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Abstract

In recent years, there have been many atiempts lo construct multiple-processor computer
systems. The majority of these systems are based on von Neumann style uniprocessors. To exploit
the parallelism in algorithms, any high performance multiprocessor system must, however, address
two very basic issues - the ability to tolerate long latencics for memory requests and the ability fo
achieve unconstrained. vet synchronized, access to shared data. In this paper, we define these two
problems, and examine the ways in which they are addressed by some of the current and past von
Neumann multiprocessor projects. We then proceed to hypothesize that the problems cannot be
solved in a von Neumann context. We offer the data flow model as one possible alternative, and we
describe our research in this area.

Key words and phrases: caches, cache coherence, data flow, multiported memories, multiprooessbrs,
packet commrunication, von Neumann architecture






_i-
'

Table of Contents

1. Fundamental Issues in Multiprocessor Architectures
1.1. The Issues
1.2. A Survey of von Neumann Multiprocessors
1.2.1. Cmmp
1.2.2.Cm*
1.2.3. The NYU Ultracomputer
1.2.4. VLIW Architectures - ELI-512 and the Polycyclic Processor
©1.2.5. SIMD Revisited: the Connection Machine
2. Propcsed Solutions: Data Flow Architectures
2.1. I-Structure Storage
2.2. Data Flow Processing Element
2.2.1. Program Representation
2.2.2. Data Representation
2.2.3. Structure of the Processing Element
2.2.4. References to Data Structures
2.3. Review of the Issues
3, Construction of a Testbed

(SN - I - BB B - W S VIR IR B e

el
LT N <



Figure 1-1:
Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 3-1;

-ii-

List of Figures

An Abstract Multiprocessor

[-Structure Storage

Compilation of the Loop Expression for the Trapezoidal Rule
Organization of the Tagged-Token Data Flow Machine

Data Flow Processing Element

Development Plan for the Tagged-Token Machine

10
12
13
15



A Critique of Multiprocessing
von Neumann Style

1. Fundamental Issues in Multiprocessor Architectures

In the early days of computing, the issue of constructing a multiple-processor computing system
was viewed 18 little more than an interesting intellectual exercise:; after all, it seemed clear that
machines could be made to operate faster simply by increasing the speed of the underlying
technology. Given this view. it seemed that the style of machine organization for potential
multiprocess ng was not of overriding importance. The von Neumann organization, because of its
sequential n: ture. was conceptually simple and easy to realize. Hence. it is not at all surprising that
an entire community (and industry) was born with a built-in bias towards sequential computing,
While under;tandable, this tacit assumption about machine organization has inherent limits which,
form our present vantage point, sit just beyond the hotizon.

Attention has been focused in the recent past on constructing multiprocesscr systems
[19, 20. 21, 22. 23. 11} - attention derived from a desire for more performance, greater fault
tolerance, the ability to exploit the rather curious economics of a single-chip computer, or whatever.
What has nor been done sufTiciently is a re-evaluation of the assumptions that led us to where we
are now. This is painfully clear when one observes that von Neumann style uniprocessors still form
the building block for the majority of muitiprocessor projects or proposals. Many variations on the
von Neumann theme have been explored (eg. pipelining. multiple functional units, vector
instructions). but not much has been done with the sequential control required for instruction
execution. There are good reasons to believe that this re-evaluation is overdue.

In this paper. we will use the term multiprocessor to refer to a computing system that exploits
parallelism in programs through replication of resources. Although we will examine some special
purpose machines, our primary interest here is in general purpose parallel computers, i.e, computers
that can exploit parallelism. when present, in any algorithm. Further, we are interested in the
property of scalability - that the system can be made incrementally more powerful by adding
incrementally more hardware resources (and without reprogramming). The basic building blocks
of a multiprocessor are

o Processing elements: These perform arithmetic and logical operations, and are provided
with an interface to communication and memory elements;

o Comm Inication elements: These are used to construct an interconnection network. The
resulting network has a number of ports, each with a bounded bandwidth. The purpose
of the network: is to interconnect various processing elements with each other and/or
with memory elements; and

s Memo-y elements: Collectively, these provide the repository for program and data
storage. Processing elements can, either directly or indirectly, access the data in the
various memory elements via the network,
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Figure 1-1: An Abstract Multiprocessor

