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Abstract

The issues involved in the system level design of real time DSP systems, particularly high
performance multiple processor systems will be outlined. We take a detailed look at the system
requirements for 1/0O and inter-processor communications hardware, looking at the common
methods of implementing such systems.

It will be seen that recognisable methods do not actually satisfy our requirements and we need to
look further for a better solution.

The novel ideas that we end up with can provide groundbreaking improvements for DSP system
design and performance, for a broad range of low medium and high bandwidth applications.

We then consider how such a communications architecture reflects on the other important issues
in the system design.
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1. INTRODUCTION
Why are we presenting this paper?

The authors have been working in the real-time DSP systems business for many years, providing
systems that need to deal with the applications problems of real customers. These customers are
from a varied background but without exception they are producing real solutions to redl
problems.

This places the following discussion into context: we have an interest in real world solutions.

Today we provide these solutions based on one (TMS320C4x Comport based) architectural
principle, which has allowed us to successfully deliver multiple processor DSP systems in a wide
variety of (inter-compatible) board level implementations for over six years.

We see radically new processor architecture like the TMS320C6000 family and wonder what is
necessary to make a system that can utilise the new levels of performance it brings.

We have an interest in finding a system architecture that will serve us as well in the future with
different DSPs as they become available.

2. REAL TIME
What does real time mean?

People seem to use the term “real time” more and more these days, often without really knowing
what they mean. “1 have to do my processing in real time’ is often heard, which really means ‘at
the same rate as my data flow’ or perhaps ‘ not off-line’.

Thisis actually closer to the truth than the definition that most people would give if asked, which
is“redly fast”.

For this paper we will use my persona definition of “real time” which is deterministic. We could
expand this to include *with enough bandwidth for the application’ or ‘with low latency’, but these
can be covered separately from the use of “real time”.

3. DSP

What is a DSP system?

It seems silly to ask such a question, but we need to be clear about the type of systems we are
considering. Anybody can tell you what DSP stands for, but it is not always considered that a DSP
needs Digital Signals to Process.

Such a system must have inputs and outputs, and these 1/Os must be generated by rea world
events. Until there is both input and output, there is no processing to do.



4. REAL TIME DSP SYSTEMS
What are the issues?

In a system like we have been describing there are a number of important issues that need to be
considered, and unfortunately they all interact with each other. The main categories that we will
use are: -

1. DSP Processor Chip
The actual processing power of the system, fixed or floating point, 16 bit 32 bit....
2. System Software strategy
The programming model that you will use, single tasking/multi-tasking, SSIMD/MIMD...
3. 1/O interfaces
An1/O bustype or dedicated A/D, D/A etc....
4. System Communications strategy
How the processors and 1/0 will transfer data, how the programming model will pass
Control flow ......

We need to start the search for an architecture that supports what we want to do today and what
our customers will ask us to do tomorrow. It is important for our customers that anything we do
will cope with future DSP technology and system requirements so that they can continue to benefit
from the clear progression path that we can provide them.

To this end, we must first abstract away from the specific details of particular DSP processors,
board level designs, and products, and to focus on the real issue of what sort of system level
support is actually needed when attempting to utilise multiple DSP processors efficiently in real-
time applications.

This means that we will not discussitems 1 or 3in at thistime.

There is awedth of information within the computer industry, resulting from the significant commercia
use and experimentation of a wide variety of multiple processor systems for well over a quarter of a
century.

The system software strategy is something that can be specifically chosen for a particular application.
Standard texts address the issues involved in this fidd with reference to the generd computing
environment, the same theories can be gpplied to real time DSP syslems so it is not interesting for usto
address them here.

This leaves the System Communications Strategy for us to talk about. The DSP industry is a rdatively
new player on the multi-processor block, perhaps only serioudy committing to multiple processor
architectures as a result of the introduction of some explicit technology support - in the form of the
TMS320C40 processor by Texas Instruments.



Blindly following multiple processor architectura techniques which have worked for genera computing
problems with no red-time operationa constrains can however be quite hazardous to a development
project. Just because there is familiarity with particular architectures, doesn't mean they are appropriate
for redl-time gpplications. It is essentid that whatever architectures are utilised for supporting rea-time
DSP related applications, are capable of accommodating the needs of these applications.

