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Proposal for a
System-on-a-Chip Model

With RISC architectures no longer being as reduced as they used to be, CISC being build on top of
RISC principles, DSP embracing RISC as well as VLIW principles, we see DSP capability being added
to almost any architecture. Embedded applications must cope with shortening times to market, relia-
bility, increasing complexity and flexibility to change the runtime algorithms. Taking a software point of
view based on multi-tasking and resulting in very efficient but modular asynchronous architectures

can solve these issues.

ENGINEERING: THE ART OF
BUILDING BLACK BOXES

ur world is full of systems and objects that for the
o part of the world that uses these, are often “black

boxes’. They serve a purpose or execute a cer-
tain function while the user doesn't need to know how
they work. From the economical point of view, the black
boxes bear a cost in relation to their purpose and the
manner of how they provide that purpose. That's where
the engineer comes in. He was educated and hired to
design and build “better’, read more economical black
boxes. The concept of a black box in real life is wide,
covering from bridges over machines to “abstract’
pieces of software. In fact, the range is too wide for any
engineer to be able to master them all. So engineers
get a domain specific education and he becomes a
specialist. That specialization is also a curse, as it locks
the engineer in his field and in “how things have always
been done”. Specialization is marvelous for improving
existing systems. It is a hindrance if a given “system
architecture” has been exhausted and only a radical
new architecture can produce a major step forward. We
will try to illustrate this with the history of (digital)
Computing, an engineering field that, based on the von
Neumann architecture, is still largely in place.

THE VON NEUMANN ARCHITECTURE

The first digital computers were, just like their analogue
counter parts, custom wired for each use. This not
being very flexible, von Neumann conceived the idea
to change the architecture by adding “memory’. The
memory held on the one hand a “program’, a
sequence of instructions that at every step changed
the hardware to execute a particular function while on
the other hand it stored “data’, the input or the results
of the program. Central to this architecture was a
clocked “sequencer’ that automatically incremented
the “program counter’ to follow the logic of the pro-
gram instructions. To this date, all processor architec-
tures still follow this paradigm. Processor performance
being measured by how many instructions one can
execute per time unit; processor engineers have con-
tinuously found tricks to improve that figure. A first fun-
damental one is to increase the clock speed. This
worked quite well. On average, we have witnessed a
speed increase every 18 months. It is a matter of most-
ly making the circuits smaller and making the elec-
trons move faster. That is the specialization field of

semiconductor engineers. At the next higher level,
improvements were possible as well. One of the fun-
damental bottlenecks in the von Neumann machine is
the transport delay between the memory and the actu-
al processor. Processor architectures found numerous
tricks that while not fundamentally changing the con-
cept, allowed to increase the performance, at least if
the program fitted the model:

« Complex instructions: by adding more hardware cir-
cuits, one can execute the equivalent of several
simpler instructions in one step. The drawback of
the approach is that often a lot of the circuits will not
be used, while the execution delays limit the poten-
tial speed-up.

= Simpler instructions: by carefully analyzing pro-
grams, engineers found that most often the same
type of fundamental operations was needed. Often
fairly simple, one can then implement them in small,
optimized circuits, allowing an increase of the clock
frequency. Called “RISC” (Reduced Instruction Set
Computers), this architecture has the drawback that
often the memory has trouble keeping up with the
processor. Hence, large caches (often complex cir-
cuits) and large register banks were introduced.

» Breaking up the instructions into a number of small-
er internal ones that can be pipelined. This allows
to “feed” the processor with the next instruction
while the previous one is still being processed.
However as we use higher level language to pro-
gram, this makes the job of writing a compiler hard-
er. One must take care of inter-instruction data
dependencies and the pipelines can “stall” if a
branch instruction is used.

« Often, combined with the RISC idea, the processor
was redesigned to allow to execute multiple instruc-
tions at the same time. The ultimate in that
approach is called a “VLIW" (Very Large Instruction
Word) processor and as the state of the art we can
consider some of the multi-media processors or the
latest C62 DSP from Texas Instruments. The basic
architecture suffers from the same problem as the
pipelined one.

