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RAbstract

STRUCTURED DATA FLOW
A Quasi-Syachronous Interpretation of Data Driven Computations

by
Isrse] Gottlieb

Adviser Professor Jacob Rootenberg

This thesis deveiops an interpretation of data flow graphs which imposes an
additiona! level of execution discipline on the usual data flow mechanism A data
flow graph is first partitioned inlo compuistion paths in such s way that every
node belongs to exactly one path As in data flow, a node becomes enabled when
all of its data have arrived However, the scheduled aclivity which results is pot
restricled to the individual node The assigned processor may continue to execute
the successors of that node along the computation path to which it belongs This
execution proceeds in a sequential fashion much as it does in 8 conventional von
Neumann processor In order for the nodes encountered in the course of such
sequential execution to be executable, any operands they require must be
available If this is found not to be the case, the execution sequence is suspended
via 8 form of exception handling

A set of basic programmin g construcls based on this approach is developed and an
operalional semantics is defined for them Determinacy and liveness in &
modified form are demonstrated for compulations expressed in this «wstem

The question of what constitutes an optimal partition of data flow graphs, under
the SDF execution discipline. is addressed An oplimality criteria for static

programs isdefined and an algorithm for achieving it is given
A preliminary design of an architecture for implementing the SDF execution

discipline is presented The performance improvement over conventional data
flow which can be expected from SDF is discussed
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introduction

1. Fereverd

Computer siructures for parallel processing have been the focus of considerabie
research in the past two decades The progress which has been made however,
might well be seen as disappointing vhen compared to the results achieved in
other areas of computler science during the same period System overhead
continues to plague virtually alf multiprocessor implementations with more than
a few processors. frustrating their designers hopes for attaining anything close
to the theoretical potential of such systems Further even this theoretical
potential has eluded much effort at generalization ie how Lo best partition the
work of an algorithm inlo parsllie] processes Such questions as the best level of
granuiarity for a given problem. the type of controiling mechanism -- whether
centralized or distributed. synchronous vs asynchronous activities and even
whether or not there sxists a paralie! macoine which is efficient for a large ciass
of problems remain the subject of considerable debate The work in this thesis
15 a contribution in this arena Our focusis on parallel machines ones which can
be expected to handle a significant c¢lass of problems efficiently This is in
contrast to work which focuses on algorithms designed to utilize parallelism more
effectively or o the development of dedicated architectures for particular

algorithms such ase g the systolic arraysof Kung etsl [27]

Very roughly. one can divide the direclions which have been taken by paralle!
machine resoarchers into two classes The first assumes that the basic building

block of a system is 8 conventional von Neumann computer Ip this thesis & von

1



Neumann computer is charscterized by e) a list of instructions stored
soquentially which facilitsates 8 very simple sutomstic mechanism for
progressing through the execution of a program: feich increment s program
counter and execute the instruction. repeated until the instruction Llist is
terminated and b)a memory in which data and intermediate results are stored
sccessed in the course of the execution of the instructions by a naming of
locations in the memory. To construcl s parallel computing system. several (or
large numbers) of these conventiona] machines are connected together in some
way 30 that they can cocperatle on & single problem The focus of this research
has irvariably been on the method of interconnection To appreciate the
significance of this aspect of mulliprocessor systems one need only note that
physical installations with several processors have been successfully used for
many years in muvlluprogramming environments Each job on the system is
assigned a single processor. the multiple processors allowing jobs to be running
concurrently This is easily facilitated because the communicaticn between
separate jobs is minimal or zero It is an entirely different matter when s single
job or aigorithm is contemplated for paralle] execution Partitioning the job iato
separately executable processes invariably implies significant communication
between the processes For example, (o execule a matrix multiplication in parsllel
the same row or column must be used as m multiplier by every processor. hence
they must ali compete for access (o thal dals For high performance
multiprocessor systems the emphasis has been on 4ghLy coupled systems. e
where communication is not implemented by actual transmission of dsta along
some medium. ¢ § & bus, but rether via a common memory which can be accessed
by most or all processors in the systsm Here the cost of communication is

translated into the problem of contention by different processors for the same



memory location (the matrix mullply is an example) State of the art efforts
along these lines are exomplified by the Ultracomputer project at New York

University [21] .

Our work in this thesis belongs to the other basic approach to parallel machines,
that which attempts a radical departure from the von Neumann architecture The
idea that such s departure is called for wvas eloquently promoted by john Backus
in 1978 {22] He argued largely from a language developer's point of view, that
the increasingly large software systems being developed would become
impossible to implement efficieatly and debug properly il the basic von Neumann
srchitecture were to continue in use snd dictate the design of programming
ilangusges The difficulty stems from the memory state. which is a basic part of
programming s von Neumann computer Variables correspond to memory
locations and, in order o account for all possible side offects of changing the
value of a variable & programmer must be able to keep track of its effect on all
parts of the program in effect he or she must be aware of the entire memory
stste This becomes an impossibly complex task for [arge systems Backus argued
for funclonal programming systems in which there is no such thing as s
memory state Other authors [7, 31. 13] pointed oul the increasing need for
systems with ultra-high speed computing capsbility and the fact that parallel
execution is the only way to speed up s system based on logic componeats of a
given swilching speed The von Neumann computer. with its sequential execution
discipline. would seem to be an ill suited candidate for the basic building block of
such systems Thus, the quest for slternate architectures was motivated by at least
two quite different considerations Salient among the approaches being pursued

in the last decade is the so called dess Jow architecture The vork presented here



relates to the data flow approach to supercomputing

L Backgrenad

By 1970 a number of graph bssed formal models of paralle! computation had been
doveloped A directed graph can be thought of as an intuitively appealing
represontation of s partial order  An algorithm can be expressed as s set of
activities and a partial order. where the ordering specifies dependencios between
the activities That 1s if aclivity # must precede activity &, then & < & in the
partial ordering We can represent each sctivity as a node or vertex in the graph
and insert s direclied arc from node 8 to node 8 if for the corresponding
sctivities it is (rue that # < &  Thus s directed graph is & natural way of
expressing parallel computation Of course, such s graph model does not help us
decide what the activillesare. ie what operstions to include in s node This /evr.
of granuv/arity can be taken to be anything from the most primitive logical
operations at the bit level to actvities which are sophisticated algorithms in their
own right The sarliest models were developed in the context of relatively few
processors and attempted Lo answer questions such as how best Lo assign activities
to the available pool of processors with the object of schieving the shortest
completion time (see for example {11)) With the advent of large scale integration
the issue of limited processor resources became less central and theoretical work
focused on how best to make use of an unlimited supply of processors (2, 24, 30, 28.
26] . Most of these models made no assumptions as to the delsy associated with the
exocution of each aclvity. only the sequencing implied by the explicit

dependences was assumed Thus for any given computation represented within



the model considersble veriation <“ras possible as to the exact sequence of

oporations in an execution of that computation.

In order to derive various properties of these models, it was found necessary to
add & certain amount of 'interpretation’ to the graph itself. over and above the
simple associstion of nodes with activities and arcs with dependencies The
method of communication between activities had to be made explicit. and the arcs
between nodes presented s natural and workable way of defining the locus of
such communication Thus when the aclivity represented by & node terminatss,
it was understood o forward the result of its computation to other activities.
exactly as specifiod by the arcs incident to it which are direcied to other nodes
Since the delay incurred by different sctivities is unspecified in the model, the
outputs of one aclivity can accumulate in the communication channel (ie on the
‘arc’) faster than the activity to which they are directed can consume them Some
provision for multiple operands on arcs must therefore be made A common
device empioyed in these modeis is the FIFO queue each arc is defined as an

unbounded first-in-first-out buffer

Much of the theoretical work on these models focused on developing controi
mechanisms that would support decision and iteration constructs in such s way
that the determinacy of the compulations represented within the model could be
demonsirated By determinacy is meant that every execution of & computation
represented within the model would yield the same set of outputs for a given set of
inputs Other properties which were investigated include conditions for the
terminstion of computations deadlock. conditions for boundedness of the queues

and the equivalency of different computation schemas within a given model



Once the movement of dsta on arcs is defined as the sole basis for sequencing of
activities, it follows that an activity should be allowed to execule as soon as all
input operands have arrived No central control mechanism is required. each
locus of aclivity can be locally controlied and may proceed ssynchronously to
other activities the only control mechanism being the detection of the arrival of
operands and the enabling of an activity when all such operands have been made
svailsble Thus the notion of des Slow or dats driveg esvcution The data
travelling on the arcs in a dats flow computation schems are usually referred to
in the literature as fofess . while the activities associated with each node sre
calfed operators The level of granularity which has been assumed by most data
flow researchers is a very low level one operalors are often addition.

incrementation elc

The next wave of research atlempted to bring these m~dels to some degree of
implementation if only an sbstract one This usually took the form of a base
langusge to be executed by & hypothetical machine and perbaps a higher leve!
Iangusge which reflected the unusual nature of the sequencing in dataflow as
well as the lack of any memory state (see discussion of the functionality of dats
flow below) Two better known such languages are ID (for Irvine Dataflow) and
VAL (for Value oriented Language) (7. 2] Many problems had to be resoived
even at this level of implementation First of all the unbounded FIFO queue had to
be avoided The simpliest approach, taken by Dennis, is to permit only one token
on any &rc st a ime A machine implementing such & discipline is know as &
‘static' machine because only one instantiation of the computation represented by

s node in a data flow graph can be active at 8 ime, hence the execulion follovs



the stalic structure of the graph in some soense (the term is more meaningful in
contrast to the ‘'dynamic’ machine, discussed [ater) To enforce such a discipline. s
given node must know that a successor to which it supplies s token has in fact
consumed that token before it attempts to produce another This is implemented
by requiring nodes to receive an ACKnowledgement token from their successors,
indicatin g that the latter have consumed the previously proferred token. before
attemptling to execute Thus, for & node lo be /iresd/e (equivalent to ‘enabled --
used in the literature to denote that all of &« node's operands have arrived and it
may execute) s new condition is added that al] of its ACK s have arrived In effect
the ACKs are additional operands. the criteria for fireability remain the same Of
course this approximately doubles the number of tokens which must be

eichanged in the course of a computation -- s severe overhead

[teration is problematic in data {low because tokens must be circulated through
the same opersiors many times This means that no further instantiations of a
loop can be permitted while a first one is still in progress because otherwise
operalors would not be sble to distinguish belween tokens of different
instantiations This problem of token confusion was found to plague any data flow
computation whose graph contsined cycles. which of course are exactly what
foopsare One approach to this problem (used in e g [34]) is to use only recursion
to express iteration The body of Lhe loop becomes a procedure which 13 called
recursively A special app/y operslor is defined which takes two inputs the
operands required by the procedure being invoked and the name of the
procedure This name consists of a pointer to the text of a data flow program
which describes the procedure The apply operalor sllocsatles an activation record

for an instantiation of the procedure [nitially it contains only the input



operands for the procedure However, it also contains fields which are in
one-to-one correspondence with the intermediate results which will be generated
by the nodes in the procedure data {low graph The procedure executes using the
activation record as its intermediate storage for the results of its interpal
operstors A pointer to the successor of the apply cpersior is part of the
activation record. when the procedure completes. its results are sent as input
operands from the aclivetion record o the node which is successor to the apply

Thus many instances of the same daia flow code can be execuling concurrently

An important advantage of data flow which must be appreciated is its functional
nature In addition to being a vehicle for parallel computing data flow also offers
& solution to the problem posed by Backus Lhat of a complex memory state which
makes the correct development of large systems extremely difficult All data flow
operators are assumed to be fvocone/ in nature, that is their oulputs are a
function only of their inputs They contain no state information. 1e have no
history of previous computations which could affect the result of the current one
Hence the notion of a variable. in the sense of & locus whose value can be
changed and referred to in its different versions does nol exist in data flow Only
values themselves are created and destroyed as tokens pass [rom one operator to
the next One important benefit of funclional systems is the absence of s/de
effects Since the values used by an operator are anihilated by that operalor and
have no relation (o any other operator it follows that operators cannot
inadvertiently interfere with each other  This makes debugging large systems
much simpler By contrast. in conventional systems, changing the value of a
variable can adversely effect the correct execution of any number of modules

whose scope includes that variable Of course the programming advantages of



dats flow may be outweighed by their disadvaniages In particular, expressing
programs in the form of directed graphs is extremely unwieldy and the resulting
programs qQuickly become a mass of spaghetti ¥Whether or pot high-level
versions of these languages such as VAL and ID, can overcome enough of this

problem has yel to be proven in practice

3. The Doanis Machine

In addition o the problems described above dataflow presen!s some thorny
problems when one attempts to bring the implementation down to the level of a
workable machine architecture ln order Lo appreciate these difficulties. we will
look st the basic 'static’ machine designed by Dennis and his associates at M[T
(15. 16] . The later development in this thesis makes use of the Dennis
srchilecture as a starting point The other major type of data flow architecture.
known as the ‘dynamic’ or ‘tagged machine will be briefly described in a

subsequent section

The basic Dennis architecture 1s shown in figure 11 Each rastrvction cel/
corresponds to an operstor in the base machine language As we have seen
earlier the base l[anguage is essentially the directed graph representation of the
program The instruction cells are held in an sastrvctron memory and wre
individually addressable An instruction cell contains storsge for the following
fields.