Scaling of the multiprocessor involves incremental additions to all of the above, Modularity, an
important design characteristic, allows scaling without redesign, ie., modules are constructed for
each of the above, and an arbitrarily large machine (within the physical limits of packaging) is buiit
by simply plugging these together. See Figure 1-1.

Note that we have said nothing about the programmer’s view of the system (e.g., explicit s
implicit specification of parallelism and communication), the programming methodology, the
network topology, packaging, etc. For our purposes here, we are concerned with the shared
memory multiprocessor model, and we will consider tightly coupled memory/processor pairs which
use a message passing methodology as shared memory machines. An equivalence between the
shared memory model and the message passing mode! based on storage for messages, timing, and
synchronization can be established.

1.1. The Issues _
Let us review for a moment some of the issues which seem fundamental, at least from an
engineering point of view, in the construction of any multiprocessor - von Neumann or not.

Jl



A Critique of Multiprocessing 7 -3- | Fundamental Issues

Issue I: Ability to Tolcrate Memory Latency

Latency is the ime between issuing a memory request and getting a response. As the number of
ports in the network increases. it stands to reason that the average latency of a memory request will
have to increase if only due to the switching time in the network. Given the rate ai which a
processing element can issue memory requests and the bandwidth of each memory element (bits
per second per port), it is clear that at some point. the memory units, on the average, vill not be
able 10 respond to each processor request without causing the processor to idle.

The key observation. then. is that it is absolutely necessary that each processor be able to issue
multiple memory requests in succession without intervening memory responses. It is also quite
reasonable o assume that, because of contention, the memory responses may arrive ott of order
unless some zonstraints are placed on the memories and network interconnections. The problem is
unsolvable for a truly scalable multiprocessor uniess some assumptions about program behavior are
made. The <ind of assumptions we have in mind are that the distribution of memory references
with respect to the distance from the issuing processor does not get worse as the number of
processors and memory elements increases.

Tradition:] ways of circumventing the latency problem attempt to exploit spatial locality.
Instruction orefetching is the most successful technique: the inherent sequentiality of the von
Neumann machine assures some measure of locality. Exploiting spatial locality in data references is
more difficult. General register architectures subscribe to the notion that the user wili somehow
know what data will be referenced most frequently: however, it is well known that optimal register
usage essentially amounts to solving the coloring problem on large graphs [16], and is very difficult
to achieve.

A dynamic scheme for exploiting locality is the (demand) cache for main memory. This scheme
is difficult w apply in a multiprocessor context due to the cache coherence problem. Censier and
Feautrier [7] define the problem as follows: "4 memory scheme is coherent if the value returned on a
LOAD instruction is always the value given by the latest STORE instruction with the same address.” In a
multiprocessor context, it is easy to see that this may lead to difficulties. Suppose we have a two-
processor system tightly coupled through a single main memory. Each processor has its own cache,
to which it has exclusive access. Suppose further that two tasks are running, one on each processor;
and we knov. that the tasks are designed to communicate through one or more shared memory cells.
In the absernice of caches. this scheme can be made to work. However, if it so happens that the
shared addr:ss is present in both caches, the individual processors can read and write the address
and never sez any changes caused by the other processor. Using a store-through design instead of a
store-in des gn does not completely solve the problem either. What is Jogically required is a
mechanism which, upon the occurrence of a write to location x, invalidates all other cached copies
of location ( wherever they may occur, and guarantees that subsequent LOADs will get the most
recent (cach:d) value. This can incur significant overhead and complexity.

