lengths
for all paths from source |. Under the layoutl shown, scurce ! clearly has the
longest paths . Hence Sav is an overestimation of the average of the maximum
path lengths when all scurces are considered. However, we use Sav in  our
calculations as this would give 2 worse case value

The external capacitance that has to ke driven from 2 chip
consists of the printed circuit board path capacitance and two pin
capacitances . The capacitance per inch of standard printed circuit boards is

generally about 1pf whereas the pin capacitance is about 4pf If the external

e T . ——— L, W W
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load CL is driven by an exponential driver then the delay is given by

dP = deexln(CL/Cg) (A2)
Hence dPBA = dwesln(CL/Cg) ' (A9)
where CL = 2Cpin + Cpath
2 4
= 2Cpin + L1 + (N + D1)#(N-1)/2ZN IN-#L2 (AlQ)

We consider some numerical values far L1 and L2 We take

Ll = 1 inch
L2 = 2 inches
2 4
Then CL =9 + (N +1)(N-1'N“/N pf
Cg = gate capacitance of 32 minimum sized transistor
= 0.0l pf

d = delay through a2 basic gate ie. an inverter
= 2. Q nsec

2 4
deerln(( 9+(N +1)(N=1IN-/N }/Q OX) (ALl

Then dPEA

Determination of dPmax

The maximum distance between any twoe communicating modules

for the Banyan network is SN

7
s

SN = L1 + (N-1)#N-#L2Z/N (AL2)
2
Hence dPmax = dee*In{(2Cpin+LI+(N-LIN-*2/N )/Tg) (AL

Netermination of dPCB and dPCBmax

The layout of a 16%16 Crossbar network is shown in Figure 9
and it is clear that because of the modular and planar constructian of the
Crassbar network, the intermodule communication distance is independent of N

and N-. The intermcdule communication distance is either Ll or L2 Hence the
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average communicalion distance is (L1+LZ)/2Z Hence
dPCR = d#e%#1n((2Cpin+0. S#(L1+L2))/Cg) (A14)

The maximum intermodule communication distance far the Crassbar network is L2

Hence dPCBmax = d¥e*ln((2Cpin+lL2)/Cg) (ALS)

APPENDIX B

s e e e e sty e

Determination of clock skew

The resistance R and the capacitance C of a line of length L

and width W is given by
R =PL/(WH) (B1)
C = € LW/Ha (E2)
where He and Ho are the thickness of the conductor and oxide respectively, Pis
the resistivity of the conductor and € is the dielectric constant of the

oxide. Hence the time constant of the line can be expressed as

"

RC = P& L‘/(HcHo) (B3)
This expression shows that the time constant varies as the square of the line
length. A detailed analysis of the clock skew has been made in FRANZID: we
present the final resull here: the clock skew § given by
& = (ROMin®ln(I-(VTmin/Vdd)) - (RCImax*ln(1-(VTmax/Vdd)) (B4)
where (RCImax = maximum time constant of the clack path
(RCYmin = minimum time constant of the clock path
YTmax = maximum threshold voltage

VTmin = minimum threshold voltage

Banyan network

The length of the metal line was shown to be

I-~‘“ T




LMBA = 0. 3LBA (BS)

and the lenath of the diffusion line was shown to be
LDBa = Q. 2LBA (B6)
The resistance R of the clock path i:

R = (RD/BILDBA/2A (B7)

where we neglect the contribution of the metal to the resistance as it 1is

small compared to that of diffusion. The capacitance of the clock path is

given by
C = (CM/a)3ALMBA+(CD/2)2 ALDBA (B3)
Hence RC = (RD/0)(LDBA/2)L (CM/a)3LMBA+(CD/3)2LDBA (B9)
where RD/O = resistance per square of diffusion
3

AN =1 em= 10 um for N=lé&

CM/a

capacitlance per unit area of metal

~4 2
= Q. 3#10 pf/um

CD/a

capacitance per unit area of diffusion

-4 2
10 pf/um

A = minimum feature size
= 2.5 microns

For VLSI chips . the variation of the time constant and the threshold voltage
is about 20% Hence

(RCYmax = 1. 2RC (B1O)

(RC)min = 0. 8RC (BRi1)
The typical threshold voltage VT = 2. S V and with a variation of 20% we have

VTmax = 3 V

VTmin = 2 V

Hence & = (ROMin#1n(0.6) - (RCImax*1n(0. 4) (B12)

ol




Crossbar Network

The( length of the metal line was shown to be
LMCR = [. 2AN
and the length of the diffusion line was shown to be
LDCB = 0. 3AN

Hence the resistance and capacitance of the clock line are given by

R = (RD/OHYDCB/ZA
C = (CM/a)3A LMCB+(CD/a)2 ALDCE
Hence RC = (RD/V 0 )Y (LDCB/2) L{CM/3)3LMCR+(CD/a) 2LDCR]

& = (RCImMin*1n(0. &) - (RC)max#*1in(Q. 4)

(B13)

(B14)

{BL{S)
(Bi&)
(B17)

{B13)
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(a) Crossbar switch and the different path connections

F
T .