1) operation code 4) ACKnowledgement count field

2) receiver [ields 5) destination address fields

3) recesver count {1eld
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[tems (1) and (5) remain fixed throughout the execution of the program The
receiver fields are the locations to which the input arguments for this operstion
are stored The receiver count field is initislly set (o the number of inputs
required for this instruction As each inputl arrives, the recetver couant field is
decrementod As explained earlier esuch recipient of a token from this
instruction must return sn ACKnowledgement indicsting that it has consumed the
previous token and has room for another in its receiver Accordingly, the ACK
count field is initialized to Lthe number of successors indicated in the destination
address fields As each ACK mrrives the count is decremented Whea both counts
are zero, the instruction cell becomes firesdle The instruction cell includes
logic to assemble an opersiron packet consisting of the op-code, operands and
destination sddresses and forwards these to the arditralion aetwork The latter
sends the packet to the correct execution unit based on the op-code The execulion
units perform the required operation and form one or more (depending on the
number of destinstion sddresses) resu/t pacteis consisting of the result value
and a destinalion address and forwards these to the distrsdution petwork A
destination address consists of an instruction coll address and a receiver aumber
The distribution network routes the result packet 1o the appropriste instruction
cell where 1t is written to the correct receiver and the count decremented
Certain data {low opersiors will generate only a boolean value o g a comparator
Since only s bit 1s required to represent these values, separate access lines (o the
instruction memory are shown for them Such decision operations work in
essontially the same way as any other data flow operator. however, having »
soparatle coalro/ aeiwork for them lakes sdvantiage of the simpler read/write

requirements of single bit values

tt



In genoral each sclivity in the Dennis machine goes through a life cycle
consisting of operstion pscket formauon. arbitration, execution. result packet
formation and distribution This sequence of events constitutes the basic beat of
the machine The expectation is that many many aclivities will be in progress at
the same time eoach s different station in the cycle Accordingly, the basic
mechanism of this other and similar data flow architectures is often referred to as

8 circuvlar pipelioe

Note that an instruction cel] is understood to be a separate physical unit with its
own logic to directly accept operands test a count assemble a packet and forward
it to the Arbitrstion network In any real system the number of such units would
be impractical bence a number of them would share the controlling logic That
1s. each would essenlizlly be & memory module with each sddressable location
comprising a cell’ One controlier would receive result packets each containing
enough information to address the correct cell and port number within the
moduie In sddison to the usua] sddressing/read/write capabilities each such
memory controller (Mc) would contain processing logic to test control bits and
assembie a packet as well as reinitializing & cell This is essentially the
‘coll-block’ idea (described in [15] ). it amounts to the usual interleaved moemory

with additional processing logic in each controller

Instead of sharing & mulliplexed bus however, each of these memory modules is
separately connected to its own port from the Distribution network {input) and to
the Arbitrstion netwvork (output) This allows greater concurrency in forwvarding
packets because the forced sequoentiality of a shared bus is eliminated The

expoctation is that this would allow & sufficient rate of packet flow to fully exploit

12



algorithm parallelism

Note that such networking is spplicable in any system for increasing the
bandwidth from processor to memory and isin faclt employed in various forms in
most multi-processor schemes currently proposed [21. 23] The main difference
between an N x N net (the usual kind in copventional mulli-processor
organizations) and an Nx M net with M <N (such as the arbitrator in the Dennis
machina) is that the latter must suf{er s higher level of blocking and hence delay
due to two or more inpul ports requesting the same output port This delay is not
recovered by the subsequent routing through an M x N (such as the distnet) The
fine granularity of dataflow and its intention to concurrently snable large
numbers of computational sctivities necessitates simple. non-homogeneous
processors -- if & reasonable leve| of processor utilization is to be achieved This
means that competition for s particular type of execution unil between sactivities
s inevitabie and hence that the equivalent of an Nx M net with M <N is enforced
regardless of the number of processors actually provided (up to some
prohibitiveiy expensive overkill) The arbnet configuration reflects these
reslities More conventional mulli-processor systems are targeted to s much
higher leve! of granularity and a proportionstely lower degree of parallelism
They can therefore afford to provide homogeneous full fledged processors for

each memory module

4. Probloms with Data klow

Despite the fundamental appeal of the dataflow model of computation to the

t3



supercomputer researcher, its real-life deficiencies -- as reflected in currently
proposed architectures -- are considerable. A review of the important problems
bhas been presented by Kuck et al (19]. Two of the most salient of these

difficulties. and ones which will be of interest to us in this thesis are

[V The fact that lastruction pipelining. u basic performance
enhancement employed in conventional supercomputers,
1s not possible in current data flow architectures.

2) Thelong processing pipeline which must be traversed between
every pair of interdependent instructions. and

3) The lack of an adequate data structuring mechanism

We shali brielly describe each of these Firstly consider anv pair of instructions
# and & represented by sdiacent nodesin s data flow graph such that an arc is
directed from # to & It 1s clear that no part of the ezecution of both instructions
can be in progress concurrently This follows directly from the implementation
of each instruction as an independent activity whose sofe criteria for activation is
the arrival of the requisite input tokens Thus since the tokens which will enable
5 must be generated by the execution of &, it is clear that & cannot ‘know to
begic until # has completely finished Conventional supercomputers empioy a
technique called /astruction pipelining o enhance performance The fetch and
docode stages of the execution pipeline can each work on one instruction,
dispatch it to the actual instruction execution hardware and then begin the same

processing on & next instruction well before the first has completed This type of

14



pipelining of instruction processing stages is entirely proscribed by the Dennis

architecture

Further. since the entire processing pipeline of the Dennis machine must be
traversed by every instruction. it follows that any pair of interdependent
instructions (such ss s and 4 above) will be separated by the full pipeline delay
Virtually all of the proposed data flow architectures rely on a relatively long
processing pipeline similar to that of the Dennis machine (see for example [33])
Good utilization of such a long pipeline can only be effected by algorithms with
ultrs high ievels of inherent paralielism [t has been estimated that some 600
concurrent operations would be required to fill the typical data flow pipeline [19]
Note that this would have o be the aversge level of parsllelism. not a burst Jevel.

if the pipeline wore to be used efficiently

Finally data structures represent s serious problem in data flow For scalar
tokens the actua] transmission of operands from one aclvity to another (by ¢ g
writing directly to a field thatl is part of the instruction) is feasable For large
structures such as arrays of data the copying and storsge requirements implied
by the actual movement of data along arcs wouid be prohibitive, both in time and
space Various proposals have been put forward to deal with this problem
Among the better known are the structure memory of Dennis and Ackerman (14
1] and the 1 structures of Arvind (5] In the former a special memory is
incorporated into the system whose sole function is (o store data structures Ali
such structures are in the form of trees. where each non-terminal node
represents a subsiructure and the leal nodes contain the actual dats Arbitrarily

complex structures can be represented in this scheme A simple one dimensional

15



array is implemented much like s list in LISP. essentially a binary tree in which
one side of every subtree (the same one) is & leal node except the last one
Pointers to these structures are passed botween operstors rather than the
structures themselves To avoid massive copying. & reference count is associated
with every node Whenever two copies of s structure token (actually. ils pointer)
are made and input to different opersators. the reference count of root node of that
structure 15 incremented As long as the reference count is 1, updates to the
structures can be made by operators without any probiem the write operation is
made to the structure memory [If the reference countis > | however, and an
update is requested o s particular node within the referenced structure, the
entire structure up to and including the node which was changed must be
copied The rest of the structure can continue to be shared by different aclivities
The reference count of the new structure is set to | and that of the old one
decremented by 1 In this way, both activities have their own 'view' of the
structure up o and including any part of it in which they differ The scheme is
similar to the usual LISP implementations of CONS cells except that no cyclic
siructures are permitted and there can be many structures being concurrently

sccessed

The implementation of this scheme requires a separate strvctvre memory with a
fairly involved control logic {shown at the bottom of figure 11} The tokens
which are exchanged between instruclion cellis which operate on data struclures
are pointers to structure memory locations Special data flow operators called
(among others) se/ect and sppend are used to road and write an element of a data
structure, respeclively Referring to figure 11, the select operstor takes two

arguments the address of the structure in the structure memory and an identifier
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of the particular ejement being read An operation packet of these arguments
and the select op-code is sent to the operation logic of the structure controlier
which reads the selected structure item The structure controller forms a result
packet consisting of a copy of the item and & destination sddress of an
instruction which needs to make use of the item -- this will be a successor of the
seloct instruction The packet is sent to the distribution network as usual The
append instruction takes the arguments that the select does plus s value wiich is
to replace the selected structure element It is processed in essentially the same
way The structure memory and its controlling logic can be thought of as s

specialized execution unit which has access Lo a data base

There are two serious drawbacks to this scheme Firstly it is clear from this
description that approximately double the number of memory accesses will be
required for struclure operations as opposed to scalar ones. apart from the
overhesad associated with reference counts and other housekeeping One sccess
must be direcled o the instruclioo memory which contains the operators and the
structure pointer lokens and then after decoding the instruction. another access
must be made to the structure memory to get at the ‘real data The second problem
i1s that concurrent opersations on the same structure must be severely curtaifed If
two sctivities are to update the same structure, they will each have to be provided
with pointer tokens to that structure as input By the logic described sbove, the
reference count of the structure will be 2. and when an update is attempled. a
second copy of the structure will be created The result will be two logical
structures, each with one of the changes instead of one structure reflecting both

changes Thusthe updates must be done sequentislly
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The solution of ‘| structures is to permit only & very resiricted type of access to
data structures. the sequonce of operstions to a structure must have & property
known as moaoioaicity . We shall not slaborate on this here, except to note that
this type of access is quite limiting vhen compared to the simple [reedom of
read/write sccess enjoyed by the sequentially stored array of & conventional

machine

These difficulties are perhaps less surprising when one considers that dataflovw is
e high-performance mode/ of computation i.e it is an advanced Lhevretical ool
-- bul that as such its premises fly in the face of basic high performance
architoctural priaciples High performance architectures invariably draw their
powver from careful synchronization and dedicated structures Dataflow. with its
ipusience on complete asynchrony at the jowest level would seem to preclude

such techniques from the start

Early datallow resesrch based its hopes for high performance on massive
parallelism One might well characterize much of current data flow bhardware
work as an attempt to implement s high performsnce theoretical model of
computalion on low performance architectures Massive paralleiism cannot

correct this basic deficiency

An implicit concession to this spparently very basic difficulty is contained in
socme of the more recent proposals {or quasi dataflow architectures e g Kuck's
dependence driven and Hwang & Su's event driven models {18, 22] These
proposals represent a renouncement of dataflow at Lthe lowest level and an appeal

to higher abstraction The key issue then becomes one of process scheduling
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more akin to the kind dealt with in conventional multiprocessors The spproach
to array accesses presented in [20] is in & similar vein: whole array operations are
subsumed within an operstor The Piecewise Dataflow concept [29] is en
interesting proposal for dstaflow-like scheduling of processes on two levels of
granulsrity The distinction beiween the two levels however is based op a
construct -- the basic block -- which seems Lo have been chosen more as s matter
of convenience and software compabtibility than because of any inherent
relevance (o parslielism There is no theoretical groundwork for the choice of

granularity leve]

5. Okjeciives of the Thesis

Of the three problems described above we shalf in this thesis propose a solution
to the first two. and indirectly W the last one Our proposal shall consist of a
different saterpretatron of a graph modelled computation than that assumed by
the usual data flow models We shall retain the meaning ascribed by data flow to
the arcs in & graph. 1e that they represent the movement of data belween
operators and are the sole criteria for dependency betveen operations For this
ieason vo shall refer to our scheme as an interpretation of data [low graphs that
i13. one vhich includes the elements of the data flow interpretation but go beyond
it. However. this is to be understood in the above sense. ie that we retain the
meaning of arcs as used 1n dala flow In other respecls our interpretation will

differ significantly
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The interpretation which we propose involves two parts. Firstly. we begin with a
data flow graph and apply a transformation to it which consists of partilioning
the graph into a set of disjoint segueatial computation paths (see figure 12)
Every node in the graph must be assigned 10 exsctly one such path Each such

computaiion psth corresponds to s directed path (in the grapb theoretic sense)

in the data flow graph of length 2 @ ie il consists of one or more nodes. This
transformation also effects s partitioning of dataflow arcs into two classes Those
connecting successive nodes on & computation path will be referred 10 as SEQ arcs
The other type of arc connects nodes that have been assigned to diffurent
computation paths They will be referred to as COM arcs It is clear that this
partiion can be effected in many different ways The particular partition or
partitions which would be of interest depends cn the second part of our scheme
an interpretation of psrtstioned data flow graphs ie what is meant by an

execution of such a graph

The interpretation is as follows Each sequential computation path is assigned &
processor The significance of the term seguent/a/ compulation path is that any
set of successive operators that lie on & directed path in a data flow graph. could
theoretically be executed in a sequential and uninterrupted fashion.
provided that any operands required by those operstors which are supplied by
opeéraiors not on the same path will bave arrived by lhe Lime they are nevded
Thus we assign & processor to each computation path with the intention of heving
it fetch and execute the successive instructions on the path in the manner of s
von Neumann processor -- hence the term SEQ for the arcs connecting successive
operalorson a path The token which traverses the SEQ arcs on a particular path,

will be referred to as the HOME datum for that path This datum can be keptina
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Fig 1.2 1lustretion of SDF Partitioning