Several approximate solutions for keeping cache coherence exist, but all such schemes inevitably
introduce cverhead and/or decrcase parallclism (e.g, duc (o lockout of page-sized areas of
memory). Schemes have been proposed to explicitly interlock writing or to bypass the cache (and
flush it if nicessary) on a write; in either case, the complexity goes up and the perforinance goes
down rapidly as the machine is scaled.

Another attempt at tolerating memory request latency is by performing context switching at a
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very low level (analogous to task switching when an 1/0 request is made in a multiprogrammed
operating system). Thus, while one computation waits for the memory to respond, the processor
resumes another, parallel computation. Of course. the scheme works only if the context switching
itself does not generate any memory references. This is done by duplicating programmer-visibie
registers (Le., the processor siate). The problem here is again the increase in processor complexity
as the machine is scaled.

Uniprocessors such as the Xerox Alto [24]. the Xerox Dorado {15}, and the Symbolics 3600 have
used the technique of microcode-level context switching to allow sharing of the CPU resource by
the 1/0 device adapters. This is very different than the type of context swiiching needed in
multiprocessors.  While both schemes rely on replication of hardware registers and other state
information, the uniprocessor application requires only a fixed number of disjoint contexts
- established by the number of 1/0 adapters plus the emulator itself, In the multiprocessor case, it
will be necessary to have an unbounded number of tasks to achieve scalability. To illustrate this,
consider the problem of expanding such a system. As memory elements are added, the depth of the
communication network will grow. Hence, the number of low-level contexts to be maintained will
alsp have to increase 1o match the increase in memory latency time.

Issue 2: Ability to Share Data without Constraining Parallelism

A much more troublesome issue is that of sharing data between two or more processes while
maintaining proper synchronization. One manifestation of this is the write-write race - two
processes attempt to write data into the same location. The meaningfulness of this is not at all clear,
and the problem can be properly avoided by some software convention. perhaps assisted by some
run-time checking. Functional languages avoid this problem totally because updating the value of a
variable has no meaning in such languages.

The real problem, however, is not a pathological case like the write-write race: it is the real
problem of the read-before-write race. To illustrate this problem, consider two routines running on
two different processors, both accessing a two-dimensional array of numbers. One routine is
crealing the elements, in order, and writing them into the array. The other routine is waiting to read
the elements. One possible way of avoiding a read-before-write race would be tc allow the entire
array to be written prior to allowing the consumer routine to begin processing. By this
simpleminded transfer of control, there is no synchronization problem, but neither is there any
chance for parallelism. On a single processor, the computation cannot be made faster by
overlapping the production and consumption of a data structure, and this sort of scheme works
well. It defeats the purpose of multiprocessing, however. :

A more common scheme is to synchronize on a per-row or per-column basis of the array (as
appropriate); this incurs more overhead, but constrains parallelism less. The extreme approach
would be to synchronize the two routines on a per-element basis. It should be obvious that doing so
is jmpractical with current methods and requires fundamental changes at the hardware level.

This example oversimplifies the real situation - consider the case where the elements are not
produced in a regular (ie, row order or column order) way, or the case of a nonuniform data
structure. The question remains: is it necessary 10 sacrifice parallelism for proper synchronization
of reads-before-writes? We will show in section 2 that synchronization can be achieved with no loss
of parallelism.
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1.2. A Survey of von Neumann Multiprocessors

We examine a few of the planned or existing von Neumann machines that are described in the
literature. Each one fails to satisfy at least one of the above two basic issues. We have ignored
commercially-available 2 or 4 processor systems because, to the best of our knowledge, such systems
have not been used in a manner in which processors cooperate on solving one problem. The main
motivation for such systems has been higher performance in a multiprogrammed envirorment, and
even in that limited area the performance of these systems has been far from impressive.