(b) An N*N Crossbar network

Figure 1: The basic Crossbar switch and an

N*N Crossbar network.
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Figure 3: Huffman asynchronous circuit model.
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Figure 4(a): Delay model for two adjacent asynchronous modules,
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Figure 4(b): Delay model for a path in the

asynchronous Banyan network.
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Figure 7: Clock distribution to two modules with
clock path lengths L1 and L2.

Figure 8: Clock distribution for a 16*16 Banyan network.
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Figure 9: Clock distribution for an 8%8 Crossbar network




*S9ZTS JI0MIBU JUIIDIITP
103 Maomlau uedueg jJo uojiletaea AeyaQg :Q[ °2andtg

AZIS MY0OMLI3N N

00 °8Y0¢ 00 ‘¥201 00215 00 "952 00 ‘821 00 °v9 00 “2€ 00 91 008 .

" T T 1 T =T T T 00 ‘05
J
—{ 00°cot

- a
m
r
.4 >
IA
(u11 paysep) ]
SNouoiyouis w)
— . 0
00 *0S1 0
o
(3UTT PFIOS) ¢ 1 v
snouoaydudsy 91 .
8 4
=N
~y 00°00¢

N SA AVT130 MIOMLIN NVANVE




*§3ZTS HI0MIIU JUIAIIITP
103 jiomiau 1eqSS01) JO uoIleTieA Ae[3Q :I] 3InBIy

3Z1IS MYOM1I3N N

00 "8r0Z 00 "v20t 00 *2is 00 '852 00 *821 00 °r9 00 "2e 00 *91 0o°s
T T T 7 T L T T 00°0S
4
v O O O B O e B e D — —© ]
gr—— —— O ——— =0~ - —— P —— O — @ — — — —© - 00 001
(dull paysep)
SnNouocaAYduLg T
4
Moro—-———o———-o0———————— e ——— > ——— .*
(SUTT PYIOS) A
snouoayodudsy *— - - — - — — -~ m
-1 oo.om:W
) <
-4
3
1 0
4 )]
o
— 00°002 «
k=N 0 ——— O~ — — O~ — O — O — — B — — — ~@© .A
-
—1 00°0s2

N SA AVI30 MIOML3IN ¥VESS0HD




VAl

*92z7s a[Npow JU2I33JTp 103
$}10Mm)3u uedued pue 1eQSSO1) Ul UOIIBTIBA ABT3Q 171 @and14

®z1s ®[npouw N
00 *2e 00 gl 00°8 00y 00 2
T T T T 00 ‘os
o *JULs 4
\\\\\\\ ieqssoan
P e — 00001
-
\ -
7~
g === 7ic ]
e —— T T — *Judfs
% et S - A L/(] uedueg
\ \\\\H\)\\\.\*\ \\\\\ wVON
Z \*\\l\\\\ —— -4 O
o \\V\*\O == © -© *dufse m
-, -
it e 1988030 — 000t 5,
M D L e T T T TT— . <
#«AJ“I“‘\:VM.\»/)-T/I./TIJJI!:H[* 967
12 e e A 1 .
ol / /TI"J'/I... %701 *Jufse . ~
/ T 8407 uelueg %v
/ | 0
/ N ~ o000z 7
/ . 7
/
, i
6 4
~§ 00°0S2

N SA AVT3d

hllll.llll[



APPENDIYX III

Pin Limitations and Partitioning of VLSI Interconsection
Networks

MARK A. FRANKLIN, DONALD F. WANN, anD
WILLIAM J. THOMAS

Abstract—Multiple processor interconmection Wetworks cas be charac-
terized as having V' inputs and .V’ outputs, each being 4 bits wide. A major
implesentation comstraint of large networks ia the VLS environmeat is the
sumber of pins available o a chip, N,. Coustruction of large networks requires
pertitioning of the V' « N’ « B’ network into a collection of N « N switch
modules with each input and output port being 5 (8 < 8) bits wide. If each
mmmnwcﬁp&alhmmodmhimm
bymﬁuthcﬁphaurﬁcuhrm.mcmm
preseses & methodology for selecting the optimwns vawes of ¥ and 3 given vakes
o(N'.B’.N,.alitieuuofmulimpermMod&forMhlyn
and crossbar networks are developed and arraagements yielding minimum: 1)
mumber of chips, 2) average delay through the network, and 3) product of number
of chips aad deiay, are presented.

Index terms— Banyan, crossbar, intercosmection networks, mmitiprocessors,
pin limitations, muitiprocessors, syachronization,

I. INTRODUCTION

Recently a variety of physically local, closely coupled muitiple
processor computer systems have been proposed and, in some cases,
built [1]-[4]. One key issue in the design of such systems concerns
the communications network used by these multiprocessor systems.
Various studies have focused on the functional properties of such
networks (i.c., permutations, control algorithms), on their complexity,
and on performance issues {5]-[9]. Network complexity has often
been measured by the number of elementary switching components
needed, while performance has been determined by the average
number of components through which a message must pass (i.e.,
average delay). Complexity and performance questions have been
examined in the context of VLS] implementation of such intercon-
nection networks. Franklin [10] has compared crossbar and banyan
networks operating in circuit-switched mode in terms of their space
(area) and time (delay) requirements. Wise [11) presents a three-
dimensional VLSI layout-arrangement for banyan networks.
Thompson (12] and Padmanabhan {13] derive lower bounds on the
area and time complexity for a number of networks.