(a) shows an example detaflow graph represented 1n the usus) wey in{b), the
nodes and srcs have been partitioned 1ntoe communmcating critical paths, each of
which may be executed sequentially 1" denotes 1nputs, 'O shows where the aut -
putis taken Each rounded square enclosure represents one element of the par-
tition, each consists of 8 a1ngle sequential path The narrow lines represent
sequential flow of control while the thicker ones show the commumcation be -

tween paths
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high speed local register and may be thought of as a one word ‘context’ of the
process corresponding to the entire computation path [t need not sctually ‘move’
anywhere. the instructions that comprise the psth effect successive
transformations on this contexrt register’'s contents Ordinary voo Neumann

controf flow branches are permitted. but oaly within a given path

OOM arcs are %0 called bocause they represent an interprocessor communication
cost A node which requires more than one input operand must receive such
operand(s) from another processor executing another computation path A COM

arc dolivers such operand(s)

We will refer to the scheme presentsd here as Structured Dataflow (SDF) becsuse
of the partitoning imposed on the basic dataflow model and because of the
quast-synchrous execution discipline employed Processors executing a
computation path will adhere to the classical fetch/execute cycle for successive
instructions We would expect « machine implementing such a scheme (o store
the instructions on a computation path in physically sequeantial memory
locations %0 as Lo facilitate efficient implementation of the fetch/exec  SDF
represents a reintroduction to some extent of the von Neumann computing
olement into a data flow type of environment We should be precise as o what
oxtent we are in fact making use of Lhe classic vop Neumann architecture
Referring to the iwo features with which we characterized a von Neumann
machine earlier, we note thet SDF introduces the first but not the second of the
von Neumann machine elements That is. we employ sequential instruction fetch
and execution. albeit in & novel way However, there is no memory state the

instructions in SDF remain entirely functional and data are created only to the
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extent that they are to be forwarded as input to a particular instruction. In other
words, only values are created, not variables Thus the functionality of dats [low
is retained Our objective is to introduce the sdvantages of the conventional
processor, particularly its amensbility o instruclion pipelining and vector

processing without its drawbacks 1.6 its complex memory state

in the course of the thesis we shall

1} Describe a preliminary architecture for implementing the SDF
interpretation.

2) Argue on the basisof thatarchitecture that the performance
potenlial of SDf should be higher than that of data flow,

3) Establish criteris for s partition which is optimal in the sense that it
achieves the best performance under the interpretation. and give an
algorithm for obtaining such a partition.

4) Develop the rudiments of an SDf programming system ie devise
constructs to facilitate decision and iterstion within the SDF
interprelation. and

5) Show that computations represented in the programming sysiem are

determinate and live ie thai it is a viable system

The main thrust of our work will be (4) and (5). thai is. 1o show that an SDF system
can theoretically be made to work The notions of determinacy and Liveness have
been discussed st length in the litersture and have been shown to hold for

various graph based models of parallel computation Determinacy is generally
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taken as s prerequisite for any visble sysiem and is assumed in most data flow
implomentations The sotion of liveness is usually defined in the contert of some
sot of states of a formal model of machine which are defined to be final or
terminal states Liveness is then defined to hold for s machine or schema with a
given initia] configuration of a terminal state will always be reached Intuitively.
the ides of liveness is meant to reflect whether or not s machine or computation
mode! can be expected to make progress A system which is not live is subject to
desdiock or is in some sense inconsistently defined Some data flow systems have
assumed liveness as s prerequisite for their programs and hsve restricted the
premissible constructs to insure it [31] Others leave it o the programmer to
avoid deadlock and combine operators in a consistent manner We shal! use the
term liveness in a manner appropriate to the somewha! more implementaion
oriented context of this thesis Informally an SDF programming construct will be
considered live if it consumes all of its input data and generates the expected
output for each A more careful definition will be given in the appropriate
section [t turns out that these properties do not sutomsatically carry over from

data flow to SDF and this is the focus of (5)

Nevertheless the Lthrust of the SDF scheme is to improve performance over the
basic datafiow approach Because of this and because an implementation oriented
description of & computing scheme provides a concretizstion which can help the
reader gsin an intuitive sense of the ideas presented we have included a
description of an architecture which implements the SDF scheme The case for
SDF as a system with betler performance than data flow will be sargued at the end
of thissection Weemphasize that this design is enlirely preliminary and that the

issues dealt with in (4) and (5) above must precede s detaiied architectural
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implementation

The optimal partition developed in (3) relstes to a static compulation schema ie
one which contains no decision elements that vary with the dynamic progress of
s computation Issues surrounding the dynamic optimization of SDF schemas will
be treated brielly in the [ast section of the thesis where we indicate the directions

of future possible research
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f Preliminary SUF Architecture

L Tho Architecture

We conceive of an architecture which includes the capabilities of the Denais
machine ie & memory controller (Mc) which cap accept a result token, test the
destination cell forward an enabled packet if necessary and re-initialize the cell
However, this action is to account for only pert of the instruction processing A
significant part of it will be done via & different mechanism ie sequential
instruction fetch & execule at the point following the enabled packel's address

Thus. enadled pactets also contain 8 program vuater (PC) value

We therefore retain the interleaved memory with enhanced coatroller for
instruction cells [nstead of individual cells however, the basic program unit
stored in a module is a compuiation parh and is logically associated with the loken
which flows along a directed path in the data flow graph -- the Home datum We
would like to use memory interleaving to increase the throughput of tokens from
instruction cells to processors Since enabling of nodes along & computation path
cannot occur in parallel it follows that interleaving should be done scros

critical paths

Wo now have two types of instruction enabling function associated with a
memory module {figure 2 1) The Dennis machine type Mc with its test. packet
assembly and related capability and & von Neumann type fetch/decode/executs
function The fatter has a PC which is incremented for each fetched instruction

and can also decode unconditional branches Results of operations executed along
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s computation path are trested in one of two ways. 1) They may update the H
datum and/or 2) they may forward resuits to sn insiruction in another path In
the [atter case the address of the destinstion is specified as a triple < p, i, t» where
p is a path number i is the instruction number within Lhat path and t is & bit
which specifies the type of loken being store. ie whether it is an operand or a
controf ACK Assuming oniy binary or unary operstions are permitted, only one
operand is ever required becasuse the H datum is always available The latter will
be maintsined in a hardware register during the time that the path is active
Therofore only one of two operands for a binary operstion need be transmitted.
while control tokens need only increment an ACK count When, during the
course of executing & computation path an instruction is encountered with input
operand missing the cell 1s marded with a bit and the path is cancelled
Conversely. when s result is forwvarded (o an instruction celi its operand field and
ACK count wre checked If all inputs have arrived, aad the cell is marked. an
operation packet corresponding to the instruction is formed and placed in a
buffer The packet inciudes the PC value of the instruction as well as the H dstum.
ie it contains the information necessary to resume sequential execution of s path
st the point where it was last suspended The packets thus represent re-ensbled
paths The buffer in which they are deposited is organized as n queue When the
currently executing path (if any) becomes disabled. the next enabled path in the
buffer is activated as follows The H datum is loaded into its hardware register. the
packet ocperand is forwarded o an sppropriate execulion unit and the sddress of

the next instruction iy latched into the PC Fetch/Exec conlinues

A problem mrises as to where the H datum should be stored during the time a path

i3 insctive One approach 1sto have a field in each instruction containing a path
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ID. This ID would be used to index into & table containing H data An extrs
memory reference would be required each time a path is enablied or disabled. To
avoid this we could provide room for the H datum itself in each instruction cell.

Either way. considerable extrs memory is bein g used

Note however that it ts because of the existeace of control tokens that any
problem arises at all Otherwise we could simply store the H datum in the field
whore the missing operand is to arrive There is only one such operand and -- if
there wore no control tokens -- the path would be enabled as an immediate
consequence of the operand's arrival At that point the H datum goes into a
hardwere register and no longer needs the storage field This suggests that the
SDF approach presented here might benefit from the incorporation of a dynamic
dataflow interpretation -- one which employs label matching instead of ACKs
(33, 61 It is the author's belief that a dynamic version of SDF would be the
implementation of choice and would realize much more of its potential We shall
Lreat this possibility briefly in the last section For the purposes of the rather
more theorelical Lroatment presented here however, we have assumed the static

interpretation

Since the storing of opersnds o instructjon cells will be occuring concurrently
with the fetch/ezecute function, it is possible that such a store will be directed to
the same module f[rom which instructions are being fetched, indeed such a store
coufd be directed to the same computatiocn path as the one currently being
ozocuted. We will therefore take each module to be itself interleaved This
interlesving will be low-order, ie it will place successive nodes along a critical

path in different modules Thusconcurrent cell update and fetch accesses will be
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directed to different parts (interleaved modules) of the memory module with a

high probability

Processing of an arrived packet is independent of and occurs in paraile] with
sequontial fetch/executle processing The only intercourse between these
functions occurs when s PC fetch and packet store/update access the same module
in the low-order interleaving -~ in which case one will have o wait (logically,
the fotch should take precedence unless the store provides an operand for that

very instruction)

Actually the arrangement shown in figure 2 Ia with its PC, IR and other logic,
goes well beyond Lhe memory control function It is responsible for the
transmission of operstion packets as well as the distribution of results --
functions which demand considerable resources and are a primary design focus
in any multi-processor system Accordingly we have labeled it an Instrucuon

Issue und Update (ISU) unit in figure 2 1b

The fact that each Mm is interieaved suggests the biock reads of instruction paths
are possible and this isa next enhancement step (fig 2 1b) A prefetch buffer for
high speed instruction access is added to the Mc [t parsllels the interleaving of
Lthe Mm itself except that it is only one location deep for each module. in effect, a
register file In sddition to the usual expidition of instruction issue provided by a
cache the prefetch buffer alsc serves to further separate memory sccesses and
reduce collisions since al] fetchos generated by a given path address the cache
while stores do not This is much more significant in dataflow than in

conventional architectures because all load type memory accesses are included
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ino felches due to the immediate operand charscter of dataflow instructions. Stores
gonerated by other ISU's however,. may in general be targeted to instruction ceils
on an active path ie those contained in some prefetch buffer A bounds
register(s) will maintain information as to what part of memory is in the buffer,
the destinalion address of an incoming packet is compared with this and if the
destination is in the buffer the update proceeds there rather than to memory. The
registers comprising the prefetch buffer must be provided with split multiplexers
to sccess them 9o thal a store of sn operand may proceed into one of the
instructions in the buffer while the fetch function is in progress If the path is
cancelled s block write f[rom the point of canceilstion and on (in the buffer) must
be made Lo memory to rotain the newly arrived operands which have not yet been
used Alternatively a bit map register could be used Lo limit write-back to those
modules corresponding to prefetch registers which actually received an operand
Note that this represents a significant easing of the cache coherence problem
Because the control function for each memory module is uniquely associated with
an instruction stream processor (ISU) writes 0 8 memory moduie are readily
checked aguinst the contents of the corresponding prefetch buffer No other
‘processor can access instructions from this module -- hence Lthe write-back is

effective

The decoding function determines which type of execution (E) unit & packet
shouid be sent to and may cptionally change the PC for unconditional jumps We
are assuming for the moment that non-homogeneous processors are employed
Such a decoding function may be provided with each instruction issue unit and
each decoder wiil directly demullipiex all the different types of E units This is not

an uncenscionable number of cross points. the number of types of E units 1s
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hmited and we noed demuitiplex only the £~7pes A cluster of identical E units may
be managed by logic which forwards an operation packet Lo any available unit
and returns an ACK vhen laiched in [t may have some buffering Alternatively.
a single decoder may strobe a number of IR's in turan, ACKing each with the same
signal Only one demultiplexer would be required The former provides a
potentially higher density packetl siream Two packets requiring different units
may be forwvarded in parailel in the first scheme but wilf be separated by at least
one clock and likely more in the second Even packets requiring the same uanit
will experience unecessary deiay in the second scheme if they happen to be

separated some distance in the polling order

Similar considerations apply W the result forwarding function In ligure 22
each operand packet forwarded Lo an execution unit type also has its destination
addresses cdeposited in & holding register asocisted with each individual E unit
This maintains & FIFO correspondence belween results emerging from the unit
and destination in{ormation in the register This register must be buffered to s
depth equal to the pipe delay of the t unit Each emerging result will pop a
destination info field [rom the queue snd forward s complete resuit packet to a
completed result register (CRR) -- also buffered An addressing (A) uni! strobes
the latter register in each £ type cluster The A unit is directly demultiplesed to
the input ports of sll ISU's -- and the results are forvarded As in the docode
function, separate full demultiplexers may be associated with each CRR for better

parallelism
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To reduce the buffering requirement in the sbove arrangement one might use
only a single random access buffer for each cluster Each operation packet would
be appended s tag designating the buffer location in which its destination
information has been temporarily stored Only the tags would have to be FIFO'd --