The System Communications Strategy is one key piece of the system that everything depends on. You
can see that abad communications strategy can render high performance DSP processors useless.

If thereis no support for 1/0 how can asystem be called a DSP system?
If there is no determinism how can asystem be cdled Red time?

The philosophy that we use every day in our business is based on deciding what you need to solve
a problem, committing that to record that we will not change, and then judging possible solutions
against those requirements. It seems simple but it is all too easy to twist the original requirements
to fit a particular solution unless we consciously discuss and record the origina requirements.

What are
the requirements ?

l Define Them!

Establish a
suitable solution

The next part of this paper is dedicated to forming an opinion about the requirements we have for
a communications system, validating our theory with some example systems, then judging the
Communications strategies that we see in the marketplace today, against those requirements.



5. NODAL BASED SYSTEMS
What are they?

Whether the system has lots of processors and a small amount of 1/0O, or a small number of
processors and lots of 1/O, the system can always be considered as a system of nodes that require
to communicate with each other in some way. Hence it can be a sensible strategy to consider the
new concept of “nodes’ where a node can be a processing node, an I/0O node or even both.

6. INTER NODE COMMUNICATION
What is it?

People are usualy comfortable with the idea of data flow in a system, and can usually accept the
concept of control flow, especially with 1/0O nodes. What can sometimes be a major leap is to
realise that the requirements for both of these are actualy the same.

So we will begin our explorations of System Communication strategies, by trying to consider

Communicating Nodes as a general case of Processors, 1/O, Data flow and Control flow.

7. THE COMMUNICATION REQUIREMENTS OF A REAL TIME DSP SYSTEM
What do communicating Nodes need?

When we are dealing with “real world” data it does not magically appear correctly formatted at the
node, as is often assumed when running academic benchmarks. It is the job of the communications
system to format and present the data to the node in that way, so that it can be handled efficiently.

Usudly “red world” datafrom I/O devicesis a constant Stream of data at some fixed rate, rather than a
short high speed burst of data at the full bandwidth of the communications system. It is however not
uncommon that data processing involves a block of consecutive data items in order to provide a single
result. This is sometimes a swing buffer type processing that moves from one block to the next, or is
sometimes a ‘diding window’ of data, where when a new data sample is added, the oldest can be
discarded. What is common to both of these techniques is that accessto stored data samplesis required.

So we can state that it is arequirement of the communications system to present the datato anodein a
way that makes this possible. -- Transfer of data in packets

Definitely in the swing buffer case, and probably in the diding buffer case, it is inefficient for a
node to be informed about the arrival or departure of each individual data item. It is preferable that
the node is informed after a “block” has been transferred. As the block size is increased, the
overhead of informing the node becomes negligible. The same requirements are true of all
communications in the system. -- Transfer of data in packets with notification of completion.

It is possible though that the node requires access to a large amount of stored data, or a small
amount - perhaps even single data items. Varying block sizes in this context usually offer a trade



off between throughput and latency. The size of the storage available at a particular node will also
need to be taken into consideration. Each system will have its own constraints for these
parameters.

So we can state the next requirement is the communications system must not impose a
particular packet size on the node

As a side issue from those requirements we can suggest that a processing node should not be
constantly polling and copying data, so if possible some kind of DMA transfer would be
desirable. This could be less important at an 1/O node as the hardware would be dedicated to
transferring the data.

We have already stated that for a real-time system, it is important that the communication system
should be deterministic, i.e. it must be able to guarantee bandwidth whatever the magnitude of the
requirement. It should be the case that the guarantee is independent of the application software
that is running on the “system”; i.e. one node is not affected by the behaviour of other nodes not
involved in the same communication. The latency is also an important issue, most applications can
tolerate a latency to some extent, minimising it is important, but making it deterministic is more
important. — The communications system must guarantee bandwidth and latency

Nobody would ever argue against the statement that the communications system must be able
guarantee delivery of data. This can be described as a blocking communication. If the recipient of
some data is temporarily unable to receive data, then the transmitting node should have a
mechanism to suspend transmission so that no data |oss occurs.