While | deliberately simplified the matters above, one
can see a general trend: micro-parallelism or an archi-
tecture where several things can happen in parallel at
the instruction level. This works best if all instructions
are mostly independent from each other and produce
no side effects. This is called orthogonality. The C62
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can be considered as a design that applied this archi-
tecture with good result: running at 200 MHz, the
processor can deliver a peak performance of 1600
Mips, albeit only for a short while. Thanks to the small
orthogonal instruction set, the circuits are fairly simple,
the power consumption is modest and the compiler
can generate fairly optimal code. Nevertheless, the von
Neumann architecture, as also demonstrated on other
advanced processors, like Digital's Alpha is reaching
its limits. We are at a point where the memory can no
longer keep up with the processor. While it is general-
ly claimed that the technology improvements were
mainly used to increase the memory density and not
the speed, the fundamental aspect that memory is
organized in rows and columns and often is external
to the processor, has not changed much. First level
and secondary level caches themselves operating
with wait states are expensive Band-Aids. They reduce
the problem on a statistical basis, but not on a funda-
mental basis. While the desktop market might tolerate
the situation, the embedded market, much more driven
by cost and power constraints, and with the require-
ment for predictable real-time behavior, needs a better
solution. Most processor designers tried to alleviate the
problem by adding faster intemal memory. However,
the current technology will probably never put enough
there. Is there a way out?

THE SOFTWARE GAP

If we look at the successive processor architectures
engineers have come up with, we can see a clear bias.
Most improvements are at the circuit level. This bot-
tom-up approach stems from the history. Hardware
was needed to execute programs, so hardware
improvements have always given a better perfor-
mance. As this is already a difficult job, specialization
was paramount, often leaving software in the back-
ground. Another reason is that processors are still per-
ceived as machines that can execute a particular cal-
culation very fast, hence the emphasis on executing a
particular stream of instructions very fast, e.g. scientific
computation. Hence, a lot of engineering work on the
software side, at least in terms of processor architec-
ture, is focused on building compilers that translate
high level language programs in fast executing
streams of instructions. Is that the purpose and the
solution to building “black boxes™? While some engi-
neers worked on the software black boxes, building
object oriented programming systems, they have con-
centrated on the programming methodology on
processors as they were, seldom looking at better per-
formance as a goal.

Therefore, we have to take a step back and ask the
fundamental question, what is software all about?
Initially, we have to agree, software was first of all about
programming the machine and programming lan-
guages evolved from simple assembler level into high
end object oriented ones. Today, software is or should
be about taking a real-world problem, writing a pro-
gram that models it and, eventually, executing it one or
multiple processors. If engineering is about building
black boxes that execute a certain function, we should-
n't need to know about how the intemals of the black

boxes operate. Hence, a software engineer should be
able to concentrate on his modeling task, rather than
on how the black box will execute the model. Of
course, at some point that might be helpful to improve
the performance but only in a second step. The trick to
make it happen is to design the hardware to execute
or support the software model, cleaned from all histor-
ical hardware references better. Can it be done?

Keeping the system in balance:
Step 1: parallel processing

Engineers have also come up with another improve-
ment to increase the performance: macro parallelism.
Two good reasons for it. Firstly, by putting more proces-
sors on the program, it should be possible to get a bet-
ter performance. Secondly, at the expense of more
‘real estate”, one can achieve a better balance
between the processor and memory speed. This was
and still is a good idea. It has however been largely
been superseded by the new processor architectures.
While originally processors could share memory in a
balanced way because each of them executed the
instructions in 3 to 4 cycles, current processors run at
a much higher frequency and execute several instruc-
tions in parallel in a single cycle. Even then, this
approach became very quickly inefficient if more
processors are added. In addition, this ignores a more
fundamental problem. How can a program be parti-
tioned to run in parallel? How can we assure that all
the parallel program parts keep the memory in a con-
sistent state? One can think of a bag of tricks or Band-
Aids to solve it, often in a program dependent way.
These tricks not only make the programming a lot
more complex, they also add considerably to the com-
plexity of the hardware, thereby ignoring one of the
original goals: more performance for less.