8 more economical proposition

Weo have incorporated full crossbar connectivity for the connections between the
ISU's and the E units as well as from the A units back to the ISU's. Our initial
design goal is for s smallish, practical machine and hence the crossbar is

relevant [In principle however, a log delay type of network could be employed
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for either or both of these connections

A somewhat different architectural spproach than the one described thus far
might be considered in light of the declining cost of basic processor power. Allow
a8 full complement of arithmetic and logical processing capability for each ISU
and avoid all network or even crossbar swilching delay for the fetch/exec
function Particularly since the ISU is & fairly intricate piece of hardware, the
sddition of an ALU may nol be overly significant The emphasis would be on high
speed networking lo distribute results Only one crossbar or network would be

required

Figure 2 3 shows an overview of the system Note that if we wish to schieve tight
coupling between ISU's and memory modules. it will be necessary o have
reiatively small memory modules and dedicate a processor o each one The
alternative is to allow arbilrary assignment from a pool of processors to any
memory module. whenever a computation path becomes ensbled, the path
activation jogic would remain part of the memory control function while the
fetch/execute facility would be a separstsly sssigned processor However. for a
sizable number of processors and memories. we will have (o resort to packet
swilching and the associated delay to umploment the many processor (0 memory
connections Even if a processor iy dedicated to every memory module, we are still
unable to have concurrent instantiations of the same path -- unless multiple
felch/exec units were dedicated to each memory module This is an expensive and
likely & wasteful proposition Thus the length of the pipeline traversed by Lhe
instruction processing function may still have to be longer than in s

conventional serial processor For as long as the feltch/exec sequential mode is
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active however the overhead of assembling an instruction packet as well
checking and updating operand counts is svoided The key point however, is
that successive instructions siong a computation path, may follow sach other into

the pipeline and noed not be separsted by its full delay

2. Perfermanco Enhancoment in the SDF Aschitecture

The design thus far is similar in important respects lo the Dennis machine Jts
discernible advantages over the Iatier include the following The Dennis machine
is limited in parallelism by the number of Iastruction ‘cells’ Since a module may
contain non-interdependent inastruclions and conversely two modules may
contain dependent instructions, overkill in the number of modules and associated
arbonet ports is required to atlain good parallelism Indeed. the original
conceptual mode! of the Dennis machine prescribed a separste unit for every
‘cell -- for exactly this reason Qur scheme howvever guarantees that a module
contains only dependent nodes and hence -- by implication -- two modules are
more likely to contain independent nodes [t is however still possible for nodes
in different module o be interdependent since one may Lransmit operands tc the
other Nevertheless it follows that the number of modules required o achieve s
given lovel of throughput, as well as the traffic intensity through the decoder
network will be lower than for the Dennis Arbnet From s practical point of view
this would allow entertaining s machine with » smallish number (say 32) of ISU's
with full connectivity to E units -- since we would expect more of them to be

providing paralie! computation more of the time
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In case nc significant sequentiality of execution is realized along any critical
path of the dataflow graph of s given algorithm, the architecture described
reduces to 8 machine very much like the Dennis design Paths would be enabled,
exocute for one instruction and then. finding s requisite input operand missing
for the next instruclion -- be immedistely disabled Thusone instruction node at a
time is enabled and executed in accordance with the dataflow graph's
specification It is instructive to consider in more detail exactly what additional
overhead -- beyond that of the Dennis machine -- would be incurred. if any, for
this degenerate case ie where each instruction psth executes exacty one
instruction and is then disabled Assuming 2 input opersnds for a given
instruction node. the processing required Lo enable that node involves a) the
storing of those 2 operands into the instruction cell, b) for each such store
resding the cell W determine whether the operand count bas boen exhausted and
c¢)the switching delsy implied in assembling an operand pscket and forwarding it
to the arbnet's decoder While the [ast operand supplied 0 an instruction cell
need not actually be wrilten to memory becsuse we can simply forward it as part
of the enabled packet, it is stil] necessary to rewrite the instruction cell to its
initia! condition -- in preparation for the next time it is fired Hence we can
simply associste n reads and writes with a cell for each of its n input operands --

in addition to the delay in (¢) Comparing datafllow and SDF we have

DF. &2 read/write operstions for checking operand counts. updating
input operands and re-initializing the cell « packet assembly and

forwarding delay (inciudes any buffering in the arbnet)

37



SDF 2 -1 read/write operstions for checking operand counts etc as
above One operand is always already available as the Home datum
One packet assembly delay is incurred as above When an
instniction 19 sncountered with missing tnputl operand, it cannot
be executed and the cell must be re-writlen with &« ‘'mark’ to
indicale that execution is to resume at that point Hence an extrs

read/write is required

SDF actually pays one read/write less for operand writes than a standard dataflow
architecture because of the H datum On the other hand it must always fetch one
instruclion too many because of the assumption of sequentiality and must also
mark the cell which interrupted the fetch/exec soquence Hence the overhead

associated with both systems is quite Lhe same for the fully degenerate case

To the extent thet sequential execution of inastruction paihs can be realized the
overhoad of assembling an instruction pscket (switching delay). as well as the
memory accesses for checking and updating the final operand -- are avoided In
datafiow, these delays are forced between every successive node oo & critical path
For every instruction after the first one executed sequentially this gain is pure

profit and may be significant

Whether or not the performance enhancements described can actually be
realized depends of course on partitioning s dataflow graph into paths in such a
way that the probability of sequential execution is high The viability of this is

discussed in the next section
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The Partitioning of Data Flow Graphs

Two issues present themselves when considering how (o organize s dataflow

graph for execution in the SDF environment

1) The length of sequential instruction streams The ionger the stream.
the fewer context switches per operation and hence the groater the

oversll gain in efficiency

2) The waits which s processor may encounter in executing s stream
becsuse operands have failed to arrive on time from other processors
Suchwvaits represent the need to suspend the current instruction
stream temporarily and therefore are equivalent to incressing

the number in (1)

Definition: The Jove/ of parsi/elism of u graph G. denoted p(G). is equal to Lhe
cardinality of the largest set of nodes of the graph such that no precedence
relation holds between any pair in the set The nodes in such a set will be
referred (o as sodependent A chain of nodes in a graph G is a set of nodes on
which the precedence relation is a linear order A partszog of a graph G. will
mean & partition of chains Thus & partition will consist of & set of sets of nodes
where each such set qualifies as & chain. as well ss the precedence relations
which the graph specifies between nodes on different chains A partition
therefore divides a graphs arcs into two sets those specifying precedence

relations between nodes on a chain and those specifying precedence between
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nodes on different chuins The former will be referred to as SEQ arcs (for
sequontial). the Istter as COM arcs (for communication) A third type of arc, called
forward arcs in graph theoretical terminology. are those which connect nodes
that are more than one node apart on the same chain. As we shall see. this type of

arc can be neglected for most analysis The cardinality of a partition of some

graph G ie the number of chains in the partition, will be denoted by C(Pg)

Lemma 3.1: C(P;) 2 p(G)

proof: By definition a chain's elements are totally ordered Therefore, for any
set of p(G) nodes which participete in the graph's marimum parallelism. each
node must be on e different chain Otherwise. at least 2 would be in the same
chain. and since no ordering applies between them by the delinition of p(G).

wvould violate the defintion of a chain OO

We have defined partitions W consist of chains in the usual sense of the term
when used in connection with partia! orders Other types of partitions are
possible To lacilitate a discussion of the different types we shall first require the

following

Definltion: A graph whose nodes all have unil weight is called 8 vast weight
graph. We can transform a graph G with arbitrary weight assignment W iato a

unit weight graph G as follows For every node in G with weight # in W and
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having & input arcs and 2 outpul arcs, place in G a directed path of £ unit
weight nodes Connectthe & input arcsto the first node on this directed path and

the & output arcs to the last one

Note that the only restriction on W is tha! weightls have rational values By
sppropriate multiplication all fractional node weights may be converted to
integer values thus permitting the transformation For our purposes, the weight
associated with a given node will correspond to the time delay of the
corresponding instruction [f we convert the nodes in the graph to unit weight,
wo have that the time delay associated with the execulion of s given computation
path 1s proportional to its length Note that this static assessment of & path's delay
is necessarily umperfect since the execution time of certain instructions will vary
with the particular operands Henceforth we shall assume that graphs being used
in the context of SDF have been transformed into & unit weight graph. unless

otherwise indicaled

Definition: The /ovw/ of s node # in s graph G. denoted L(&) is the number of

nodes on the longest directed path o0 8 notincluding & itself

We can now consider the following different ap;-oacher & rerttioning a

Dataflow graph G

1) A chsin is defined as set of nodes v, = v, suchthat L{v,)1=L(vw ;)

[1]
1f we assume that all nodes at level /-1 have ciecuted at time L, -- thisis

possible because the graph's nodes are all of unit weight -- then this
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spproach is simiiar to the classical scheduling model in which s process
13 assigned an available processor as soon as soon as all of its precedence

requirements have been satisfied In our case a node at level / can have
al most ; ancostors along any directed path and hence at time l.l all

predecessors of nodes at level / have executed

If the partitioning of computations among processors is modeled in this

way it 1s easily shown that one can always find a partition P such that

C(Pc} = p(G) and further that the completion time can never be

improved upon by using more that p(G) processors [11]  However sucha
model 1gnores the overhead of context switching and communication
between processors This simplification is justified if the tasks being
scheduled are self contained macro’ tasks 1e they are large compared to
these costs and communication between them is limited Our 'tasks’
however are actually primitive operations and hence the cost of
allocating and deallocsting s processor s well as the level of
communication between computations is very significant This model
would therefore be & poor approximation of the behavior of an SDF

system

2) A chain can be defined as we did above asa linearly ordered subset of the
nodes in G with respect to the precedence relation Note that in this
approach. successive elements on a chain do not necessarily correspond
to mn arc in the Dataflow graph There need only exist a direcied path in

G between such nodes
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3) We can use (2) but restrict the definition of a chain by requiring that

successive nodes correspond toan arcin G

4} We can use (3) but restrict chains even further by requiring that

successive nodes correspond to successive levelsasin (1)

In SDF we shall be interested in (4) which is & combination of (1) and {3) To see
why this is so. pote first that if successive elements v, and v, , on & chain do not
correspond (o an arc 10 G, then there is no transfer of data between them 1n the
Datafiow sense and the Read set of v, is disjoint with the Write set of v,
Therefore a processor assigned to execute the chain will be forced to switch
contexts between v, and v, | In terms of the greater efficiency we hope to
schiove in SDF by an uninterrupted sequential execution of @ serial instruction

stream this situalion is no better than two chains one onding at v; and the other

beginning with v, Hence the importance of the requirement in (3)

At the same ume if instruction streams in SDFf wre to be executed in an
uninlerrupted fashion we must avoid situations in which an operation cannot be
executed because an opersnd that it requires from s node on a different chain has
failed to arrive on time This is the motivation for the requirement in (1) Asa
first approximation we will ignore the time delay cost of COM arcs themselves.
Therefore. to determine in goneral if & given oporand will arrive st its destination

node in time for the [atter's execution. we must consider the weight in terms of
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time delay of the directed path which ends with the COM arc that delivers the
operand o that destination This in turn must be compared with the weight of the
chain along which execulion is progressing towards the destination node If the
latter is grealer than or equal to the former, there will be no wait, otherwise we

have a problem [n what follows the term was/ will be used in this sense

Definltion: A perfect woight assugnment for some partition Pof a graph Gisa
weight assignment Lo each node 1n G such that if G is interpreted as a dataflow
g¢reph. no chaun in Pincurrs any waits for operands G is not necessarily & unit

weighl graph

A perfect partitson for some graph G and & given weight assignment W for all
nodes in G 13 8 partiion P such that if G is interpreted as a dataflow graph whose

nodes have execution times W_no chein in P incurrs any waits for operands

¥We now ask Under what conditions does there exist s perfect woight assignment
for s given partion? True. even if one does oxist. we must still show how to find it
More importantly in practice the weights are given and are relatively inflexible
However the significance of the above question i1s that it will allow us o
charscterize partitions which cangoer avoid chain waits and hence should be
avoided when searching for a perfect partition The following result achieves

this

Lemma 3.2: A partition P of & graph G has & perfect weight assignment iff.