In our discussions. one figure of merit that is used in evaluating multiprocessor systems is ALU
utilization/icle time. This assumption orients our discussion toward favoring machines designed
for solving sroblems which can be expressed in numerical terms. Another important class of
computation is the symbolic type in which the ALU utilization metric is less useful. One
multiprocessor in this category is the Connection Machine. While it does not fit our model, we
examine it ir; some detail because it is an interesting second-generation SIMD architecture.

1L.2.1. C.mmy

C.mmp was a tightly-coupled multiprocessor built on a base of PDP-11 minicompulters
connected into a single global memory through a high-speed crossbar switch [23). The processors
ran asynchronously, and could use local memory without interfering with the global memory. The
switch speed was comparable o the speed of a local memory reference, but the cost of building a
larger switch which maintains the same performance level grows at least quadraticaily. This
reliance on technology doesn’t solve the memory latency problem; it merely circumvents it
However. the investigators were clear on the point that the machine was exploratory in nature, and
felt that scalability was only a secondary goal.

Interprocessor communication was facilitated by the shared memory and a cross-processor
interrupt scheme. Synchronization was performed at several levels due to the recognized need to
keep the overhead of this operation very low. High-level semaphores were maintained by Hydra on
data objects to properly handle synchronized sharing. it is clear that the performance cost of this
relative to, siy, an ALU operation is rather high unless some potential parallelism is traded away.

The original design called a local cache for each processor, but anly one processor in the machine
was ever fitted with one (and it was never used by Hydra). The reason is, quite simply, the cache
coherence p:oblem.

1.2.2.Cm*

Cm* diffared from its predecessor in several ways: notably, that the machine used a kind of
hierarchical network to interconnect a number of microprocessors, each with its own memory
[20, 21]. One might have guessed that this physical Jocality when combined with spatial locality in
programs and data would have resuited in less communication overhead: the idea was intuitively
appealing. "This hope manifested itself in the design of the communication strategy - any processor
making a ncnlocal memory reference would idle until the reference was completed. Because of the
hierarchical structure, this meant that greater interprocessor distances translated into longer
memory refcrence times and decreased processor utilization.

Packet switching instead of circuit switching was used in the communication network (another
difference from C.mmp) to avoid processor deadlock. Kmap, the communications controller, was
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actually a context-switching processor which could tolerate the long-latency remote memory
references. Unfortunately, the processors (LSI-11s) could not perform simitar low-level context
switches during a remote reference. It would be interesting to speculate on the behavior of Cm* if
micro-tasking processors had been used.

In fact. Cm* demonstrated quite clearly the importance of Issue 1: the effect of processor idle
time put an upper limit on the number of processors that could cooperate on even highly parailel
programs (e.g.. chaotic relaxation) [9]. As far as Issue 2 was concerned. synchronization was based
on a message system, but the underlying mechanism was the shared-memory. lockable segment.

1.2.3. The NYU Ultracomputer

Another shared memory multiprocessor is the NYU Ultracomputer [11}. Their solution to the
synchronization problem is the atomic FETCH-AND-ADD instruction {sometimes called
REPLACE-ADD). The instruction format is FETCH-AND-ADD{address, value), and works as follows:
suppose two processors. i and j. simultaneously execute FETCH-AND-ADD instructions with
arguments (A"'i) and (A.v.) respectively. After one instruction cycle, the contents of A will become
(A)+vi+ v.. Processors i and j will receive, respectively, either (A) and (A)+ v, or (A)+ v, and (A)
as results.” Indeterminacy is a direct consequence of the race to update memory celll A, The
implementation of FETCH-AND-ADD calls for a synchronous packet communication network which
CONNects n processors to an n-port memory. If two packets collide, say FETCH-AND-ADIX 4, x) and
FETCH-AND-ADD(4,y), the switch extracts the values x and y, forms a new packet
(FETCH-AND-ADD{ A4, x+ ). forwards it to the memory, and stores the value of x temporarily.
When the memory returns the old value of location A, the switch returns two values ((A) and
(A)+x). Hence. one memory reference may involve as many as Iogzn additions, and implies
substantial hardware complexity.