Therefore, another way of parallel processing is to
develop architectures that distribute the memory. Each
processor having its own local memory can run at
maximum speed, and is connected with other proces-
sors using dedicated communication links. Two prob-
lems remain: the first again is how to split the program
in parallel parts and secondly, processor now replaces
the processor to memory latency to processor com-
munication latency. In addition, the communication,
being foreign to the semantics of a processor architec-
ture, must be dealt with as well, including routing func-
tions using dedicated 1/0O hardware. To improve the
performance, most designers opt for DMA and cross-
bar switches to use with the communication links.

Keeping the system in balance:
Step 2: multi-tasking

As one can now see, improving the system'’s perfor-
mance is a question of keeping the system balanced.
Today's processors run so fast that the real bottleneck
is 170 in all of its manifestations:

« 1/O between the processor and its memory;
« /O between communication processors;

« and for embedded systems: I/O for data input or
output.

In all cases, I/0 can be separated in three main parts:
set-up, data-transfer and transfer termination.
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The solution is as elegant and as simple as the one
used for improving the performance of the processor
itself: increase the parallelism. At the processor level,
we have found micro-parallelism. Now that we start
using processors as components, we need more
macro-parallelism. Just as micro-parallelism increased
the performance by having overlapping instructions,
but increasing the (relative) latency, macro-parallelism
does the same. Having several executing application
threads running in parallel allows to share the proces-
sor while the communication is happening. The ques-
tion is now how we can best introduce this multitask-
ing approach. (I personally prefer to use the term muilti-
tasking rather than multi-threading because of conno-
tations with a single memory space.) One thing should
have become clear: programming methods that take
the sequential von Neumann machine as the starting
point and then try to use the same approach to pro-
gram inherently parallel machines are essentially trying
to achieve an unnatural match. In the history of com-
puting this has resulted in significant side-tracks, such
as parallelizing FORTRAN compilers, a case of reverse
engineering; cache coherency in shared memory, a
problem that is purely the result of the choice to use
shared memory in the first place and the myth of par-
allel algorithms.

BACK TO BASICS: A COHERENT
PROGRAMMING APPROACH

As outlined above, computing systems are essentially
black boxes that execute a model of the real-world.
Many real-world systems are naturally modeled by a
hierarchical decomposition of interacting black boxes.
In order to execute the model as a computer program,
programming languages pose another problem as
well. Evolved from machine instructions, onto which
successive layers of abstractions were added to sim-
plify the programming, they nevertheless still reflect the
sequential operation of the underlying von Neumann
machine. What is really needed is an approach that
obeys following boundary conditions:

e |t must be a natural programming model;
= |t must cope with the problems of micro-parallelism;

e It must cope with the problems of macro-
parallelism;

* It must be a universal solution for having well
balanced systems where processor bandwidth is
matched with the 1/0 bandwidth.

The model that we propose exists and was initially
applied to macro-parallelism first. In fact, under the
guise of real-time kemels, industry has been using it for
years albeit in conjunction with a scheduler, with the
goal to obtain a predictable real-time behavior rather
than a coherent programming approach. The theoreti-
cal foundations that turned this approach into a well
founded programming paradigm has been laid by
several authors, but by CAR. Hoare in particular with
his CSP (Communicating Sequential Processes). | will
shortly explain its principles and illustrate how a prac-
tical implementation was obtained in the Virtuoso
RTOS. | will then speculate how the same principles
can be applied to micro-parallelism.

CcsP

A CSP program is defined as a set of processes. Each
process is a function or rather a set of one or more
sequential instructions operating on a local workspace
and living in principle forever. Processes interact exclu-
sively through communication channels. This also
means that any local variable is only visible inside the
scope of the process and not outside of it. The channels
are fully synchronizing, which means that two commu-
nicating processes must both reach the communication
point before they can proceed further. If not they remain
blocked until that other process reaches the communi-
cation point. | will illustrate CSP with some occam pro-
gram segments. Occam was the first programming lan-
guage that implemented the CSP principles.