Closer examination of YLSI network implementation problems
however shqw .that pin limitations, rather than chip area or logical
component limitations, are a major constraint in designing very large
networks. Consider a network with ¥’ inputs, M’ outputs, and with
each output being B’ bits wide (N’ + M’ « B). The number of required
pin connections (ignoring power, ground, and general control) for a
single chip implementation is given by 8(V’ + M"). For a square
network of size thirty-two, with B’ = 16, the number of pins required
would thus be 1024. This is much larger than is commonly available
on commercial integrated circuit carriers and is near the limits of
advanced ceramic modules where the entire area of one module sur-
face is used for pin placement.
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This correspondence focuses on two important problems encoun-
tered in the design of interconnecting networks. First we examine how
partitioning the network can be used to overcome the pin limitation
constraint. We develop relations for optimum partition configurations
as a function of the major network parameters including total number
of integrated circuit chips and average m=ssage delay through the
network. Secondly, we identify an unusual problem, called word in-
consistency, that is created when local control of the partitioned
network (which may be highly desirable for its ease of modular ex-
pansion/contraction) is used, and propose a control structure and
protocol that overcomes this problem.

One approach to partitioning is to implement a large network (V'
» N’) requiring many pins as an interconnected set of smaller sub-
networks (N s N) where each smaller subnetwork can be contained
on a single chip whose packaging design meets the pin constraints.

Another approach is to slice the network so that one creates a set
of network planes with each plane handling one or more bits (e.g., 8
bits) of the B’ wide data path. It is this bit slicing procedure which
can lead to synchronization problems. Consider the situation where
message routing through the network is via local control logic present
at each network switch node. If several messages arrive close together
in time and request the same output, it is possible that the output word
will contain bits from a number of input sources and thus be in error.
This situation is referred to as a word inconsistency.

The next section of this paper deals with determining the “best”
combination of data path slice size B and subnetwork size .}V such that
both chip count and bandwidth of the overall N’ « N’ network are
minimized and the chip pin constraints are satisfied. Then the word
inconsistency problem is treated, methods for its detection are dis-
cussed, and a protocol and associated asynchronous switch module
are presented.

II. THE BASIC MODEL

The following parameters specify the space over which the data
path slice B and the chip subnetwork size N must be selected.

1) NV: An overall network size (N < N').

2) B’: A data path width (B < B).

3) T: Anintrachip network type (e.g., the interconnection network
impiemented within the N « NV chip might be a crossbar).

4) T': Aninterchip network type (¢.g., the interconnection network
implemented between the V = N chips to achieve the overall V' « N/
network might be an Omega network).

5) Np: The maximum number of pins allowed on a chip.

6) Ny: The number of pins on a chip allocated to power, ground.
and control.

Figs. 1, 2, and 3 illustrate a gcneral N7 « NV’ network. and a possible
decomposition of a sample 16 » 16 » 8 network (V' = 16, B’ = 8). The
network shown in Fig. 2 uses 4 » 4 » 2 subnetwork chips are also
possible and each implementation will have a different total chip
count, time delay, and chip pin requirements.

The basic model consists of two parts. The first relates to the chip
count, while the second concerns network time deiay. Only square,
fully connected networks (i.e., there is a path from each input port
to each output port) are considered. Note that certain input/output
paths may have a common subpath and this may result in messages
being temporarily blocked.
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Two types of interchip retworks (T”) are considered: the incre-
mental crossber, CB, and the modified banyan, BA [14], {15]. Thus
T = CB or T = BA. While there are many ways of designing a
crossbar network (e.g.. demultiplexer/multiplexer configuration,
switched muitiple buses, etc.), the incremental crossbar design (Fig.
4) can be expanded on a unit basis by adding basic switch moduies
in a row-column arrangement. This modularity property permits
flexible expansion while retaining the nonblocking and full connection
properties of the crossbar. A price is paid for these propertics in terms
of number of switches and pins required on a switch module. While
the number of switches required per switch module may not be a se-
rious constraint with VLSI technology. the problem of pin constraints
is often severe. For the incremental crossbar, the modularity property
tequires 4 NB data pins to implement an N « N » B switch module
while the banyan, a biocking network, requires 2 VB data pins. The
modified banyan networks are assumed to be of the form shown in
Fig. 2 where all output ports of a switch module are used in estab-
lishing connections between successive module rows. )

To make global comparisons simpler, and to climinate biocking
at the switch module level, it is assumed that the intrachip network
used is the incremental crossbar (T = CB). This is reasonable since
component limitations within a chip are unlikely to be present in the
VLSI network environment assumed. Furthermore, over the range
of intrachip network sizes considered, the differences between the CB

a:xg]BA in terms of space-time product measures are not substantial
110].