The issue of processor latency has not been specifically addressed. and there are serious questions
in our minds as to whether such a network (tswiwh & tmcmory) is realizable. We also do not
understand the implications of basing a whole programming model on such an instruction as
FETCH-AND-ADD.

1.2.4. VLIW Architectures - ELI-512 and the Polycyclic Processor

Another approach which seems to be coming into vogue these days is the horizontally-
microprogrammed processor in which a smart compiler (or a patient and talented human) is able 1o
fold many parallel operations into a single machine cycle. Examples of this are the ELI-512 {10],
the ESL Polycyclic processor [17], the AP-120B [8], and numerous programmable signal processing
machines.

While these machines are able to resolve run-time sharing conflicts (by moving them to compile
time) and are usually able to plan memory references and control transfers in advance of the need
(eg., the delayed jump). these machines suffer from their special-purpose nature. Except in the
simplest of cases, compilers require “hints™ from the programmer or. in some cases, rely on luck in
doing the code generation. Clearly, these machines are not suited at all to real-time multiuser
multiprogramming, interrupt handling. or anything which relies on the ability to efficiently switch
contexts,

We believe that this technique is effective in its currently-realized context - special purpose
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computation with small scale (4 10 8) parallelism, but the technigue is not sufficiently general as to
allow significant scaling up. '

1.2.5. SIMD Revisited: the Connection Machine

Recently, there have been proposals to revive and to improve upon SIMD architectures (eg.
lliac 1V [6]). The Connection Machine [13] proposal can be viewed in this context although it is
intended fcr an entirely different class of problems than Illiac IV. It generalizes the
communications scheme of llliac 1V, but still uses a single instruction stream with each processor
having the cipability of not participating in an instruction.

liac 1V had 64 fairly powerful processors connected in an 8X8 rectangular, end-around grid
topology. Each processor could directly access only its local memory (2K words). Using
communication registers {one per processor) data could be shifted in one step to any of the four
neighboring processors. Thus. in seven steps. a processor could access data from any other
processor. However, because a single instruction controlled all processors, every processor had to
wait even if one processor needed data from noniocal memory. Also, if one processor wanted to
transmit (sh:ft) data to the processor to its east and another to its west, two machine instructions had
to be executzd. The need for such communication was poorly understood at that time, and Illiac IV
executed a very small subset of scientific problems efficiently.

The Connection Machine proposal envisions a million processors, each consisting of 12 32-bit
regisiers, some flag bits, and one 1-bit ALU. The processors’ are connected in an llhac IV-like grid
with similar restrictions. However, groups of 64 processors are also connected by a 14 dimensional
hypercube - there are 214 groups. The bit-serial communication through the hypercube links is
packet oriented: each processor can transmit or receive a message to/from any other processor, In
the absence of conflicts, a message will reach its destination in at most 14 steps; but, because of
conflicts. some messages will take significantly more steps than the required minimum number, A
global flag is raised when all processors are done communicating, and only then can the next
instruction begin.

It is clear that the speed of one bit ALU operations is irrelevant because it will be insignificant in
comparison with the communication time - a processor will spend almost all (30%?, 99%?) of its
time communicating. This machine, because of its single instruction sequence nature, also does not
fit the model of the multiprocessor presented in this paper. Our model implicitly assumes that the
goal of a general purpose parallel machine is o execute ALU operations (eg., addition,
muitiplication, comparison) as efficiently as possible by overlapping ALU operations with
communications. - However, for the class of applications in which communication predominates
computation, our framework and metrics are not applicable. Many such situations occur in applied
artificial intelligence programs where more time is spent exploring the connectivity of a large graph
rather than computing with the information found at the nodes of the graph. The relevance of
Issue 1 for the Connection Machine is not clear, and Issue 2 does not arise in a SIMD architecture,

lil is probably better to view these processors as cells of 2 "smart” memory.