E.g. following code shows two processes in parallel
that after initializing the variables exchange them and
then multiplies the result by 2:

PROC P1l, P2 :
CHAN OF INT cl, c2 :
PAR
Pl
P2
PROC P1
INT a :
a =1
cl ! a // put a on channel cl
PROC P2
INT B
cl 2 b // read from channel b and
assign the value to b
b := b*2 // multiply by 2

This program is a “parallel” version of b:=a.
We could have it written as:

PAR

SEQ
INT a :
a =1
cl ! a

SEQ
INT b :
cl 2 b
b := b*2

Or even shorter (at least functionally equivalent):
SEQ
INT a, b :
b := a*2

Or graphically:

Figure 1.

Some points to remark:

« The order of writing the code for all statements in
the scope of a PAR construct is irrelevant. Like in
dataflow, the processes become activate when the
data is available. The order of execution and hence
the real-time behavior is not defined.

« The data is fully protected inside a process. Hence,
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no accidental overwriting of data will occur as the
code can be checked at compile time for absence
of scope violations.

« If a channel is mapped onto a HW device (eg. a
communication link), the logical behavior of the
processes and of the program will remain the same.

« The sequential assignment and logically equivalent
program is to be regarded as an optimized version
that will only execute on a single processor with
local memory.

How can this program now be implemented? For that
we need to create a list that keeps track of the
processes and their status and a list of the active
channels. Whenever an executing process reaches a
communication point, synchronization is verified and if
needed, the status of the waiting process is updated.
At this point, it should be clear that we also need
something like a scheduler or kernel that controls the
execution of the processes. This also raises the
question on how the context (the status) of a process
is preserved across a channel operation. As each
process is sequential, the context can be small
In effect the only information that needs to be saved
across the channel operation are the variables that are
communicated. For this reason, occam used round-
robin scheduling. This was sufficient for the simple
semantics, but as pointed out not enough for pre-
dictable real-time behavior. From another point of view,
one can look upon a process as a virtual processor
that shares the CPU resources with other processes
thanks to the scheduler that conserves its state. This is
elegant, because it conserves the original model, each
process being a little von Neumann processor. In any
case, we have pointed out some features that the orig-
inal von Neumann architecture never supported:

- the concept of a context;
» the concept of communication.

Following the experience gained with a more general
purpose model used in the Virtuoso RTOS, we will try
to indicate how from the optimized software architec-
ture, we can get some hints on how these extra func-
tionalities can better be supported in hardware.

THE VIRTUOSO PROGRAMMING
SYSTEM

Virtuoso’s Virtual Single
Processor model

When occam came onto the world, and when we
looked at it, we found its limitations to cumbersome for
industrial use. Real-world programming often requires
a higher level of abstraction and more subtle ways of
expressing what a real-world application is supposed
to be doing. Simultaneously, using occam for pro-
gramming parallel systems was tedious because of
following main reasons:

= communication was by lack of a routing layer strict-
ly local on each processor. Processes on different
processors could communicate through an explicit
mapping of a software channel on a hardware
communication link. This made any topology

change very hard because the routing had to be
done at the application level.

e communication channels carry strict bitstreams.
Hence, any higher level protocol had to be provid-
ed by the application. In conjunction with the explo-
sion in channel names, this made programming
error prone, especially in terms of deadlocks

Hence, at Eonic Systems, we decided that we needed:

« a richer, more industrially accepted programming
language;

* we needed pointers in the language for perfor-
mance reasons, hence GC;

* we needed pre-emptive scheduling for predictabili-
ty reasons.