It is however possible to imagine situations where the blocking is undesirable, such as would occur
with a data stream that has to be monitored infrequently, and only when a trigger condition
occurs, high resolution data is captured. In this case it would be useful to have a non-blocking
communication. The data pipe simply carries data al of the time, the node that is monitoring
“picks’ a data item or burst at regular intervals to check for the trigger condition. If a blocking
communication is used, during the time that data is not being read, the system buffers will smply
fill up, eventually overflowing at the ‘far’ end. In a non-blocking communication the data that is
not being read is smply discarded, so that the next time the node “picks’ a sample it is fresh.
When atrigger condition is sensed the node can begin to capture data continuoudly for analysis. In
the non-blocking situation the capture of data can begin immediately, knowing that the next
sample is fresh and that there are no discontinuities caused by buffer overflow. Use of a blocking
communication in this case, could mean that there are one or more discontinuities in the data
where the buffer overflows. The only way to cope with this is for the application to have
knowledge of the buffer size and perform a ‘flush’ operation by discarding the first n samples —
less than ideal!

So we can form our next wish as being — we need the choice of blocking or non-blocking
communications.
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Multi-Node System highlighting Blocking and Non-Blocking communication

It is often desirable in a system that several nodes can act upon the same data set. This could be
achieved by copying data and re-transmitting it, but if the design of the communications allowed
this to happen, without intervention by the node, it would be a highly desirable feature. — Multi-
casting is desirable.

If this feature were to be used to transmit data from one source to two sinks, should the
transmission be blocked be either of the recipients, or one of them, or neither? This can only be
answered by intimately knowing the details of the application, so any of those schemes should not
be imposed by the communications system. This reinforces our statement that we need the choice
of blocking and no blocking communications.

The communications system should be simple to use. This means that its use is not just efficient
but also that it fits the application requirements rather than imposing constraints on the
application. Having a full feature set that is hard to program will prevent users from utilising all of
the features provided.

It has also been assumed &l along but not explicitly stated that the communications system should

be able to provide a high sustainable throughput at a viable system cost. This does not mean
cheap, but more having an acceptable price/performance ratio.

Now we can make two lists of requirements, the first a“must have’ list:



Transfer of data in packets with notification of completion.
the communications system must not impose a particular packet size on the node
the communications system must guarantee bandwidth and latency
we need the choice of blocking or non-blocking communications.
simple to use
viable system cost.
And asecond list of “would like” items:
Use of DMA at processing nodes
multi-casting is desirable.

Having produced this list of requirements we should validate them against some recognisable
systems:

7.1 A simple communicating Multi-node system

Most early experiences with multi-node DSP systems are with simple DSP cards, having a single
DSP chip, plugged into a host computer. In this system the host computer is one node, and the
DSP chip is another node.

The host computer is probably used to provide input from the user and output to the user either
via the screen or the file system. This makes this node a Processing and 1/O node. If the DSP has
some kind of I/O it is usually one or more memory mapped A/Ds and one or more memory
mapped D/As. This makes the second node also a Processing and 1/0 node. We can test our list
against this system:

Host DSP Board
Computer With Single
Processor
From Output
—> —
Keyboard Node »| Node Signal(s)
A [ “g
< Input
«— ———
To Screen Signal(s)

Two-Node System (Single Processor DSP Board in Host Computer

It can be seen that even with the smple system, having only two communication possibilities most
of the requirements are desirable depending on the needs of the actua application. The only
exception is the multi-casting, which is clearly not useful.



7.2 A multi-processor system with single input and single output nodes

Thistype of system could just as easily be a control system, a data storage system or many others.

For the purposes of this illustration, lets assume a system that enhances imagesin real time. It has
a camera providing input images, and a display for outputting processed images. Perhaps several
processors are needed to process the images. Consider afour processor configuration, with each
responsible for processing a quadrant of the image.

If we assume that the image input and output devices do not contain any processing capability, this
system has two I/O nodes and four processing nodes.