A. Chip Count Model

The number of ¥ « ¥V « B chips required to implement an V' « N’
+ B’ incremental crossbar network is given by

Nep = [B'/BI[N'/NT2. (H

The banyan aetwork is one of the class of blocking networks whose
logical complexity grows as O(.V log V) rather than O(V ss 2) and
the number of .V « NV » B chips needed to impiement an V' « NV » 8’
banyan network is given by

Noa = [B'/BUN'/N1[logn N']. 2)

The first term in this expression is the number of bit stices that is re-
quired. The second term represents the number of chips at each level,
while the third term is the number of levels.

B. Time Delay Model

A model giving the average time for a signal to propagate through
a network must include the time to traverse each of the chips, the time
to propagate from chip to chip, and since the bit slice approach sep-
arates the bits in a data word, the additional time that is needed to
make certain that all the data bits have completed their movement
through the N” « ¥ « B’ network.

The average delay associated with a basic switch module will be
designated as D, since these modules are assumed to have a crossbar
configuration. Path establishment delays are not considered here. The
delay of a pin driver and associated interconnection wires between
modules is denoted by D;,,. The intermodule delays for the CB and
BA networks are different and will be denoted as Dipmcp and Dimpa.
Additional synchronization delay introduced by the designer to assure
that all data bits have traversed the network will be represented by
Dyyncy and Dyymsg. For the CB network the average delay can be de-
termined by examining Fig. 4. Assume that each switch module im-
plemented on a single chip represents an N » N CB network. The pin
drivers for each module are also Jocated on the chip. For this ar-
rangement the number of modules in an average path is [V//N] and
each intermoduie path has the same delay D;p,cs. Therefore the av-
erage network delay D, is given by

Dy = [N'/N1Dcp + [N'/N1Dimes + Dyynes. (32)

Note that a circuit-switched design is assumad here with no pipelining
between modules.

For the BA network the number of switch moduies and the number
of intermodule connections is [logy A']. Here, because of the cor;;
nection topology, the intermodule paths are not constant in length.
The average delay, D,,, through such 2 network is given by

DM = nosN N’]ch + HOSN NqDlmbo + Dsym- (43)

The delays discussed above are due to the physical nature of the
devices being used. In addition, delays will be present due to logical
conflicts which arise when there is contention for either common
output ports or common network paths. These delays are probabilistic
in nature and their evaluation requires a model for generai network
operation. Assume a fully saturated system where messages are al-
ways available to be sent at each input port, that messages are of equal
length, begin and end simultaneously, and that output ports are
uniformly addressed. Since several inputs may select the same output
port, output contention may occur. In the case of the banyan network
there is the additional probability that a path may not be available.
Thus the probability that a message will be blocked due to output
contention is a function of network size in the case of crossbar net-
works, and is a function of both network size and module (subnet-
work) size in the case of banyan networks. This blocking probability
is denoted by Py-_v and is given in Fig. 5. These curves were derived
in the manner suggested by Patel [16).

A protocoi must be provided to handle those cases where messages
are blocked. This protocol influences the overall delay encountered
by a message and must be accounted for in delay caiculations. Assume
that a message retry protocol is used where blocked messages reenter
the system with the next message batch and that each message batch
is roughly a random and independent grouping of messages. To
minimize the effect of message length and possible delays introduced
by output port devices, assume also that messages are very short and
that output port devices are very fast (i.c., they are never a bottleneck).
Under these conditions, the average delay D_, through the CB net-
work is given by

D;b - D;-b(l - Py + ZD;‘,(] = Py N)Pr e

3Du(l = P s)Plon

which can be reduced to
Doy = Dy/(1 = Py-v). (3b)
Similarly, the average delay through the 84 network is given by
Do = D/ (1 =~ Py¥). (4b)

C. Pin Constraints

For a square NV « N = B chip with V; pins allocated to power,
ground, and control, the pin constraint is given by

Np Z KB -~ Ni (9

where K = 4 for the CB network and K = 2 for the BA network. The
equality will be used since it is generally advantageous to utilize as
many available pins as possible. Two cases may be considered. Case
1 is the situation where the number of data pins is much larger than
Ni. This is typical of a clocked system where a small number of clock
lines are needed to synchronize all the data lines.

For case 2, N, is not negligible and there is a control {ine overhead
associated with the data paths. Assume that the number of control
lines is proportional to the number of ports, ¥, on an individual chip
(i.e.. Ny = QNK where Q is a constant). This mode} would be ap-
propriate if chips communicated with each other in an asynchronous
manner and the control line overhead consisted of request/ac-
knowledge pairs (i.e., Q = 2).

These two cases can be expressed as

Na LN,/KB) fcase 1} (6)
LNp/K18+ Q)] fcase 2l M

_d
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D. Chip Count Minimization

The pin limitation constraints can now be incorporated by substi-
tuting 7 into | and 2 to vield

B [ I
N“’.IB/B]JN fK"(B"'Q)J ‘ ®
18781 N’ log V'
Noa = [8°/B] LN/K(B + Q)))log LN/K(B + Q)] @

The resulting expressions are functions of the path slice 8 and, for
a given network size, number of pins, and control structure, the value
of 8 (and thus N) which minimizes the chip count can be obtained.
An approximate way of doing this is to consider situations where V',
B, and N, are large. thus permitting the ceiling aixd floor function
to be removed with the resulting expressions being continuous.