after conversion to 8 unit weight graph there does not exist a pair of



successive nodes v, and v, , op any chain such that (L(v))+1) «(L(v, D)

proof. We prove the 'if" part first -- by contrsdiction Assume the converse. ie
that the condition of the Lemma holds but that in fact there is no perfect weight
assignment for P Then for any weight assignment W, there exists al loast one
forced wait in P The condition stated in the Lemmas is equivalent to saying that
there does nol exist & pair of nodes & and 4 on any chain such that there exists s
directed path in G from # to & which does not include the SEQ arc between them
If the wait is experienced by the first node of some chain we can simply delay the
start of that chain by the amount of ‘ime’ of the wait Assume therefore. that
there exist & pair of successive nodes # and 4 on some chain such that node 5
experiences & forced wait This implies that there exists s directed path g from
some first node of some chain to # such Lhat the weight of pis greater than the
weight of the path to 4 along the chain containing # In this case we can modify
W by increasing the weight of & arbitrarily and thereby reverse the inequality
between the paths This would efiminate the wait and yield & perfect weight
assignment Therefore. p must nevertheless include & so that increasing the
weight of # increases the weight of both paths equally thus preserving the
forced wait But this implies a subpath from & to & in » Further p» cannot
include the SEQ arc joining # and 4 else & would have only one incident input
arc and hence could not axperience any waits But this contradicts the condition

of the lemma

To prove the ‘only if part we need only note that if & path p exists between two

successive nodes on a chain & and & then. since datallow graphs are not
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multigraphs. there must exist at least cne node, say ¢ on gpother than s and 2
This node must have some finite wveight however small, and therefore the chain
containing # and & will be forced to wait after executing s for this amount of

time before executing # since the latter is dependenton ¢ O

The Lemma shows that for a graph with sarbitrary weight assignment, chains
whose successive nodes are not &t successive levels musy result in a forced wait
This implies either i1dling & processor or & context switch. both of which we wish
to avoid in SDF For our particuiar case of a unit weight graph. the following
lemma shows that requiring successive chain elements (o have successive jevel

values is aiso a sw/7icreat condition to avoid this type of chain ‘break’

Lemma 3.3. Let P be s partition such that for every pair of successive elements

opachsinv,andvy, | L(w,)-1=L(v, ,) Then Pisa perfect partition

proof. By contradiction Assume the condilion of the lemma is satisfied but that
P is not perfect. ie there exists & chain € in P that experiences a forced wait If
the wait is experienced by the first node of some chain. then. as before we can
simply delay the start of that chain by the amount of the wait Assume therefore.
that there exist a pair of successive nodes # and & on some chain C such that
node & experiencesa forced wait This implies that there exists s directed path g
from some first node of some chain to & which does not include the SEQ arc from
8 to & such tha! the weight of pis greater than the weight of Cup to & Now

since G is & unit weight graph we must have that Cup to 4 consists of # nodes

while @ consists of 2+ 4 nodes for some & £21 Butthis impliesthat 1(4) = o+ £



-1 while L(& = #2-2 This contradicls the assumption of the lemma O

In light of the preceding. we are interested in s partition consisting of chains as

defined in (4) sbove. ie chuins for which both of the following are true for

successive nodes v, and v,
1) thereisan arc in G connecting the nodes v, and v,

and 2) L(w) ) =L{w, )

The next step is Lo obtain a partition which maximizes the aversge chain length
Since the average chain leagth is given by IVI/C(P;) this problem is equivalent

to finding a partition with s minimum number of chains We can apply standard
graph theoretic results related to transportation networks to solve this problem
{17] -- as follows First ‘prune the graph by eliminating all arcs which do not
connect nodes at successive levels call this graph G° [t is easily seen that no
vertices are eliminated in this process We nowv wish (0 find 2 minimum number
of vertex disjoint directed paths which cover the vertices in the graph Since a
directed path must follow along arcs in G, condition {1} above is satisfied Since G
contains only arcs that connect nodes at successive levels any directed path will
also satisfy (2) Hence such a minimum cover will yield the partition we seek To

find the minimum cover we first f[orm & network G'' from G’ as follows

1) The vertices in G are s and ¢, Lhe source and sink of the network,

as well astwo nodes L and for each node ¥, ie G
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2) The edges in G wre s->x and > for 15 7 < |Vl as well as an

edge x-> 5 for every edge »-> % in G’

3) The capsacity of all edgesin G is ]

Lemma 3.4. The minimum number of vertex disjoint directed paths which
cover the vertices 1n G' is equal o |Vi - F where F is the mazimum flow in the

pnetwork G

proof: Let M - a minimum size set of vertex disjoint paths which covers Vin G

For esch path p consisting of vertices v, »). . ¥, in the set M. let Sp denote the
n-1 member sel of direclted paths in G ( st sumt . s (7 e}  Now

consider S = U"“‘l Sp Since G 1s acyclic. each pE M has no repeated vertices

Further since M consists of vertex disjoint directed paths which cover the

vertices in G, it follows that each of those vertices occurs once in exactly one

of thepaths pEM Now ISp| = ®(verticeson p -1 Thus|$| = EpEMISp| =

Z’n‘ *(verticeson p) -IM| =|VI - IM| from which IMi=IVl-IS|

We now show that [Si = F, the marimum flow of the network G First, S consists of

vertex disjoint directed paths from source to sink in G, hence we can use each

such path to flow one unit from source to sink and it follows that |S! < F Next let 7



be a flow functior en G which assigns to every arc on each directed path in S

flow of one unit snd a flow of zero to alt others  For any pair of nodes x and %
such that f(s->x5) -f(% -> ;) =f(r ->£) = 1. it follows that no other edge X -4
or § 5 can be used to carry flov since only one edge enters £ and only one

{eaves ¥, . both of capacity | Hence there exists no sugmenting path for the flow

function fandif follows that Fis meximal 1 o [S|2F O

Lemms 3 4 tells us that the size of 8 minimal partition isequalto |Vj - F, where Fis
the maximum flow 10 the petwork G° The proof of the lemms can be extended to »
construction which yields such » minimal partition However in addition to
finding a mioimal set of chains would aiso like to show that the complstion time
of a data flow graph can never be improved by using more than p(G) processors
That is, we would like to show that this result which is trivially true for
traditionsl models of process scheduling (definition (1) of chains sbove) also
holds true even when we restrici chains so that successive nodes are one level
spart and al correspond to data Lransmission in the data flow graph (definition
(4) of chains) Stated differently, we would like to show Lhat if P is a partition of G
into chains as we have defined them there existsa subset cover (, of the elements
of P. such that ali chains in any single subset in Q are levelwise disjoint, ie no
pair of nodes from any two chains in the subset have the same level value and
further that 11 < p(G) [If this istrue then it follows that a single processor yields
the best completion Lime for any element of Q. since all chains in any one subset
must be executed at disjoint imes (remember G is a unit weight graph) Hence

p(G) processors are sufficient We shall take a different approach to finding an
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optimal (minimal) partition one which will also allow us to prove the existence of

the subset cover Q

We shall need the following concepts from graph theory.

Definltlon: A b:partiie graph G is o graph whose vertices can be partilioned
inte two sets X and Y such that every edge in G connects an element of X to an
element of Y A marimum maiching \n s bipartite graph G is s subset E' of edges

in G such that no two edges in £ have any vertex in common and {E'| is mazimal

The problem of finding & maximum matching can be thought of as determining
the largest aumber of nodes in Y. each of which is adjacent to a distinct node in X,
ie maitching the ysto thexs Equivalently the problem is to match as many of
the 1's o the ¥'s as possible A number of algorithms are known for finding a

maximum matching The reader is referred to (32] for a survey of the literature

The [ollowing algorithm takes an arbitrary Dataflow graph which has been
transformed into one of unit weight and {inds & minimum partition of chains as
defined by (4) earlier The algorithm will make use of maximum bipartite

matching as well as splice arcs which we define below

Definition: A sp/rce may connect the last node of 8 chain A, to the first node of &
chain B, iff nodes on the two chains exclude oach other in time. ie they are

levelwise disjoint

Rigorithm 3.1: The aigorithm assumes that the level value has been determined
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for each node We will denote the node at jevel / on the /th chain by C“. Each

iteration of the algorithm deals with nodes at the next level Thus we begin with

nodes st level @ those without predecessors

Stepl L -8 Create as many chains as there are nodes at level L For each

Step 2

Step 3

Step 4

chain set Cw to one of these nodes

If none of the Cij bave successors. terminate the algorithm

Consider the nodes at level L and L+1 together with the arcs
connecting them (there are no arcs connecting nodes at the same
level this is shown below) Let these nodes constitute s bipartite
graph with X comprising the nodes sl level L and Y the nodes at

level L-1 Find a maximum matching for this bipartite partition
For each node CiL which has been matched to a node & at level L+1,

set C;;, o & Ip other words continue the chain Cii with the node

& the arc used in the matching becomes a SEQ arc

For any mazximum matching there will be a set H of nodes in I that

remain unmalched and a et K of nodes in Y that are not used 1n the

matching. |HLIK| 20 For each node C;) E H terminate the chain C; at

level | and set the arcs connecting its last node to successors at level

L+]1 to COM arcs Create |[E| new chains at levef L«1, setting the first

node C;, ., of each chain to a different element of K
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Stop 5 Let | be the set of chains which have boen terminaied st lovels <L If

| <IK| . arbitrarily connect the last node of each chain in ] to the
first node of one of the new chains created at level L+l -- with a
splice If |J1 Ikl , arbitrarily splice the first node of each of the

chains created at level L+1 to the last node of & chain in |
Step6 L =L+1 Gotostep?2

Note that s chain produced by the algorithm which contains £ splices must be
considered as F +1 chains under the definition we are using since the splice
connects nodes that are at least two levels apart The significance of the splices

will become clear shortly For the moment we ignore them

We lirst show that Algorithm 3 | always yields a minimum partition We will need

the following sdditional concepts from grapb theory

Definition: Let B be a bipartite graph X and Y a bipartite partition of Band let W
be s subset of I The sdisceacy set of W denoted £(W), is defined as the largest

subset of Y such that every node in Lhe subset is adjacent to & node in W The

deficrencyof W denoted (W) is defined as (W) - [Wi- |[L(W) The Fdeficiency

of the entire graph B is defined as a,(a) : MAXSL! d(S) Alternatively. if we take

Z a subset of Y and its adjacency set (with respect to X) as £{(Z), then the

deficiency of Zis 8(Z) = IZ| - [E(2)| and we have the ¥ deficiency of the graph B

OY(B) = MAXS;Y J(S)Y A basic result in graph theory is,
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Hall's Theorem: Let B be a bipartite graph, X and Y s bipartite partition of B A

maximum matching of B will match exactly (X! -2 (B) nodesin Xto a nodein Y

Similarly a marimum matching will match IY} - DY(B) nodesin Y toa node in X

Theorem 3.1: Algorithm 31 yields an optimal (minimal) partition of chains

proof. We will require some notation Let Gy denote the graph which is input to

the algorithm but restricted Lo nodes v such that L{v) < £, V. will be the set of

verticesin Gy Denote by P, the partition of G, corresponding to the partition P
generated by the algorithm restricted to the subchains of chains in P comprised
of nodes in G, Let B, denote the bipartite graph for which the algorithm finds a
marimum matching at level K. i o the grapbh consisting of nodes at [evels K and

KE+1 Denote by I, snd Y, the bipartite partion of B, Finally let Gy denote the
network corresponding o G; constructed in the same way as was done for Lemma

34 The maximum low of G’y will be denoted by F,

The proof shows that for any £

3D CCPgY =1V, Fy
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We can then take £- the number of levels in G and by Lemmas 3 4 the cardinality
of the partition will be minimal The prool proceeds by induction on £ For the

base case we take £+« By step | of the sigorithm every node at level o is placed

on a separste chain and therefore Ct Pog) « | Vgl But G, has 0o arcs at all and

hence G, has no fiow Thus F. 0 and (3 1) holds for the base case.