The latter was partially implemented in the original
occam but restricted to two priority levels because of
hardware implementation limits, which is often only
good enough for soft real-time systems. In addition, the
communication over the links is FIFO-ed so that all
prioritization is lost as soon as the program communi-
cates off-chip. The result of these requirements was the
Virtual Single Processor (VSP) model, implemented in
the Virtuoso RTOS. It main characteristics are as
follows:

« the unit of execution is a task with a full context;

< all services have the same logical behavior whether
called locally (on the same processor) or whether
from another processor;

« the unit of distribution is a “kernel object” (task, sem-
aphores, mailboxes, queues, resources, etc);

« the scheduling is locally pre-emptive, in order of
priority;

« the communication is prioritized, using packet
switching (the latter is a trade-off between maxi-
mum throughput and predictable communication
latency).

Initially we selected to port an existing microcontroller
kernel. However, when we started to implement the
topology independence, we discovered fundamental
problems with the semantics of the services. E.g. using
binary semaphores is not side-effect free or messages
cannot pass pointers. The same applies for most
RTOS on the market because they were designed to
operate on local or shared memory architectures.
Therefore, we redefined the semantics so that the log-
ical behavior would be the same whether a serice
required the cooperation of local only or one or more
distributed kemel objects. The overall result is that
Virtuoso programs can now be moved easily from sin-
gle processor to large parallel processing systems
(and vice versa), without any change in the source
code. This means that user has never to program the
communication explicitly, unless he wants to for opti-
mization reasons. Due to the prioritized packet switch-
ing the hard real-time characteristics are also, within
the boundaries of the unavoidable communication
delays, conserved when going parallel. Many distrib-
uted real-time systems exhibit a FIFO based commu-
nication mechanism and that is for hard real-time not
acceptable.
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Figure 2. Virtuoso 4.0 generic architecture

2 Interrupt
levels +

priorities

Virtuoso internal architecture

While we outlined the principle of operation above, it
would have been unusable if the internal architecture
had not been optimized. After several iterations, we
come up with following four levels, that | will illustrate
with the Virtuoso 4.0. architecture. Details of these
levels can be found in the references.

Task level

This level is also called the microkernel level, because
tasks are pre-emptively scheduled by the microkemel.

The process level

Processes are managed by the nanokemel. While the
microkemel itself is a nanokemel process, the other
nanokemel processes are most often system level drivers.

The ISR1 level

ISR1 is the name given in Virtuoso to the interrupt ser-
vice level whereby interrupts are globally enabled while
simultaneously interrupt handling can be prioritized
and even nested.

The ISRO level

This is the default level where interrupts are handled by
the hardware. As outlined above, this can have a seri-
ous impact on the interrupt latency.

Functional requirements mapping

The levels as defined above were selected and have a
functionality that corresponds with the real needs of an
application. This can be illustrated by following a data-
processing flow as found in DSP applications. At ISRO,
the data will be acquired and the hardware will be
acknowledged (if needed). Often only 2 or 3 registers
are needed. The shorter the interrupt service routine, the
more interrupts per seconds can be processed and the
higher the potential datarate, unless extra hardware pro-
vides buffering. If no extra hardware is present, this can
be done in software at eg. the ISR1 level. If the interrupt
is low enough, one can pass the buffering to the high-
er nanokernel or microkernel level. At ISR1, this requires
a few more registers to be saved, while at nanokemel
and microkernel level, a full process or task context will
be swapped. Note that the minimum level needed wiill
be determined not by the datarate, but by a combina-
tion of the interrupt rate, the number of samples read at
each interrupt and by the datasize that is being
processed. Therefore, eg. higher level processing like
FFT can often be done at the task level with no serious
overhead as each FFT takes between 100 to a 1000
microseconds depending on the processor.