For case | the chip count is minimized when 8 is minimized (i.c.,
B = 1) and .V shouid be selected as V,/K. Note that the continuous
result does not always hold when V', B’, or N, are small. For instance
for the BA network with N, = 60, N' = 128,and B’ = 16,2 B = |
solution yields V,, = 160, while if a two-bit slice is used then the
number of required chips is only Ny, = 144.

For case 2 derivatives can be taken to obtain the optimal B. For the
CB network the number of chips is minimized when 8@, This
CONUINUOUS 2pproximation Is inagequate over a wids ranee of values
and direct search techniques should be employed. *or instance with
Q=2 N =512, B =16, and N, = 90, a direct search procedure
gives an optimum of B = 3 and a chip count Ny, = 1026. Using B =
1 in this case resuits in Ny, = 1680. '

Equations | and 2 were evaluated using optimal values of V and
8 obtained by direct search procedures. Fig. 6 illustrates how the total
number of chips varies as a function of the network size for two dif-
ferent values of Q and N, For a given N’, N,,, and Q, the BA network
requires fewer chips than the CB. The curves agree with the obser-
vation that the CB grows as 0(/NV'?), while the BA grows as O(N’ log
N"). As expected, increasing Q or NV’ requires a larger number of chips
for both networks while increasing the number of pins/chip reduces
the total number of chips.

D. Network Delay Minimization

To evaluate the network delays as expressed in (3b) and (4b), it
is necessary to determine Dy, Dim, and Dyyp.

The value of D4 has been developed by Franklin [10) using NMOS
NOR gates for construction of the crossbar module and is given as

Dy = N[2.5mfr + 1(1 + 2.25a,)] = NA. (10)

The various parameters of 10 are defined in Table I. The equation
assumes a circuit switched CB, and uniformly distributed addressing
of module output ports. The first term in the brackets represents the
delay through an individual switch within a module, and the second
term is the delay between switches within a chip module.

The intermodule delay, D, is encountered when a signal goes off
the chip, propagates along an interconnecting path, and enters another
switch module (chip). A buffer (e.g.. a series of inverters) must be
included within the module to allow the minimum size transistor to
drive the module pin and associated load with minimum delay. This
delay is given by [17)

Dim = e log, 8 (13)

where 3 is the ratio of the buffer load capacitance to the buffer input
transistor gate capacitance. To determine the load capacitance, as-
sume that the driving and receiving pin capacitances are equal and
each has a value of Cy;p, and that modules are placed on a circuit
board and interconnected via printed circuit copper paths with ca-
pacitance Coyy. Thus

B = (2Cpin + Coan)/Cy. (14)

For the C3 network. the planar topology of the network ensures that
the spacing between modules will generaily be less than one inch.
Then pin capacitance will dominate and 8, = 2Cin/C,.

Given a limited number of circuit board connect layers, the non-
planar topology of the B4 network results in a varying distance be-
tween modules and Ciyp will vary according to the banyan level. Since
the number of levels required for a specific configuration is not known
a priori, the inclusion of a variable Cpecn complicates the computation.
As a simple approximation Cpe can be taken as the longest path
encountered by the network with this longest path corresponding to
the last level of the network. The capacitance of a typical printed
circuit path is approximately 1 pF/in and thus for a reasonable size
board, Cpen can be taken as 12 pF. By decreasing the pin driver area
as the banyan level decreases this value applies to all levels.

The final delay component corresponds to the synchronization
delay which depends upon the design technique used to determine that
all bits have traversed the network. For clocked designs, a standard
design practice is to include a tolerance region that is proportional
to the average delay time. Thus

Dy = K\[N'/NT(Dcp + Dimes)/(1 = P ~) (15)
and
Do = K\Tlogy N WUDes + Dimpa)/(1 = Py v) (16)

where K; = | + K. K, determines the guard region and might for
instance be taken as 0.1.

The pin constraint equations derived earlier can now be substituted
into 15 and 16 and overall expressions for the delay as a function of
the path width B obtained. Optimum values for 8 and N which
minimize the overall delay can be found following the same proce-
ures used in minimizing chip count. Fig. 7 shows the overall delay
25 a function of parameters NV, V', and network type 7”. These delays
use the optimum B and N values.

For the CB network the optimum occurs when B = | for all but
very small networks. Delay clearly increases as the number of control
pins increases, and as the number of pins on the chip decreases. This
is due to the fact that fewer pins available for data paths resuit in more
chips and more chip-to-chip (intermodule) transfer delays.