Ve now make the induction assumption_ie that (3 1) holds for some # and show
that this implies that it holds for £+] as well After finding a maximum matching

at each pair of levels £ and 21 the algorithm creates as many new chains at
level # +1 as there are nodes in Y, which remain unmatched It follows from

Hall s theorem therefore that the number of new chains created st lovel £:1 is

OY(Bll Thus we have that

Since we want (3 1)to hold for £+1, we substitute (32)and (3 3) into (3 1)

yielding

(3 4) Cl PG+ (B = 1Vl IYyl) - Fy .y
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Using the induction assumption. we can combine (3.1) with (3 4) to yield

which isthe same as

In other words if {(31) s to hold for any £ the additional flow in G due to the

inclusion of the nodes at £+1 must be equal to |Y,! - By(Bl) We now prove this

We will denote Lhe left side of (36) by af Define Z ¢ Y, such that &(Z) - OY(B.}
Since there are exactly £(Z) nodes x connected to nodes H in Gy, where RE Z
and since each & bas only one arc of capacity | incident o it from the source. il

follows that Z sdds at most £(Z) unitsof flow to ¥y Further the podesin Y, -Z can
add st most |Y,-Zi units of flow to F, since each of them adds exactly one 5 0 Gy,

andeach such 5 has only one arc of capacity 1 directed out of it to the sink Thus

we have that oF < [1Y,] - by(Bt)] Now every node £ in Gy corresponding (o an

eloement of Xk has no arc directed out of 1t because such an arc would have to be
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directed to a node at level £+1 and G} has nodes b | corresponding only to nodes

in Gup o level £ Thus all such nodes in G’y carry no flow Further. by Hall's

theorem. Gy, ndds exacly |Y,] - By(Bl) vortex disjoint arcs to G; snd in G
each of these arcs is directed out of a node z E It Hence oach of these can be

used o flow one additional unit from source to sink in G, , and we have

that aF 2 {1Y,1- 3 (By))  Thus oF = (iY,l- 3 (B)) O

We now wish to show that Algorithm 31 in saddition to producing an optimal
partition, yields a set of chains which can be optimally scheduled on p(G)
processors This 1s the significence of the 'splices’ applied by the aigorithm in
Step 5 Since a splice connects only chain segments thal are st least two levels
apart. if follows that the latter of the two segments will have ils precedonce
requirements satisfied only alter the first has comploted ie their execution is
disjoint 1n Lume (the graph is & unil weight graph) Thus any number of chains
spliced together can be ezecuted by a single processor since no parallelism is
restriced by the splicing For the discussion which follows we will refer to chain
segments that have been spliced together by the algorithm as splrced chains
Now. if the number of spliced chains generated by Lhe algorithm is equal to p(G).
then ve have oblained the subset cover Q. discussed earlier each spliced chain is
a subset 1n the cover and its cardinality 15 p(G) We can assign a processor (o each

spliced chain

We now prove that the number of spliced chains generated by the aflgorithm is in
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fact p(G) We will require some preliminary lemmas We shall use the notation

Gy Py By X, Yy otc aswedid for Theorem 3.1.

Lemma 3.5: The set of nodes at level L-7 for any 7 are independent

proof. Assume to the contrary Then there exist nodes £ and & such that
L& «L(H = 7/ and & takes precedence over # Then the graph must contain a
directed path from # to & By the definition of L. the longest path to & contains s

nodes Hence there must exist a path o Sconsisting of 7+k nodes for some k k 21

But then 1L.(A8) « /+k 5

Lemma 3.6: Let G be G restricted to nodes at level s and /+1, for arbitrary 7
There exists an independent set S of nodes in G, such that each subchain
corresponding to a chain generatsd by Algorithm 3 | but restricted to the levels ;
and s+1, is represented by a node in the set S That 1s no two nodes sre on the

same chain and for every subchain Cthere existsa node in Son C

proof: Place all nodes at level / in S By Lemma 35 S is independent Finda

subset Z of the nodes at level /+1. such that 3(Z) - 9, (B, ) where By <G and X and

Y are the nodes at 7 end 7«1 respectively Repiace £(Z) in S by Z By the

definition of L. no dependencies have been introduced intc S, ie it remsins an

independent set Further. by Hall's theorem, exactly BY(BIP nodes at level /-1
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remain vamatched by the algorithm and hence exactly as many new chains are

crostod sl level /<1 But since ayua,) «3Z) = |2} - £A2), it follows that we have

sdded exactly this many new nodesto S O

Now consider the following procedure

Precedure MARK (G P) // takes as input & DAG G and s partition P defined on

G//
VAR IND Boolean //ipdicates whether the markes sot of nodes is
independent//

Begin
Mark all nodes which begin s chain in P

WHILE [there exist pairs of marked nodes v and v such
that there exists a directed path from ¢ to v DO

Begin
IF {w isthe last node on & chain in P}
THEN Begin IND = false, EXIT End
ELSE Move the mark from o to ils chain successor
End
End

Lermnme 3.7: If MARK terminates with IND - True. then C(P;) » p(G)

Otherwise C(Pc) 2 p(G)

proof: That C(P;) 2 p(G} is merely a restatement of Lemma 31 The WHILE
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condition is actually s statement of the definition of non-independence Hence if
the procedure terminates without [ND going false, the WHILE condition must have
become false and hence the set of marked nodes must be independent Since the

procedure never marks more nodes then there are chains in P in must be true

that C(Pg) < p(G) Hence by Lemma 3 1 we have C{P) = p(G) DO

Ve are now ready o prove the result we seek

Theorem 3.2: The number of spficed chains generated by Algorithm 31 is

equal to p(G)

proof. By induction on the level £ The base case is s graph consisting only of
nodes at level L ¥ By Lemma 35 ali nodes are independent and hence p(G) = V.
and the theorem 1s trivially true Now assume that procedure MARK has been

spplied to £ levels of the partition P of G and has terminated with IND = True By
Lemma 37 this implies that C(Pg ) = p(Gy) Irefer to the earlier notation]  To

prove the theorem we will show that if G, is sugmented to G, ; by adding the

nodes at leve! £+1, the procedure MARK can be updated to include those nodes and

their arcs without IND going false

If no new chuins are created at level £+1 then the induction bypothesis follows
from the induction assumption because the marked set can remain unchanged --

no new nodes at level £ <1 need be included Assume therefore that one or

more chains are created al level 41
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Lot Z be s maximally deficient subset of the nodes at lovel £:1.i. e 3(Z) =2 (By).

By a partition X and Y of the nodes at 4 and £-] respectively By the method of
proof of Lemms 36, Z can be added to the set of nodes marked by the procedure
MAREK without incurring any dependencies oo nodes at level £ if we [irst
remove any elements of the set £(7) of nodes at level # from the marked ot

However. not all nodes ip £(Z) are necessarily in the marked set since procedure

MARE may have chosen s node at level <4 to represent a chain which has s node
in £(Z) Bowever once we have introduced Z into the marked set, we need no

other nodes to represent chains which have nodes in £(Z) since all such chains

are represented by some node in Z Therefore we will remove all nodes from the

marked set which represent chains which have nodes in £(Z) By Lemmas 36, the
inclusion of Z will introduce no dependencies on nodes at level £ which migh¢ be

in the marked set

Of course there may still be marked nodes at levels <4 which have precedence
over nodes in Z and therefore the marked set may not be independent Denote the
set of such nodes by Y and the subset of Y consisting of nodes which represent

chainsthat terminate at levels <4 by W Now if

1) 8(2)< |Wi then Algorithm 3 | will have spliced all new chains created

at level £+1 o an element of W Hence no new splrced chains are
created and we dispense entirely with Z All chains in Py are

representied and the marked set remsins independent
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2) 32)> |¥W| . all chains represented in the marked set by an element of W
are now represented by an element of Z since the algorithm will heve
spliced all of the former Lo one of the latter Hence we can delete the

nodesin ¥ from the marked set

We now claum that the procedure MARK can be updated in case (2) to include level
4+1 without IND going false Assume the converse For IND to go false there must

exist 8 chain €, with last node v which is marked such that there exists a directed
path from ¢ to & marked node v on achain § Since Py has mazimum tevel
of 2«1 the node v on C, must be at level <4 However splicing bas eliminated

all chain terminations at levels <2 therefore the node v on C‘ must be at level £

Now the only changes we have made to the marked set prodvced by MARK are the
elimination of nodes in W and the addition of nodes in Z Hence any dependencies

must be introduced by nodesin Z Since all nodes in Z are at level £+1, the node &

on C, cannol be in Z We must assume therefore tha! the node r on Cb isin Z But

Cq cannot have any nodes in £(Z) since all chains with nodes in £(Z) are slready
represented by 7 and hence extend to level £+1 Butsince the node v on () must

be at level £ thisimplies thet Gy hes no nodes in Z-- & contradiction. O
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An SOF Programming System

1. latroduction

[n the previous section it was shown how Dataflow graphs could be partitioned
i0to chains and what the theoretical limits of this partiticning are However, we
are not yet in a position o assess the siginificance of organizing computation in
this way because we have not yet fully specified an soterpretation of partitioned
graphs which corresponds to an SDF system -- although the rudiments of &n
inlerpretation were introduced i an 1nformal way in the first section Indeed
the development of the previous section may be thought of as addressing itself
only to the theoretical problem of partitioning in any graph. withoul reference
to the meaning of the graph Because of its quasi-synchronous character. SDF
will have a different interpretation than the usual ones for graph models of
paralle! computation and its behavior as s computing system will be governed by

correspondingly different parameters

In this section we develop a workable interpretation of SDF that is. how the
operations implied in an SDF program are actually carried out Anpother way of
saying this is that we will develop an operational semantics for SDF programs

represenled as partitioned graphs

As an example of the issues that must be dealt with, consider the case of a simple
expression lree We have seen how the tree can be partitioned inio chains

Intuitively we might lel the malter rest there the inlerpretation’ would amount

62



to simply sassigning & processor to each chain and letiing them execute for the
length of the chain If an instruction on a chain is fetched and found (o be
without a requisite operand we can suspend that chain by storing the Home
datum in the instruction -- as described in the {irst section When the required
operand is stored in the instruction’s operand field the chain will be reactivated
at that point All processors simply execute to the end of their assigned chains
An umportant question that remains however 1s If more than one set of operands
are applied to the inputs of the tree will the set of outputs be a determinate
function of those inputs? The question of determinacy has been resolved for a
number of data flow models However each of these incorporates s particular
interpretation and the determinacy of the models’ computational behavior
depends on that interpretation SDF interprets the parallel computation implied
in a graphical representation 1o a significantly different way For example do
we assign & processor to every el of inputs? In other data filow interpretations
the answver is usually yes overy complete set of inputs is assumed (o enabie an
independent activity In SDF. & complete set of (nputs wil] certainly imply that s
single instruction or ‘activity may be independently enabled However il may
also imply the executability of s succession of instructions. the pumber and

termination point of which i1s not known at the time of enabling

SDF introduces & unigue siluation in a paralle! computation system in that it
retains the Home datum throughout the execution of & chain As a resuit if an
instruction 1s unary (requires only one operand). the processor will only need to
read the op-code Therefore. if we activate multiple processors for different sets of
inputs to the same code, an instantiation of the code which was activated last may

get shead of one which was activated [irst. thus producing output tokens out of
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order and compromising determinacy FIFO processing of tokens on arcs. or the
simple ACKing of tokens used in the Dennis machine will not help because, for a
voary operation. there are no tokens to FIFO or ACK. the operand is always in the

processor

These issues become even more pronounced when considering dynamic
constructs such as conditionals and loops -- programming elements which would

be required ip any real system

In what follows ve shall develop the rudiments of a programming system in SDF

It will consist of the foliowing basic constitueats

1} The stazic pathr These are program segments which contain no
branches or decision elements In a conventional programming
language Lhey would correspond to & block of assignment statements
However since we are dealing with & functional semantics with data
flow there is no ‘assignment facility and hence no statement in the
usua! sense An expression tree qualifies us a static path but the
latter 15 not restricted to such trees This 1s because 1n functional
languages one often encounters fuactions which are tuple valued,
that 1s they return & structure of values rather than & single scalar
value Thusany graph segment which is well-formed (defined [ater)
in the usual data flow sense but contains no ‘switches' 'gates or
other decision elements will qualify after the sapplication of
Algorithm 3 1 as an SDF static path The term saZc reflects the fact

that the segments behavior is completely determined before run time
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asopposed o e g & loop where the count of iteration may depend on
the input data

2) The condrtronal This consiruct provides a basic decision [acility and
is semantically similar to the conditional of Rumbaugh [31])  Weng
[34] and others It chooses one of two execution paths based on s

boolean decider token

3) The Joop This will be our basic iteration construct

These three building blocks will form the basis of 8 complete. if rudimentary

programming facility For each of the constructs we will demonstrate

a) thattheir oulputs are determinate functions of their inputs
-- over any sequence of such inputs

b} thatthey are live. and

¢) thattheir expressive power remains significantly general

despite the regimentation inlo chains

Our interpretation of the data flow graphical model will be ‘static’ in the sense
that it will empioy ACKnowledgements between instruction nodes to regulate the
token flow among buffers of limited capacity The increased system traffic due to
the ACK's 13 problematic and has been discussed elsewhere in connection with the
Dennis and similar machines (191 SDF may lend itself very well to s dynamic
interpretlation in the sense used by Arvind and Gostelow (6] . For a first system

however the static approach is simpler and better suited to grappling with the
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most basic 13sues

2. Graph Models of Parallel Computation

A number of graph based formal models of parallel computlation have beer
developed and presented in the literature We shall not attempt o survey all or
even most of them this has been done elsewhere (see [or example (9] ) However
our development will draw from some of this work and sccordingly. we review

below two models which will be relevant in the sequel

The Karp & Miller Mode)