.
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2. Proposed Solutions: Data Flow Architectures

In this section we present a memory structure which allows efficient synchronization at the
atomic level, and we also present an architecture which offers the ultimate in flexibility in issuing
overtapped memory requests.

2.1. I-Structure Storage

if we associate with each memory cell in a machine special flags (called presence bits) which
indicate the memory cell’s status - written or unwritten - we have the ability to solve the read-
before-write race problem as follows: assume that a memory module has just received a request to
read a particular memory location and to forward the contents to instruction x. The memory
module interrogates the presence bits associated with that Jocation. If the bits indicate that the cell
has already been written into. the contents are retrieved and forwarded to instruction x. If the bits
indicate that the location is empty, the memory module puts the read request aside, and marks the
empty location to indicate that a read request is outstanding.

Now. when a write request for that location arrives at some time in the future, the memory
module notices the pending read request. and forwards the newly-arrived datum to instruction x (as
well as writing it into memory and setting the presence bits accordingly). Note that the memory
module must maintain a list of deferred read requests (see Figure 2-1) as there may be more than
one read of a particular address before the corresponding write. We call this type of memory
I-Structure Siorage. The issues involved with building such a memory, and the design for an
I-Structure memory controlier are discussed extensively in [12].

This mechanism, when coupled with a processor which is able to issue multiple, overlapped
memory requests and which can tolerate out-of-order responses, allows the uncoupling of memory
latency from the performance of a multiprocessor. The penalty of such a scheme in terms of the
demands placed on memory elements is not excessive. A read operation is as efficient as in a
traditional memory. Write operations take twice as long, however, due to the prefetching of
presence bits. Many different implementation strategies are possible which can largely eliminate
this penalty.

2.2, Data Flow Processing Element

When one desires to build a machine capable of issuing multiple memory requests and of
tolerating long latencies, the most troublesome aspect of von Neumann architecture is the built-in
sequentiality (viz, the program counter). By eliminating the notion of control flow for program
sequencing. we can circumvent this problem directly. One altemative to sequential control flow is
data flow, where the execution of instructions is triggered solely by the availability of the operands.
In order to explain the operation of a data flow processor, we must digress for a moment to discuss
program and data representation.

ZI“hc idea of associating a status bit with each memofy cell is not new - the Denelcor HEP multiprocessor [18] uses this
idea lo synchronize cooperating parallc) processes which share registers and/or memory cells.  Unsatisfiable requests
result in a busy-waiting condition - Le., there is no such thing as a deferred read list.
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Figure 2-1: 1-Structure Storage

2.2.1. Program Representation

Data flow compilers translate high-level' programs into directed graphs: vertices in the graph
correspond o machine instructions, and edges correspond to the data dependencies which exist
between the instructions.

The implication is, quite simply, that instructions which depend on other instructions should be
sequenced accordingly. but where no dependence (edge) exists, instructions can be executed in
parallel. A simple example of this graphical translation is shown in Figure 2-2, compiled from the
following 1D program which integrates a function f from a to b over n intervals of size h by the
trapezoidal rule:

(initial s — (f{a)+f(b))/2;
x+~ath
for i from 1 to n-1do
new x « x+h;
new s — s+ f{x)
return s)*h

The graph shown is somewhat stylized; the box marked f represents the subgraph necessary for
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Figure 2-2: Compilation of the Loop Expression for the Trapezoidal Rule

invoking function f (which is, itself, a graph). Instructions D, DL, L, and L are included to
provide proper entry, iteration, and exit by manipulating context-identifying information (discussed
in the next section). The remainder of the operators are arithmetic, relational, and conditional

instructions whose function should be self-evident. The graph generated by the compiler is
reentrant.
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2.2.2. Data Representation

It is the processor’s task to propagate data values through this graph, triggering instructions when
the operands are available. Data values are carried on logical entities called rokens: a token
contains not only a. data value but also the name of the instruction to which it belongs.
Conceptually, tokens move about on the vertices of the graph. Instructions are enabied for
execution when tokens are present on all input vertices. Upon execution, the instruction absorbs
the input tokens, and produces an output token for the next instruction in the graph. A program is
said 1o terminate when no enabled instructions are left.