Mapping the Virtuoso architecture
onto hardware support

As already outlined, the INMOS transputer was original-
ly build to execute occam programs and as such had
hardware support for round-robin scheduling process-
es and link communication. The instruction set includ-
ed instructions to support these features directly. E.g.
creating a process was a single instruction and except
the address, writing or reading from a software channel
looked the same as reading or writing to a hardware
link and required a single instruction. The context at all
times was very small (3 to 4 registers for fixed point) to
reduce the context switching overhead. No pipelined
instructions were used. As a result, context switching
was fast (typically one microsecond at 25 MHz). The
underlying idea behind this architecture was simple: by
making processes lightweight, they can be small and
numerous, hence more overlapping would occur
between processing and communication, increasing
the system’s efficiency. From a functional point of view,
the Virtuoso software architecture is very similar to the
transputer architecture, albeit we arrived at it from a dif-
ferent point of view. We wanted first of all to achieve low
latency communication and ended with the nanokermel
architecture. The performance obtained in software on
standard processors and DSP is similar as on the trans-
puter, but at the expensive of a much larger develop-
ment effort. This is because the native register sets are
much larger, instructions can be pipelined, links have to
be programmed at a low level and must be made to
work together with the DMA engines. Very often, this
results in the detection of small silicon bugs, that while
they have little impact on the performance, they have a
heavy impact on the debugging cycle. Can the Virtuoso
architecture be supported in the hardware with no
impact on the performance gained from the micropar-
allel architectures? We believe the answer is positive if
the four level model is followed.

The essential to see is that multi-tasking is a must,
unless for pure synchronous dataflow applications. It is
a must as it provides the essential benefits from the
object oriented point of view: modularity, abstraction,
information hiding and as shown, it can be used as a
building block to program parallel systems. It is a must
to hide the communication latency. On the other we
could clearly see the need to separate the processing
from the I/0O handling with the separation between the
levels being characterized by the register context.
Hence, why not increase the hardware parallelism
again and create a level of nano-parallellism? At the
same time, we can clearly see that low level interrupt
programming even needs less context and is in fact
totally out of sync with the background processing?
This approach might also solve the memory access
latency discussed in the beginning of this paper. multi-
task to mask the /0 latencies.

Therefore the following ideas are proposed to the
processor architecture designers. The idea is to design
a processor as a set of cooperating, asynchronously
operating CPUs, each dedicated to a specific function.
This makes sense if we see how much effort is
needed in software to reduce the overhead of having
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the main and only CPU take care of all. We can distin-
guish following modules:

main CPU, optimized for computational through-put
processing;

interrupt engine, optimized for low latency 1/O;
memory management, optimized to move data and
protect memory;

communication links, optimized for fast background
communication;

a scheduler, that is probably more efficient to imple-
ment in software on each of the CPUs as the
instruction can be tuned for it;

Figure 3. New Processor Architecture

in larger systems, one can also expect to find repro-
grammable logic and several DSP or RISC ALU's as
front or end processors for the main processor.

Without claiming to have a fully finished concept, we
outline some of the ideas behind it:

Separate interrupt handling from the actual pro-
cessing. This can be done by even adding a small
separate CPU (but a subset of the main one) on the
processor that operates with a simple instruction
set, can only address a very small memory (a few
Kbytes should be enough), has a small register set
that can be automatically saved to memory in a sin-
gle instruction and communicates with the main
CPU by sharing some of its memory. The small reg-
ister set also means that interrupt handlers can be
written in a high level language. For performance
reasons this means that we can have very high
interrupt rates, while the main processor keeps run-
ning at full speed, not being interrupted. This also
means that interrupt latency is no longer affected by
the main CPU pipeline latencies.

Separate the memory management from the actual
processing. Note that the same mechanism as for
the interrupt handling can be used. Eg. to buffer the
DMA driven access to external memory. The mech-
anism can be used to include memory protection
and management as well, eg. paging and caching,
essential features for more general purpose and
safety critical types of processing. Note however
that while small, above CPUs (or should be call
them ALUs?) should have the same word length
registers as the main CPU. It would be best if these
units had there own separate instructions and we
had more than one of them.

Communication links combine the functionalities of
above mentioned units. An often-neglected design

issue is reliability and the capability to recover from
errors. E.g. often links are designed as a distributed
state machine that is running on the connected two
processors. However to provide robustness, we
need to be able to detect transient and permanent
communication failures, isolate these errors and
recover from them. As an example of an elegant
and simple design that implements these features,
we refer to the recently adopted IEEE-1355 link
standard.