DSP DSP
Node Node
Other Similar | (Video) Bl B2 (Video)
High Bandwidth Input | b Output
(>>10 Mbytes™) Signal 1P 3 o/ Signal
Appsinclude: — Node | Node —»
Radar, A"
Sonar, A | A
Particle Physics. DSP DSP
Node Node
“B3” “B4”

Multiple Processor System with single input and output nodes

We can test our list against this system and find that al of the requirements are used, particularly
the multi-casting.

7.3 A single processor system with multiple I/O nodes

This type of system could just as easily be a control system, a data storage system or many others,
but for the purposes of this illustration lets assume a system that is monitoring safety levels of
multiple inputs. It has several input nodes all of which feed data to a common processing node.
This processing node could be comparing inputs, or testing each input for a spurious signal. This
system has multiple 1/0 nodes and a single processing node.
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We can test our list against this system and find that again, depending on the application
requirements, all features we have stated are useful. In this example it is particularly easy to see
the requirement for the non-blocking communications.

It is encouraging that these quite different system configurations can be addressed with a common
set of requirements. We can happily state that the theory that we devel oped has been validated and

will be a useful set of requirements against which we can judge some traditiona approaches for
providing system communications.

7.4 Shared memory

Most people’s first experiences of multi-node DSP systems use shared memory as the interface
between the nodes. Thisinvolves using an area of memory that is addressable by al nodes.

Shared Memory Bus
Arbitration

Logic
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Shared Bus

> Node

DSP
Node
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Multi-Node System using Shared Memory as Communication Medium



The main feature of such a system isthe arbitrator. The main function of thisis to prevent accesses
from the different nodes clashing. There are many standard techniques for arbitrating this type of
system, but judging each type is not interesting here.

What we can say is that an arbitration design could be made that allowed transfer of packets, gave
notification of completion of the transfer, did not impose a packet size, gives choice of
blocking/non-blocking, alowed DMA to be used, has viable cost, and supports multi-cast (in fact

very welll).

However....... a fundamental problem is this system is its use of a shared resource. The
guaranteed access speed of a buffer will always be less than 1/nth of the maximum access speed of
the memory devices (n = number of nodes). This is because in any communication both the
transmitting and the receiving node requires access to the memory in order to complete the
communication, and some finite time will be ‘lost’ in order to arbitrate the accesses.

There is aso a significant amount of management that has to be performed by software, making
the complexity of the system (and hence the time to create, test and support that system) grow as
the number of nodes is increased. Resulting from this management, any one communication
requires many additional accesses in order to gain alocation of the buffer, flag that it is queued for
use, find out its purpose and finally to acknowledge the action is complete and to release the
buffer. This makes the use of small buffers very inefficient, and means the system is not easy to
use.

Additional comments:

1. How simpleisit for an I/O node to exist in a shared memory system? There would need to be
hardware arbitration for the buffers, thus fixing the agorithm used by the system, or an
additional processor added to perform this task.

2. Shared memory is only practical in a single board system, unless each board is in fact a single
node, as in the next system implementation that we will discuss.

7.5 Bus Communication systems

Sometimes architectures are considered where a shared Bus is used for the communications path.
This could be separate boards communicating over a back plane like VME, or multiple nodes on a
board communicating over an interna bus.

Shared Bus
Input

Signal(s) | 1 [ [ Output
— 1 L1 Signal(s)
Node [ Node g9
A [ DSP wp
) Node Node
Output "Bl c1
Signal(s)

Multi-Node System using Shared Memory as Communication Medium



There are many standard bus definitions that people often choose for such a system, smply
because of the availability of standard components. It is usua however that the standard bus
definitions do not provide the features that we need, smply because they were designed for other
purposes such as providing I/O for general purpose computing.

Like the shared memory system we have just considered, the actual bus design could be
customised to give the features we need if we realised that the standard busses do not give us what
we want.

However we till have the same problem as in the shared memory system, the use of a shared
resource, with some kind of arbitration. This arbitration could work on a first come first served
basis, in which case one communication could be completely blocked by another, or it could work
on an equa share basis, in which case the avalable bandwidth depends on how many
communications are taking place. Either way the bandwidth is either not guaranteed, as more
nodes are added to the system.