For the banyan network a wide range of optimal B and N values
is obtained. Due to the fact that the delay does not change over the
Q and N, ranges considered (Q € [0, 2] and ™ < [6C, 120]) only
a single BA curve is shown in Fig. 7. To undess+ ) this consider the
range of NV and B. The minimum vaiucs of * 3.2 + are | while the
maximum values may be obtained from tne ol ¢ -~ -~ raint expression
5. For example with N’ = 512, B’ = 16, 0 = 0. .ad V, = 90, the pin
constraint equation yields N € [1, 45] and B € (1, 45]. For Q = 2 one
obtains N € [1, 15} and B € [1, 43]. The value of ¥ which minimizes
the delay (i.c., N = 8) and the resulting 8 for Q@ € [0. 2} and N, €
[60. 120] are both within their allowable ranges. Thus changing Q
and N, wll effect the value of B; however, the values of the optimal
N will rema. i constant,and thus the curves for delay will be the same
over wide Q and N, ranges. In effect the optimum N (and thus
minimum delay) is not on the constraint boundary.

F. Chip Count-Delay Product Minimization

The chip count-delay product, P, can be obtained by muitiplying
the appropriate equations given previously. Earlier discussion indi-
cated that for large networks (V' 2 64, B’ 2 16), both chip count and
delay were generally minimized in the CB case with 8 = |. Conse-
quently, the product is also minimized with this choice.

For the BA network, the situation is more complex and search
methods must be employed to obtain the optimal B and N values.
Consider the case of Q = 0 and N’ = 512. Table II shows the values
of N, B which optimize the number of chips, the delay, and chip
count-delay product. The B and N values required for minimizing
P fall between those needed for minimization of the chip count and
delay measures by themselives. The count minimization is achieved
by attempting to place as large a network as possible on a given chip.
Delay minimization is achieved by balancing the delays associated
with the moduie network and the delays associated with increasing
the number of levels in the overall network. In this case placing as
large a network as possible on a chip is not the best strategy from a
delav point of view.




Values for NV and B which minimize P were obtained for both
network types. P is plotted as a function of .V’ for several values of
Np and Q in Fig. 8. As expected, P increases with increasing V. Once
again the BA network does better than the crossbar on this overalil
performance measure.

II1. OTHER PARTITIONING ISSUES

An important problem arises when a network is partitioned across
the bits in a data word. Consider a particular source, S; whose 8’ bits
are partitioned into Z planes (Z = [87/B7). Thus S; can be repre-
sented as

S;=\S! S}, 52§} (17

where the superscript identifies the plane. A specific plane, p, then
can interconnct only the bits from the pth partition of each source,
(S7), to the pth partition of each destination, (Df). This is illustrated
in Fig. 9. Since the interconnection network supports concurrent
transactions, two sources, say S; and S;, may make simultancous
requests to be connected to, say Di. The arbitration of these requests,
and the appropriate path selection through the network, can be
handled cither on a central basis (i.c., individual crosspoints controlled
from one central location) or on a distributed basis (i.c., each cros-
spoint making its own decision). Because of reliability and extenda-
bility considerations—of particular importance in VLSI—a modular
decentralized control structure has significant realization and perhaps
performance advantages. Unfortunately, if a distributed control ar-
bitration arrangement is used a nonhomogeneous word can be re-
ceived. To understand this, suppose that S; and S; are both requesting
a path to D, at about the same time. It is possible that a path from
S; to Di will be established on plane p (S? to D§) while on plane ¢
a path from S; to D; will be established (S to Df). This is illustrated
for the case where 8/ = 16, B = | in Fig. {0 in which S; captures the
path of plane 14. The received D, is connected to

Dy =18} --SP, 814,88, 51% (18)

and an inconsistency occurs at plane 14. The path from S/* to D{* is
blocked because of the connection to S/*.

Notice that there is a switching module at which requests from S;
and S; intersect, and at which an arbitration may occur. Neglecting
the arbitration uncertainty, which is 2 small effect (18), (19), the path
to the destination is awarded to the request that arrives first. But a
source request is divided into Z requests, ane for each plane. Therefore
even if one of the sources makes a request prior to another source, the
Z plane level requests may not arrive at their respective arbitration
modules first on all planes. This can happen because the propagation
delay along a path is not a constant from piane to plane. It is thus
possible that the propagation delay S; to the arbitration module on
plane p will be greater than the propagation delay from S, while on
plane g the propagation delay from S; will be less than from S;. Thus
a received B’ bit word can contain a nonhomogeneaus set of bits if the
interconnection network utilizes a distributed methodology for es-
tablishment of the paths through each of the partitions. rather than
a single path controller assignment strategy. If this local distributed
control structure is selected (because of its other desirable features)
then some mechanism must be included to detect that each of the
paths established to D through the partitions are from the same
source. A word received at the destination is inconsistent if all its B’
bits are not from the same source. Thus an important issue is to de-
termine what types of decentralized control allow modularity and also
permit the detection of inconsistent words,

Decentralized control implies that there is no global sequencing;
thus communication between chips is accomplished via some form
of self-timed protocol. Within a chip, however, the transactions may
be carried out with a local clock or with a seif-timed methodology.
A typical protocol would include provision for 1) detection of word
inconsistency, 2) detection of a blocked path, and 3) initiation of a
retry in either case. Part 1) of the protocol can be accomplished in
cither a deterministic or a probabilistic manner and the detection can
be made at either the source or the destination. Consider detection
at the destination. If each D{ can determine the source to which it

is connected, the word consistency can be evaluated. Since there are
N’ possible sources, this requires at most log; N’ address bits. One
possibie protocol is 10 establish the path and then have the source
serially transmit the same code word (of length log; V') on each plane.
For consistency, this transmitted word must be the same for each of
the destination partitions and this could easily be detected by com-
paring all the received bits in a word. This is a deterministic desti-
nation validation procedure.