Karp & Miller [24] presented one of the earliest models of parallel computation
employing a graph in which nodes represented computational operations and

arcs represented the flow of data In this model a computation consists of a

directed graph with say 4 nodes n, n, .ny, and 7 srcsor edges €. e,

Each arc must be directed from some node to another With each arce_ are

€ P

associaled four nonnegative integers A, U Wp and T,

With each arc is associated a FIFO queue Let n, and n, be the nodes from which

8n arc e, is directed out of and into respectively The four parameters are

understood to have the following meaning
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1} A, isthe initial oumber of dats items in the FIFO queue associated with

€p

2) Up 15 the number of data items added to the queue upon completion of
the operation associated with n,

3) W, isthe number of data items removed from the queve upon initiation

of the operation associated with n,

4) T, the minimum oumber of istems 10 the queue for the initialion of n

to be enabled

T, can be thought of as a threshold for the firing of the operation associated

P

with L F When the latter is initiated. Wp words are removed from the queue. when

it completes, Up words are added to each arc directed out of n, An erecution of

the graph 15 defined as a series of sets S 52 . consisting of node numbers

The neodes in each set represent those which were initiated atthe sth step Karp
and Miller add another stipulstion to make their mode!l more amenable o analysis
thal any node which becomes fireable is in fact initiated within s finite amount of
tume A computation which adheres to the latler stipulation is called a propes

erecvlion of the graph

Karp & Miller prove a strong {orm of determinacy for computations represented
within their model that the succession of dala items sppearing on s queue
associated with any node during the course of & computation, wifl be the same for

every computation with Lhe same graph and the same initial state This is true
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despite the fact that no particular dolay is associated with the operations of any
node Other properties of the model. such as whether s computation terminates
and conditions for boundedness of the queue [engths are investigated by Karp &

Miller However there is no provision for decision operstions in their model

Adams mode]

Adams mode! |3} includes an elaborate specification of the data types allowed on
arcs A grammar is used o generate the permissibie types and the result is thal
data structuring at a very general level is facilitated However, this dats structure
handling is facuitated only 10 & very formal sense the mode! is not concerned
with the problems of actually moving such structures on arcs For our purposes
we can dispense with this aspect of the model and tresl the data items on arcs as
uniformly consisting of & word of some sort We shall denote this data word with
the symbol ‘'w' As before the model empioys a graphical representation with
nodes corresponding to operators and arcs to dala exchange The model has
various interpretations depending on what set of primstive nodes are chosen.
essentially what the permitied basic operstors will be The set of primitive nodes

is divided into two classes called r' and 's' nodes They are defined as foliows

1) The 'r’ nodes have an ordered sel of inputs and an ordered set of outputs
Associated with sach node 1s & function f which is strict 1n &ll of its
inputs, that is a dala word must be present at each of them in order for
the node to be enabled

2) The ‘s’ nodes have an ordered set of inputs and outputs as sbove In
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addition. however each of their inputs has associated with it one of two
states Jocted or valocked The function f associated with the ‘s’ node
is strict only in the inputs arriving oo unlocked nodes That is if a
word is presented on each unfocked input the node becomes enabled
In addition a function g 15 associated with ‘s’ node which determines
the next state of emch of the inputs whether locked or unlocked.
depending on the current state and the value being preseanted on the

currently unlocked inputs That is for a pode with # inputs
the value 'locked or ‘unlocked Alternstively one can say that [ is

strict 1n all of its inputs even for the ‘s node if we allow the symbol nil

in the domain of the input set and stipulate that whep an input s

locked it isdefined as presenting the input nil

The 'locking feature of Adams model allows decision constructs which vary the
structure of the program dynamically Adamsalsc has provision for recursion in
his model The model defines a node called 8 prvcedure node with which is
associated a deflining computation graph called a graph procedure When the
conditions for the enabling of a procedure node are present the corresponding
graph procedure i1s invoked with the same inputs A graph program P isan
ordered pair (GX) where G is a graph procedure and X is a set containing al!
graph procedures that could be invoked in the course of executing G When a
procedure node is encountered, the mode! specifies Lhat a copy of the
corresponding graph procedure js made and Lthe inputs o the procedure node are
transferred o the graph procedure When the graph procedure terminates, the

copy 15 deleted and its outputs transferred to the oulput arcs of the procedure
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node  Arbitrarily nested recursion is facilitated in such a scheme No

implementation issues are considered in the model proper.

Adams proves that any computation represented in his model is determinate He

also shows that his model can represent any computabie functon by showing

how it can be made to simulate a Turing machine
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3. The Basic E ien Discisli

In what foliows we will be drawing on the material developed in section |

A processor has local high speed memory for n masz word or MW as well as fora
main boolean or MB The former will correspond to the elementary daia element
(word size) of the system whiie the latlter refers (o booiean tokens which the
program may generate for controlling decision instructions Both items are
program data in the sense thai they are generatsd by the program itself in
accordance with the meaning of Lthe program This is in conlrast W data
genersied by the implementation e g ACK tokens which have no mesning to the

program

Whenever a processor is assigned to execute & chain of instructions we will refer
to the dynamic state of its execution on Lhat processor as an /ostagliation of that
chain The MW and MB together form the iostantiatron contert of that
instantiation The instantiation context is held continuously in the processor
high speed memory as long as the instantiation is aclive As detailed in section |,
an instantiation may be unable o continue if certain conditions are not satisfied
by the next instruction fetched [rom its chain Io that event it will be suspended
and enter an inactive state Its context must be saved for subsequent reactivation
Two possibilities for the conlext save area were discussed earlier For the
purposes of this section we shall assume that the context is saved in the
instruction which caused the deactivation Thus. in general. instructions will

have an MW/MB field Many instructions will not require the MB field -- this wili
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be the case whenever the instruction operates on the MW alone and is unrelated
to any boolean values Other instruction types will not even require an MV field.

as we shall see

In the course of executling a chain binary instructions wil! require an operaand
in addition to the M¥/MB aiready in the processor The eadditional operand
required by & binary instruction. whether it be s data word or boolean control
token will be referred to as the Zad word or 2W and Zod boc/ean or 2B
respectively Thus binary instructions will require s 2W/2B field The processor
will fetch the instruction and 2W/2B operand. and will apply the operation code o
the Iaiter and the MW/MB already in its local conlext register The context
register is vused much like an accumulator 1n simple one address instruction
conventional architectures Note thal because we are emphasizing the low lovel
parallelism and fine granularity of data flow each instruction is an elementary
operation Therefore while the processor context holds both & msain wvord and »
boolean field the second operand field of an instruction will always contain one
or the other but not both Different instruclions types make use of the two kinds

of program dats and each type will have only the operand it requires sent to it

An instantstion context will be aclivated whenever a chaun is nevwly enabled. i e
started at its first instruction This will occur in iwo ways An [/0 facility will
bring MW/MB data inlo the system from the outside world Each such inputed
MV /MB will cause the aclivation of an instantiation of the chain which processes
it We assume the 1/0 facility itself will properly activate the instantiations and
vill not be further concerned with 1/0 functions in this thesis Other than 1/0. s

chain will be newly instantiated when. in the course of program execution. an
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already active chain sends an operand (0 an instruction node which has no
predecessors If the instruction is unary, the operand sent will comprise the MW
for the instantiation If the instruction is binary, two active chains will provide
an operand each before the aew chain can be activated one will be designated

the MW operand and the other -- a 2W operand

However as described in section | any requisite 2W/2B operands are assumed by
the execution mechanism to be 1n the insructions when the latter are fetched If
this proves not 10 be the case the instantiation will have (o be suspended and its
context saved A coalers markd (CM) will be set to indicate the presence of a
suspended 1nstantiation context in the MW/MB fields When the required 2W/2B
operand subsequently arrives, the CM will be checked I[ it is set the context wil{
be reinstantiated sequential execution proceeds with the same instruction The
presence of ACKnowledgements to be detsiled later. may also be required to
sclivate or re-activate an instantistion of & chain This protocol will apply
uniformly regardless of whether a new instantiation of a chain 1s being activated
or & previously active one is being reactivated {rom a suspended state Unary
operstions. whether at the beginning or middle of a chain cannot result in the
suspension of & chein instantisticn If & unary operstion begins & chain. the

storing of the MW itself will cause the instaptiation (o be sclivated

4. ACKnovledgements and Dotorminacy

ACK's have two functions in dala flow systems The more straightforwvard isas s
synchronization device for controlling the use of limited buffer space In the

Dennis data flow machine each arc is intlerpreted as having s capacity of { ie it
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can hold one instance of the output of the node which feeds it If this node fires
twico before its successsor fires once. the contents of the single token buffer
represented by the arc between them will be overwritlten by the second firing
and the first token will be lost To avoid this each instruction node is required to
return an ACK to its predecessor node indicating to the latter that it has consumed
the token ‘residing in the arc which connects them Instructions will in
general not be enabled until ACEs have been returned by all successor

instructions

The need for ACK's 10 the sbove role is eliminated 10 SDF for successive nodes on
the same chain becsuse each instantiation of & chain is executed by a different
processor which relains the instantiation context for the duration of the chain's
execution Each has a local context register and hence there is no possibility of

overwriting tokens In offect there are as many buffers as instantiations

For 2W/2B operands however, this does not hold This is because all instantistions
of a path must fetch 2W/2B operands from the same field in a given instruclion.
ie they mustall share a buffer of capacity | Thusif an 1nstruction & on chain A
sends a 2W operand Lo an instruction & on chain B and (wo instantiation of the
the former execute before one of the latter we have the same problem as i1n a
standard dsta flow inlerpretation with arc capacity of 1 Accordingly. we shall
employ an ACK for 2W/2B operands Thus any instruction which consumes &
2W/2B will return an ACK o the source instrucuon Likewise any instruction
which provides a 2W/2B wili check for the presence of an ACK before execuling
Note however that if instructions are restricted to unary and binary, only one

such ACK can ever be required. the other operand 1s held in the instantiation
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context register

ACKs have another function in a static data flow interpretation preserving
determinacy by enforcing FIFO processing of successive token sets For static
program segments 1 e those which do not contain decision elements of any kind.
we have seen earlier that a data flow mode! in which the arcs are interpreted as
unbounded FIF0 queues will produce outputs that are s determinate function of
successive input sets | 24] Restricting the capacity of arcs to 1 yields u special case
of the FIFO queue and hence amounts to a method of insuring determinacy For
dynamic program constructs the situation 1s not as straightforwvard While any
schema representable within Adams model is determinate. it may not make
progress as a computation or Lhe outputs which it generales may not be
meaningfully related to its inputs The data flow base languages which have been
developed thus far generally restrict the use of dynamic program elements to
certain predefined constructs These will include a conditional and an iteration
device of some kind These constructs will be sc designed that they behave with
respect to the surrounding code as a functional operstor which is strict in all of
its inputs and outputs That is they will not initiate sny computation unless all
inputs are present and further all outputs will be generated for every
instantiation As such they can be treated like any other 'static’ operator and
their inclusion 1n & computation schems will not compromise determinacy or
liveness To illustrate the subtleties involved. we wil] consider two such basic data
flow configurations & generalization of the conditional and the lcop These will
be shown in some detail because they will serve as & springboard from which to

develop the analogous constructs in SDF
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Consider figure 41 The sections marked el and e2 are arbitrary well formed data
flow schemata. the only proviso is that they have identical inputs and outputs The
conditiona] chooses one of these program segments for processing the
inputs depending on the value of the boolean token generated by the
decision  erpression . &n arbitrary boolean valued function The decision
funclion takes as arguments some subset of the total inputs to the conditional The
first group of & inputs out of the tolal 2 inputs to the conditional is shown in the
diagram as participating 1n the evaluation of the decision expression The
generated decision token is routed to the boolean input of the o switcd nodes
Each switch is responsible for 'switching’ one of the 2 inputs to the
corresponding input on the chosen alternate el or €2 -- as directed by the
decision token The merge node is actually an sbreviation for o merge nodes.
oach with two data inputls one boolean control input and & single output The
control input is fed the same token which controls the input switches and it used
by the merge to decide which of its two data input tokens is to pass unchanged to
its output It 1s intuitively clear. and has been demonstrated formally. that the
tokens which appear st the output of the merge will correspond 1o order to the
sets of tokens arriving at Lthe inputs of the conditiopal This will be true even if
successive inputl sets are allowed to instantiale the conditional concurrently To
illustrate consider two successive seis of tokens Tl and T2 arriving at the inputs
of the conditional and assume that the decision tokens generated by each result in
the execution of schemata el and 2 respeclively Assume Lhat el executed with
inputs Tl takes longer to executs than does e2 with inputs T2 The output of e2
corresponding to inputs T2 will not be permilted to exit the conditiona] before the
output of el on inputs Tl The order of boolean tokens arriving at the merge will