7.6 Communication using FIFOs

Sometimes system designers redlise that shared memory management algorithms are often
attempting to implement a FIFO in software.

Shared Memory Shared Memory steps 1, 2, 3, and 4 can
only take place sequentialy. All
1 | RAM | | RAM | 3 equivalent stepsin FIFO model can take
4 N 7 & place concurrently.
VAR
N/%je‘/ \\L\l&{e Node » FIFO » Node
< FIFO [*

FIFOs support efficient transfers of data between connected nodes

So why not use actua hardware FIFOs?

The FIFO flags give the information about the availability or non-availability of space, or data to
read, and the two ends of the FIFO can be read and written simultaneously. Some multi-node
implementations have used this technique, where a system has a dedicated FIFO placed between
two nodes that need to communicate. Each end is accessible by only one node, so the FIFO offers
apoint to point connection between the nodes.



Against the requirements that we started with this is the best fit yet, and in fact we have some
experience with this approach as thisisin fact the same approach that Texas Instruments used in their
‘C4x DSPs to implement the Comports. Thisisthe basis of the architecture of our * C4x products.

Local Bus Local Bus
[—>
[—> [—>
C40 —> C44 —>
o mm— o mm—
[—> [—>
[—>
Global Bus Global Bus

TM S320 Processors which support the FIFO point-to-point communations model

It is an interesting aside that many early ‘C4x products used shared memory and Comports,
whereas we use comports as the only available inter-node communication, even with the host
machine that we have already discussed as being just another node. It is also interesting that we
are one of the few vendors that recognise the concept of having a node in the system that provides
I/0O only, asis demonstrated by our GDIO range of 1/O products.

Almost dl of those early products on the market that used shared memory have converted to be
comport only products now, perhaps because of customer pressure, or perhaps because when those
companies started to use the comports they redlised what an elegant solution they were.

So the market actually accepted this new architecture because it brought benefits.

With our * C4x products today, we see four common additional needs:

1. Itispossible to require more connections than are available on the processor silicon.

2. When more connections are required than can be supported by the hardware, it is sometimes
"desirable" is to utilise a means of using intermediate nodes to forward data. This technique
can cause the guarantee of bandwidth to be lost because of the bandwidth used to forward
communications.

3. The multi-cast is arequirement of some systems

4. The bandwidth is often too low for the application, especially when the node is required to
forward data onto a subsequent node.



It is clear however that in the modular multi-node system business that we are in, the comports are
the most elegant solution available today, but we should take some time to search for a better

Vision Systems

24-bit pixel images, arriving at 30 frames

per second.
B/W (512x512) = 23.6MBytes/s
B/W (1kx1k)=94.4Mbytes/s

Radar Systerms

12-bit A/D channel, sampled
at 40MHz.

B/W (I only)=80MBytes/sec
B/W (1&Q)=160MBytes/sec
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Particle Physics

128-bit event capture at
1Million events per second
B/W=128MBytes/sec
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Sonar Systens

16-bit A/D channels, sampled at 200kHz
B/W (64 channels) =25.6MBytes/s
B/W 128 channels) =51.2MBytes/s

solution starting from a “ clean sheet”. Perhaps we can find:-

8.

7

Back of envelope calculations for possible high bandwidth applications

An architecture that is independent of any particular processor type (unlike the ‘ C4x comport),
so we can use it for our existing ‘ C4x product range and for our * C6000 product range, where
there is nothing like the comport provided by the silicon manufacturer.
An architecture that satisfies our origina wishes, of at least has justifiable compromises.

THE SEARCH FOR ABETTER COMMUNICATIONS SYSTEM

Taking on board what we have been discussing, it is clear that having a FIFO interface a each
node is an elegant way of inexpensively and simply connecting to the communications system.
What would make this even better would be if all communications could be routed through a
single bi-directional FIFO regardless of the number of nodes in the system, regardless of the
ultimate source or destination of the communication. This requires that the other end of the FIFO

can have its data routed to any other node in the system.
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If we propose that the communications system takes the input and output of the FIFO and chains
them together to form a ring, made of point to point connections, then there is a possibility to
reach any other node in the system