It is aiso possible to have the destination perform a probabilistic
validation. Using this technique an extra parity bit is added to the
word width, so it becomes 8’ + 1 bits wide. The destination checks
the parity of each of the received words. An inconsistent connection
can result in a parity error. Although there is a nonzero probability
that one or more words can be received with proper parity even if the
connection is inconsistent, this probability declines very rapidly as
the number of exchanged data words increases (assuming random
data).

When the detection of blocking is included in the protocol, thus
requiring the transmissin of control signals from the network back
to the source, deterministic consistency validation at the source be-
comes feasible, and our investigations have indicated that this is the
method of choice if a completely delay insensitive protocol is desired.
A possible switch moduie design for an incremental crossbar network,
which has provision for path arbitration, path establishment, blocking
detection, consistency evaluation, and path ciearance, is shown (for
B = 1) in Fig. 11. Ali signals are transition encoded. Path establish-
ment is achieved by transmitting a header word. Assertion of R! in-
dicates a | and R% at). To select the destination in column C a word
containing C bits and having a singie 1 in the last position (e.g., 10
-+~ 0) is transmitted. An arbitration unit handles simuitaneous re-
quests from the left and top of a module. If the first header bit received
is a zero, the module absorbs the bit and sets its data path 1o the
horizontal position—otherwise, it passes the bit on to the next module
to its right. When a module senses a first header bit that is nonzero,
it indicates that the selected column has been reached and the data
path is placed in the corner position. Each bit exchange is acknowl-
edged via the generation of the A4 signal. If a desired module path is
blocked, then VA is generated and sent back to the source, This signal
resets the pathway previously established by the header bits, thus
allowing the next source request to be accepted. If only acknowicdge
signals are received after sending the header word, then a path to the
destination has been completed. The completion of each of the [ 8’/ 51
paths can be detected in this manner. If all paths have been established
and thus word consistency determined, then a message can be
transmitted. An end of message word received by the destination
causes it to generate an NA signal, which clears the path on its return
to the source. If the source does not receive acknowledge signals from
all the paths, then this indicates word inconsistency and a retry may
be instituted after some arbitrary delay.

While word inconsistencies can be detected and corrected through
the use of protocols having retry procedures, it is important to quantify
how often such retries must be initiated so that performance degra-
dation of the network can be evaluated. A detailed investigation of
these issues using a model in which each source hasa request that is
Poisson distributed is currently underway. Preliminary studies indi-
cate that for many practical arrival rates the probability of retry is
relatively small (i.c., under 0.05).

IV. SUMMARY AND CONCLUSIONS

This correspondence examines the design of muitiple processor
interconnection networks and presents a methodology for selecting
the optimum values of NV and B (a switch module size and path width),
given values of parameters N*, 8’, T", Q, and N, (interconnection
network size, path width, type, number of control lines, number of
pins per switch). Models for both banyan and crossbar networks were
developed and arrangements yielding minimum: number of chips,
average delay through the network, and product of number of chips
and delay were presented. The results show *hat ar the cracchar
network a bit slice approach (B = ) Ptuuuces tne optimum
arrangement, while for the banyan the optimum is achieved with
mulitiple bits per module. The impact of the number of control Jines
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on chip count, deiay, and product were aiso discussed.

The issue of bit piane synchronization was presented and a potential
probiem involving output port reception of words containing bits from
several different input ports was characterized. Methods for dealing
with this word inconsistency problem were proposed and the func-
tional design of an asynchronous switch module was given.

Research is continuing in this general area with current efforts
being directed at two related problems. The first concerns quantifi-
cation of the asynchronous versus clocked design methodologies in

the context of interconnection networks (20). This directly relates
to the value of Q used in the analysis presented. The second concerns
the incorporation of other physical constraints, such as heat dissi-
pation, into the design process in a manner similar to the use of pin
constraints in the work presented here.
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APPENDIX IV WORKING PAPER

DESIGN AND VLSI IMPLEMENTATION OF A SYNCHRONOUS CROSSPOINT SWITCH

Sanjay Dhar and Praveen Bhatia
Department of Electrical Engineering,
Washington University,

St. Louis, MO &3130

1.0 Introduction

Exploitation of hardware concurrency has been made possible by
the availability of low cost yet powerful microprocessor chips. Design of
systems which have a large number of processors has received particular
attention and a number of such systems have been proposed U[SWANN77, SULL77,
SEJUN30]. A central issue in the multiprocessor system design is related to the
network which maintains the communication among the individual processors. The
Crossbar network has received particular attention [FRANSLA, FRANSID] because
of its planar and modular construction which leads to easy VLSI
implementation.