Allow for nesting and prioritization of the interrupt
handlers (see previous section).

Separate the register sets hardware wise in two
sets, while each set can be saved automatically to
memory in a single cycle. The first set is together
with an orthogonal instruction set optimized for con-
trol instructions and list manipulation as often used
in kemel software or the higher level state machine
of the application. The second set is optimized for
compute intensive operations, e.g. indexing arrays,
multiply-accumulates, etc. While we could adopt the
hardware approach of the INMOS transputer, fixing
higher levels functionalities to rigidly in hardware
has its drawbacks as can be seen from the difficul-
ty we often had in programming around the “nice to
have” hardware features processor manufacturers
so generously provided. Orthogonality is the key.

As we have now a very asynchronous architecture,
composed of multiple functional units, we can not
only run these at different frequencies (probably
multiples of the same base frequency) to reduce
power consumption, but we also need a mecha-
nism that efficiently supports the (de)scheduling.
This is probably the most difficult part. What we
essentially need is a mechanism that is hidden but
like ‘“test and branch” instructions allows to
deschedule very fast whenever an operation can be
delayed for a relatively long time. E.g. when a DMA
transfer is set up the completion of it can take sev-
eral 100 of cycles. What is desired is that the pro-
gram segment is automatically rescheduled when
the DMA transfer terminates. In current CPUs this is
handled through interrupts, and unless one accepts
polling (I?), this is tedious to program. However this
can work. In the Tera supercomputer, the CPU was
even designed to switch context on every cycle,
with as the goal to mask the memory latencies. The
question is whether that is not taking it too far while
it ignores the need for pre-emptive scheduling.

This architecture implies that the high level lan-
guage compiler should actually combine several
code generators if we had a classical monolithic
CPU. By separating the functional requirements
along the lines of the registers and instructions we
need, a single compiler can be used albeit it must
be made aware of the level for which it is generat-
ing code. The main CPU should have all of the sub-
sets supported.

To reduce the memory latency, a maximum amount
of internal memory should be added. The above
granulated architecture is likely to be fairly simple
because each sub-unit can be kept simpler. This
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was already demonstrated by eg. the C62 where
the CPU die size is small, partly due to the orthog-
onal design. This leaves more silicon space for
memory. Given the evolution towards 200 Million
transistors on a single chip within a few years, that
will become less of an issue, although applications
will always be able to use more memory.

« For the time being we ignored here issues like run-
time errors conditions, emulation support, supervisor
modes and other important system level issues.
However most of these can be considered as soft-
ware interrupts. Therefore, the main CPU could still
have a classical interrupt mode, but only for handling
exceptions. One could also tackle the issue by sus-
pending the main CPU when the exceptions occur
and then let the one of the peripheral units, with
direct access to the main CPU registers, handle it.

Note the some parallel DSP like the TMS320C40 and
21060 already exhibit some of these features, except
that all peripheral units are implemented as fixed func-
tion units (with a very modest degree of re-programma-
bility through dedicated registers) or in software (through
the RTOS). Similar tendencies are found in some ASIC
designs that combine a RISC core, a MMU, one or more
DSP core and dedicated peripheral circuits.

We will leave it to the specialists in the field to investi-
gate whether this is a feasible architecture or not. Other
alternatives are feasible as well, but we believe that this
approach is consistent with a system level design
approach, whereby the hardware is mapped onto the
full software “black box" needs and not the other way
around.

CONCLUSION

While simplifying along the way and rather speculative
at the end, we have tried to show how the original
sequential von Neumann machine as a paradigm is
no longer adequate as a programming paradigm to
build systems in the large. We have first shown that
based on the CSP model of CAR. Hoare, we have an
adequate model for programming in a scaleable way
larger parallel systems. This model saves the von
Neumann machine by embedding it into a virtual sin-
gle processor. We have seen however that the current
generation of processors could be improved a lot to
support this model much better. |
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