Our execution modei allows more than one token to be present on an arc; and, therefore, the
next-instruction label also contains some dynamic, or context-sensitive information. In their full
generality, these next-instruction labels or activity names contain four parts;

o u: The context field, which uniquely identifies the context in which a code block is
invoked. The context itself is specified by an activity name, thus making the definition
recursive,

o ¢: The code block name. Each procedure and each loop has a unique code block name.
e s: The statement (instruction) number within the code block.

s i: The initiation number, which identifies the loop iteration in which this activity occurs.
This field is 1 if the activity occurs outside a loop.

Activity names, then, define an unbounded namespace. Names in this space are mapped
dynamically into a finite namespace. The activity name plus some mapping information uniquely
define the runtime fag and processing element (PE) number.

Since instructions may have more than one input operand, we also include two more pieces of
information on each token: the rofa/ number of operands required by its target instruction (called nt
- number of tokens), and an index value (called the porr) which specifies the operand number
associated with this token. Tokens of this type are called normal tokens, abbreviated as d=0. A
more complete discussion of formats is given in [3]. The complete token, then, looks like this:

<d=90,PE.tag.nt,port,data>

2.2.3. Structure of the Processing Element

Figure 2-3 is a block diagram of an abstract data flow machine and its processing element.
Assume that the program to be executed has been compiled into a directed graph, and an encoding
of this graph is stored in the program memory. As tokens arrive at the machine’s input, they are
classified according to type. The d=0 tokens (above) which require partners (nt>2) are routed 10
the the waiting - maiching section.

Since each token carries the name of its target instruction, we can match up related tokens (e.g.,

3The reason for this notation has been Jost in historical obscurity.
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Figure 2-3: Organization of the Tagged-Token Data Flow Machine

the two input operands for an addition) by comparing the tags that they carry. This is the function
of the waiting - maching section. When a match is found. the pair is passed on to the instruction
Jetch unit. When a maich is expected but not found. the 1oken remains in the waiting - matching
unit’s associative memory until its partner arrives. The instruction fetch unit also dircctly receives
d =0 okens which require no partners (nt=1),

The instruction fetch unit looks up the operation code and other information associated with the
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token-carricd names, and passes this enabled instruction on to the ALU. At this point. no other
information is needed to carry out the operation save that which is in this enabled instruction
packet.

The ALU output represents a datum which is ready to move off to its target instruction; but first,
it has to be put in a token. We build this output token by computing a new tag, using the old tag
along with information stored in the instruction itself. The output section handles these operations.
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Figure 2-4: Data Flow Processing Element

The output section also computes the PE number for the new token. A routing translation table
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turns this PE number into a network routing address. See Figure 2-4 for a more detailed view of
the PE.

Other paths through the processing element provide for the cases where an incoming token is
destined for the 1-Structure Storage (d=1), or is destined for the PE Controller (d=2).

2.2.4. References to Data Structures

Concepuually, in a data flow graph, even a data structure is represented by a single token which is
replicated on encountering a fork. The two most common operations on data structures are SELECT
(10 select a specific element of a data structure) and APPEND (to generate a new data structure which
differs from the input structure in one selected position). In any reasonable implementation,
however. data structures reside in some storage (I-structure storage in our machine), and tokens
carry only pointers to the structure. Thus, a SELECT operation becomes a FETCH instruction while
an APPEND operation becomes a STORE instruction.*

Now, to understand how I-structure storage references are processed consider an enabled FETCH
instruction in the data flow graph. This instruction will be sent the ALU for processing. The ALU
constructs a special token (d=1) which contains the address of the I-structure element to be read,
the name of the PE on which this element resides, the FETCH opcode, and the name (tag and PE
number) of the instruction which is to receive the result of the FETCH. The token is then forwarded
to the proper I-structure controller, and the ALU proceeds to process the next enabled instruction.