A basic building block of the Crossbar network, the crosspoint
switch, has been suggesled in PADMBL. IV is possible to construct a fyll
Crossbar network by interconnection of such crosspoint switches. A 4 # 4
Crossbar network formed by interconnection of such switches is shown in Figure
i

In the crossbar network, any source i can communicate with any
destination ; provided destinaton j is not busy The network should therefare
have provisions for path establishment, 1transfer of data from source to
destination, detection of a blocked path and path clearing. The mode of data
transfer in the network can be circuitl switched or pipelined The pipelined
mode of data transfer, in which the data forms a queue in the network on its
way from the source to the destination, resulls in a larger data rate as

compared to the circuit switched mode. The cata transfer through the network
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is therefore chosen to be pipelined

20 Functional Description

2.1 Synchronous Switch Characteristics

Figure 2 illustrates a synchronous crosspoint switeh and the
signals associated witlh it. The switch module has two connections per side
The sides are identified by the second letter of the signal (i e L=left,
T=top, R=right, B=botltom). The first letter of a signal denotes the function
of the signal: "D" indicates that the signal is used for data transfer while
"N* indicates that the signal is used for acknowledge or not-acknowledge of
the data transfer signal. Consider a module i in a particular path. The left
gside of module i has a path L that is used when data (3 binary | or a binary
0 ) is sent to module i from the left. Similarly, the top side has a path DT
that is used to send data to module i from the top. The right side has a path
DR that is used when data is sent from module i to the module at the right
Similarly, the bottom side has a path DR that is used to send data from module
i to the module at the bottom. The pipelined mode of data transfer is achieved
by transferring one bit of data from one crosspeint switch to the pext
crosspoint switch all along the path. The not—acknowledge lines are used to
indicate a blocked path. The left side has a path NL that is used by module i
to indicate a blocked path to the module at the left. Similarly, the path NT
is used to indicate a blocked path to the module at the top. The path NR is
used by the module at the right to indicate a blocked path to module i.
Similarly, the path NB is used by the module at the bottom to indicate 3
blocked path to module i. Thus, there are eight paths of which four are input

and four are output paths. In addition to these eight paths, two more paths
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for 3 two phase clock are necessary. A reset line is present whose functlion is

explained later on.

2.2 Switch states

The crosspoint switch can have five data connection states.
These are shown in Figure 3 and correspond to: the horizontal and vertical
paths inactive (state I); the horizontal path active (state H); the vertical
path active (state V); the horizontal and vertical paths active (state HV).
and the corner path from the left to the bottom side active (state C). It is
to be noted that a switlch state corresponding to a2 path from the top to the
right side is not present as il is not necessary in the crossbar network. The
actual number of states required for this implementation is more than five;
the remaining states and the reason why they are necessary will be explained

in sections 2.3 and 2. 5.

23 Path Establishment

In order to be able %o transmil data it is necessary that a
path be established from the source to the destinaticon We now describe the
protocol by which such a path is established

Assume that all switch modules are in their inactive state
In order to establish a path from scurce Si to destination Dk (Figure 4), it
is necessary that all switches in row i from column 1 to column (k-1i) be set
to their horizontal states, the switch at the intersection of row i and column
k be set to its corner stale and all switches in column k from row (i+l) to
row N be set to their vertical states. In order to achieve this the source
sends 3 path establishment vector of length (k+l) bits. The first bit of the
vector is always a | and will be referred to as the switch enable biti the

next (k-1) bits are O; the (k+ei)th bit is a L. This final bit will be referred
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to as the column select bit Thus if the destination is D4, the path
establistment vector is 10001.

The response of a switch module to the path establishment
vectlor bitls arriving from the left is as follows: A module which is in the
inactive state (state I) examines the bits it receives on the DL line. If
this bit is a 0 the module takes no action (remains in state I). If the bit on
the DL line is 3 { (the switch enable bit) the module changes ¢ the enabled
state { state I-En). A module which is in state I-En responds to a QO an the DL
line by changing to the horizontal state and transmitting a 1 on the DR line;
however, if the bit on the DL line is a | the module changes to the corner
state and transmits a { to the bottom on the DB line. A module in the
horizontal state passes on the bits on the DL line on to the DR line and the
state of the switch remains the same while a module in the corner state passes
the bits on the DL line ta the DR line with no change in state. Consider the
example where a path has to be established between source Si and destination
Dk. The modules in row i from column 1 to column (k-!) enter the horizental
stale while the module in column k enters the corner state The module
immediately below in row (i+l) and column k, which is in the inactive state,
receives a 1| on the DT line from the top. It responds by changing to the
vertical state and transmitting a | to the bottom on the DR line. This is
repeated for all the modules in column k and thus all modules in column k from
row (i+l) to row N enter the vertical state The path from scurce i 1tla
destination k is sel and transmission of data can continue. It is to be noted
that a new state (state I-EN) was introduced. Consider the data lines. A O or
@ | on the data line indicates the presence of a data bit. However when no
paths are established in the network (all modules in state 1), the data lines

will be 0. Thus we need to differentiate between a data bit that is 0 and the
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absence of a data bit. Since only one line has been used for 