Node »| FIFO FIFO Node

A 4

A

A

FIFO FIFO

Pair of Nodes communicating via FIFOs connected to Ring

As we add more nodes to the system we get a picture like :-

Node Node FIFOs can now be
assumed to be
embedded into each
“Node” in the model
presented

NodeE @ ] Node

CIT T LT T
Node Node

Group of Nodes communicating via Ring

Taken smplistically this means that each node has to handle the data for al other nodes in the
system. Thisis clearly undesirable. Following our “clean sheet” approach let us state that the grey
box is not just a FIFO but can also determine if the communication is to be received by this node
or to be simply passed on. If the system is clever enough the node could receive and re-transmit
the data, providing support for multi-casting.

The usual train of thought when this diagram is considered is to use a packet-switching ring. In
this case a packet would be assembled, and have routing information added to it, then the
hardware would wait for an available packet dot to arrive, claim it and transmit the whole packet.



STOP! This has destroyed our most fundamental requirement, which is the guarantee of
bandwidth and latency. A system implemented in this way is not deterministic, and probably
imposes the packet size and other problems.

There must be some mechanism for ensuring that these separate communications cannot cause
deadlock. It is a requirement of a real time system that they can both proceed at the same time.
This allows us to achieve our need for guaranteed bandwidth availability for each data path in the
system. Thus it is necessary that at any point on the ring, multiple communications can be
occurring simultaneoudly.

In the case of the ring communication system, it must be possible to pre-allocate “channels’ which
will then be utilised by the system.

Changing our model to a channel-switched model gives :-

Node Node

«g3” “gg”

I CT 1 Important Note
A

A
i Each channel,

once alocated,
........................ behaves like a
data pipe.
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Support for separate concurrent “Channels’ across communication system

This shift in thinking immediately shows advantages, in the diagram it can be seen that multiple
channels are allocated, one of them is a multi-cast connection, and some are passing through the
nodes communication block without requiring interaction from the node.

To the application, the communication system should ssimply be there, and work deterministically,
so that the application doesn’'t need to worry about it. Using a pseudo-static allocation of the
communications resources at system design time enables the application to simply use the system,
and be guaranteed the availability of bandwidth.



Reality check!
| am able to state that this type of system is achievable, we are in fact developing such a system
with the following features:-

Synchronous FIFO connection to nodes, offering DMA support and interrupts from flags.

6 nodes on an “on board” ring, including the host interface, and the inter-board connection.

Up to 400 Mbytes per second communication, allocated in 66.6M byte/second increments.
Application level programming of routing paths, dynamicaly configurable during system
operation.

Application level selection of blocking/non-blocking communication.

Application level selection of multi-cast groups.

No imposition of block size on the application.

“Inter board” ring, connected via 14 way connectors (one for ring input, one for ring output)
that supports the same bandwidth as the *on board” ring.

Guaranteed maximum latency of three 32-bit words in the “on board” ring, plus three more for
the off board ring.

Guaranteed deadlock free.

Node Node
Host Bus (E:xtends o
such as PCl, gmm;nlcanon
CompactPCl, Chanr;) st(;)
VME other boards
Host Inter
Bus DataFlow Board
1/0 1/0
Node Node
Node Node

Board Level Building Block Template for Ring System



9. THE EFFECTS OF THIS STRATEGY HAS ON THE OTHER SYSTEM CHOICES

Returning to our origina system components

Processor

Simply put the processor must have a memory bus, that’s al! It is very hard to imagine a DSP chip
being designed without a memory bus, so we are left with a free choice of DSP processor.

This choice may be effected by items like the availability of DMA or multiple memory busses, but
these are advantages not requirements.

System Software strategy

This communications strategy is very flexible; thus it does not impose any restrictions on the
programming model that you will use.

1/O interfaces

The treatment of nodes, rather than processors, means that 1/O interfaces are supplied with the
same rich features that the processors get. Coupled with a simple to use FIFO interface this means
that flexibility of 1/0 interfacesis actually enhanced by such a communications architecture.
System Communications strategy

This is evidently a very crucial issue in such systems. Getting it right can make the rest of the
issues become simple to solve. Blindly continuing with a strategy simply because it is available, or
was used before can severely damage your system!