This token makes its way through the network and is routed to the I-structure controller on the
appropriate PE. The actual FETCH is performed as described previously, possibly after being
deferred. When the FETCH operation is complete, a new token is formed to forward the fetched
datum 1o the target instruction. '

STORE operations are similar - a STORE instruction in the graph is executed, causing a data value
and an address to be built into a d=1 token. The new token is forwarded o the appropriate PE
which completes the operation by writing the data value, checking for and processing any deferred
read requests, and setting the presence bits.

2.3. Review of the Issues _

As we have seen, data flow provides a means whereby a processing element can issue mamy
simultaneous memory requests, can tolerate long latencies (given that the program being executed
is sufficiently parallel), and can deal with responses that arrive out of order. The mechanisms which
make this work are

o Tagged tokens: By having each datum carry context-identifying information with it, no
time-ordering ambiguities can arise.

e Associative pairing: Enabled instructions are detected by matching of these tagged

4"l'hn:re is a minor complication in that some ApPENDS can cause a new copy of a data structure (o be created. This is not
germane 1o the main discussion here; the interesied reader may refer to [5].
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tokens.

.

o I'structure storage: By providing low-level synchronization bits per word of memory
and by enforcing a discipline which defers unsatisfiable requests, data can be shared
between producers and consumers with no performance overhead and with no loss of
parallelism.,

Many other issues are involved with the design of a tagged token data flow machine, and many
other benefits accrue. The interested reader is directed to the literature [2,5,.4,1).

3. Construction of.a Testhed

Many people find data flow an interesting and exciting research direction for a number of
reasons. We feel that, because data flow addresses the fundamental problems that have haunted

von Neumann multiprocessors, it offers a fresh perspective and the hope that we will be able to
exploit the thousand-fold parallelism “grail” after which so many have sought.
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Figure 3-I: Development Plan for the Tagged-Token Machine

In our group, we are currently pursuing a two-pronged attack on the problem of constructing a
practical prototype machine which embodies these principles (refer to Figure 3-1):
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o Simulation; We have built a detailed simulation model of the tagged-token machine
which interprets graphs produced by our compiler for the Irvine Dataflow (1D)
language. The model accounts for communication as well as processing simulated time.
We are installing an 1BM 4341 MG2 processor which we will dedicate to the task of
running these simulations of realistic data flow programs.

o Emulation: We are in the process of constructing a high-speed multiple processor
emulation facility out of a set of 32 to 128 user-microprogrammable processors
interconnected by a programmable, high-bandwidth. fault-tolerant packet
communication network [14]. This emulator will also interpret the graphs generated by
our compilér. but at much higher speeds. What is lost is the detailed internal timings of
the abstract data flow machine; but what is gained is the ability to run very large
application programs to learn about the behavior of programs in a multiple processor
data flow environment.

The key element to building the emulation facility is the packet communication
network module, one of which is integrated with each microprogrammable processor.
The network topology will be a seven dimensional hypercube with each connection
implemented as a 4 megabyte per second bit-serial link. This topology was chosen for
its flexibility. Each switch module also includes a routing table which allows the
experimenter to specify any emulated topology which can be mapped onto the
hypercube, The hardware has the capability of exploiting the redundancy in the
hypercube network for message routing and for fault tolerance. Table-based routing
also allows the facility to be statically partitioned into two or more smaller emulation
machines.

The idea of closely associating a switch module and a microprogrammable processor
allows much of the low-level maintenance and fault recovery logic to reside in
microcode. The hardware provides the essential fault-detection mechanisms, and is
flexible enough to allow for simple error recovery under the control of a microcode task.

It is our belief that this microcodable emulation facility will provide enough flexibility
to actually study the effects of the two issues raised in this paper.
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