guarantee thal the two outputs are emitted in order
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Noto that the schema of figure 4 | allows the values used to make the decision Lo be
identical to. unrelated or partially overlapped with those used in the alternates el
and o2 If they are unreisted some of the inputs to the conditional are simpty
ignored in the schomata ¢l and e2 Likewise, the inputs affected by el and e2
need not be the same the construct simply stipulates that all inputs affected
under either boolean condition be input to the conditionsl Inputs not changed

by one of the alternate schemata will be passed through identity opersators

For the conditons! an sppropriately restricted comstruct permits muluple
concurrent instantiations while stili preserving determinacy and liveness For
iteration however this is not the case Figure 42 shows our generslization of the
data flow i1teration construct If we trace the flow of data beginning just after the
‘G nodes the construct will be seen to incijude s structure similar to the
conditional [nputsto the loop are applied Lo the switches and. as before, & subset
of them are applied to the decision schema The [atter generates a boolean token
in accordance with whether or not a next iteration is to be executed This token is
fed to the switches which route the data either directly to the foop's successors or
to the /oop dody . an arbilrary well formed data flow schems with 2 inputs and
outputs The outputs of the loop body are fed to one of the gate inputs The
function of the gates is to distinguish between new input to the loop and
feodbect 1nputs -- those which are returned from s previous iteration In
addition to generating a boolean token for the switches the decision schema wil]
provide the same loken to each of the gates Thus when a next iteration is electad,
the oulputs of the loop body are also chosen by the gates as the next inputs Lo the
decision expression rather than any new loop inputs which may be availabie at

the other inpuls o the gates When s decision has been made o exit the loop the
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same boolean value which causes the switches to route tokens out of the loop will
permit the gates to pass new tokens waiting at the inputs to the loop [n figure 42
the gate nodes together with their boolean control inputs insure that no
confusion arises between new inputs to the loop and feedback inputs from
previcus iterations If the two type of 1nputs were simply merged
indeterminately. the behavior of the loop would be unpredictabie for successive
sets of inputs or more accurately, it would depend on the uiming of those inputs
and the delay of processing them in short the foop's outputs would not constitute
s determinate function of its inputs This arrangement implies that only one
instantistion of the foop may be permitied at a time Thus pipelining between
successive stages of the loop body are not possible considerable oportunities for

parallelism are not exploited

The reduced parallelism resulting from the elimination of pipelining in these
constructs has been addressed in the litersture in two ways For the static
machine. recursion has been suggested as & way Lo invoke multiple 1nstantiations
of the same code without compromising determinacy (34] The various pointers
maintained between activation records keeps track of which operands belong to
which instantiations Tmil recursion becomes the basic iteration device The
other approach is that of the dynami« machine Tagging is used to give a unique
name (o different operand sets thus permitlting different instantitations of the
same code to be processed concurrently without interferring with one another
For the remainder of our development here we continue with the assumption of a
static machine and the restricted paralielism which it allows for dynamic
program constructs Nevertheless as we shall see. SDF is not as restrictive in this

regard as conventional data flow
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How does determinacy fare in SDF? The foliowing discussion is intended to provide
an intuilive porspective on the issues which are dealt with in the subsequent
formal deviopment Consider (wo successive sets of inputs & and 4 to s simple
static path 12 s chain (we shali give s formal definition of a static path shortly)
Both activaie instantiations of the chain on different processors. say A and B
respectively Letthe chain consist of 2 instruction nodes 1. 12 = l2 where the
first 2 instructions are unary and the rest are binary All instantistions must
fetch and execute the same copy of the code. and must fetch 2W/2B operands.
where required for a given instruction. from the same field For the first £
instructions. it is clear that no confusion can arise between operand sets, esch
processor operates strictly on the instantlistion contest in its own local register
It is equally clear however thst the processors may complete those %
instructions in s different order than they were activated The consequences of
this timing disparity will become evident as soon a5 & binary instruction is
encountered If processor B completes # instructions and fetches instruction [(4
+1) before processor A does. it will consuine the 2W/2B operand it [inds there -- an
operand which arrived at {4 +1) first and hence was intended for the
instantiation of that instruclion to be executed by processor A  Even if ali
instructions are binary instantistions can get out of synch This will occur for
example if the 2W/2B field in Il is replenished before processor A completes
exzecution of that instruction This wili enable processor B o fetch and execute 11
and possibly complete it before processor A does The result wili be that the

2W/¢B operands required for the execution of [2 will be consumed out of order.

Our approach will be to guarantee FIFO consumption of 2ZW/2B operands by using
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ACK’s between successive nodes on a chain That is, instruction 1] will not be
permitted to execute without the presence of an ACEnowledgement from its
successor, [2 The latter will provide the ACK as part of its execution sequence.
thus indirectly indicating that any 2W/2B has been consumed Thus processor B
could not even begin execution of 1] before processor A has sctually consumed s
2W /2B from [2 because the ACK required Lo enable || was consumed by processor

A and will not be replenished except by A itself when it executes 12

We shall designate the ACKnoviedgement exchanged by nodes on the same cha:n
ACE* to distinguish il from the ordinary ACK used to synchronize the forwarding
of 2W/2B s between nodes on different chains This emphasizes that the ACK*
does not have the buffer capacity controlling function of the ordinary ACK. it is
strictly s determinacy enforcement device Note that the ACK® 1s notan ACKing of
2W/2B s -- thatis the function of the ACK Rather it indicates to the node at which
it arrives that s previous tnstantiation has executed the successor node It can be
thought of as ACKing the M¥/MB s heid in each instantialions processor and thus
serves (0 maintain the correct order among the main contlext words of Lhe
instantiations The e/7ec/ of maintaining this order is insure that 2W/2B's are
consumed in FIFO order Thus even a succession of unary instructions wili be
required W exchange ACK*s because if different instantistions of such a
succession are permitted to execute completely asynchrooously they may

complete out of order and subsequently consume 2W/2B's out of order
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3. Fermal Devolosment:

2.1 The Iastructions

Table 4.1 collects the different instruction fields and their functions as discussed

above

moemonic meaning comment

OP operation code includes instruction length specification.
instruction length will vary

M¥ main wvord components of

MB main boolean instantiation context

2V second word sdditional operand

2B second boolean for binary operations

M context mark indicates presence of M¥ or MB

ACK acknowledgement from recipient of s 2W/2B on another
chain

ACE*  scknowledgement from successor on the same chain

DEST destination address to which a token is Lo be forwarded
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DEST addresses are specified as triple (c. i. t), wherec i3 Lhe destination chain

address, 7 is the address of the instruction within the chain and 7 indicates the

type of token being forwarded (the ¢ is analogous to £ in the triple (p. 1, t) used

in secuon 2) They type indicslion is used to determine which field in the

destination instruction the token will be written to There are three types an

instruction may contain exactly one of each They wre

1) ¢-2W/72B

2) e=A

312« A"

indicates & program datum either a word or boolean
value A node may contain one or the other. but not both
Alterpnatively if an operand is to be used to instantiste the
first instruction on a chain. the DEST type will indicate

MW /MB as the target field

indicates that an ACK should be sent (o the DEST

sddress Will be present [or binary operstionsonly

indicates that apn ACK* shold be sent to the DEST
sddress -- usualiy the predecessor instruction on this
chain Required for all nodes except inside loops

(discussed later)

Table 42 lists the basic instruction types which we shall employ in our SDF

programming system First an exampie of each instruction type is given This is

followed by the different field types where an X indicates Lhat the field is used by

the instruction DEST field ty pes used by the instruction are listed together in one
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Iabie 4.2 -- lastruction Types

fields

Instruction type  Example MW MB 2w 28 CM ACK ACK*® DEST

unary operastor
- - boplean

unary oper stor
-~ wor(d

binery oper atlor
-~ boolean

binary operator
-- word

unary
comparator

binary
comparator

B - splitter
W - sphitter
unconditionat

jump

brench

on Condition { 1)

branch

on Condition ( 2)

ter minate

logical NOT X
2'scmplmnt X
logical AND X
addition X
Hmwp X

If mw > 2w X
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X [X]

X [X]

X [x]

X [X]

X [X]

X

X

X

(B] A®

[w] A*

[B] AA*

[w]AA

(8] A*

8] AA*

B A*®

W, A"

(W] Ar

uimb) -> mb
-+ Dest-B

u(mw) -> mw
- Dest-W

b(mb.2b)- @b
- Dest-W

blaw, iv)- mw
-» Dest-W

uimw) -> mb
-»Dest-B

u{mw.2w) ->mb
-» Dest-B

mb - » Dest-B

mw - > Dest-W

jump sddress
- P

if condition (mb)
then

|av -> Dest-W
else

broch adrss->PC

If condition (2b)
etc. {as in BC1|)

cancels current context and

{rees proceasor



column The last column shows the effect of the instruction’'s execution
Bracketed fields may or may not be included in the specified instruction; if
unbracketed the instruction will always include the field. The notation ul(rx, v)->
z used in the Action column denotes that the result of the unary operation of the
specified instruction applied to the arguments xand y, is written to 2

Analagously. b(x y) -> 2z represents the effect of Lhe application of s binary
operation -> Dest-r means thatl the value is (0 be sent to the destination of type 1

from among the DEST fields in the specified instruction

In connection with table 4 2 note the following

1) All instruction types are shown requiring both the ACK* and DEST-A* [ields.
reflecung the sdherence of all nodes along a chain to the ACK* protocol
However the firsl instruction on a chain will not have s DEST-A* field. as
there is no chain predecessor o whom the ACK* should be returned The
MW /MB operand supplsed from another chain is treated like alf interchain
token exchange and is scknowledged with an ordinary ACK Similarly the last

node on a chain has no ACK*® field as there 15 no successor to provide it

2) In general alf instructions types will require the context save fields MW/MB
and CM insofar as they must receive an ACE*® froem their chain successor
before executing The exceptional case wili be inside of loops (detailed later),
and certain instructions discussed 1n (7) below. which avoid the ACK®
protocol In such cases wvrnary instructions will not require the context save
fields since the processor contains all the requisite data in its local registers

and therefore there is nothing which could cause (ts suspension at this
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3)

4)

5)

6)

instruclon

Dest-A fields are required by all binary instructions to returp an indication

that they have consumed their 2W /2B operands

Apny instruction which sends an operand to another chain requires the ACK
field to ascertain that the destination instruction has consumed the previous

operand and is therefore [ree to receive another

Comparatlor instructions test data word(s) for some condition and leave the
booiean result of the test in their MB fields in effect a condition code The

latler may be soni asa 2B operand to other chains as usual

Splitters sead either an MW or MB to Dest-W or Dest-B unchanged They are
used to distribute operands to more than two (chain successor sand one other)
destinations A sequence of splitters can be used to distribute operands to an
arbitrary number of destinstions In what foliows we shail abreviate such s
sequence with a single distributor node shown with multiple outputs It is to

be understood as representing as many splitters as necessary -- see figure 4 3

Unconditions]l jumps are permitted only to instructions w/thio the same
chasn No ACK*® or Dest-A" is shown for these instructions as they require no
inputs and have no effect on data It is therefore plausible to assume that all
instantistions will experience identical delay in execuling them Other
(unary) instruction types may qualify in the same way In such cases, the

instructions immediatsly before and alter the region of constant delay will be
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The distributor 1s understood to represent the expansion at the right  The node
marked ‘A’ generates the Loken to be distributed The nodes numbered '1°,°2', .. ,'n’
ore the reciptents of the distributed token The 'S nodes are splitters

required 1o exchange the ACH * protocol

8} The Branch on Condition (B{) instructions use a boolean value to decide
whether or pot to take the branch agsin -- only within 8 chain Type (1) BC
assumes the boolean vajue has been computed by its chain predecessor [t
therfore simply accesses its own condition code (MB) Type (2) BC accepts a 2B
from some other node Both types may optionally send their MF's to s
Dest-W s/ the branch is not taken o other words the BC may incorporate the

action of a W splitter on a conditicnal bamns
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9) lInstruction nodes will have all of their requisite ACK and ACK* fields set. as

part of their initiaf state

10) As with most formal graph models of computation. we shall ussume that once
an instruction is enabled ie all requisite fields have been filled. it will

exocute within a finite but unspecified amount of Lme

We now consider the three basic SDf programming constructs in turn

52 The Static Path.

Any data flow grapb is ‘interpreted to some extent by virtue of being called by
that name its nodes represent particular operations driven by the flow of data
which is represenied by the arcs The operations represented by the nodes are
also generally assumed to be functional and hence determinate The notion of an
interpretation has usually been associated in the literatiure with some particular
implementation of the arcs -- specifically how the storage production and
consumption of muluple operands which may sccumulate for a node is

implemented

Definition: By an vasnierpreiod dala flov graph we shall mean one which is
uninterpreted beyond Lhe minimal sense described shove In particular, it will

have no protocol specified for the handling of mulliple operands
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A Static dats flow graph is a well formed data flow schema. all of whose nodes
represent functional operstors which are single valued and strict in all of their
inputs That is it will contain no gates swilches or other flow control nodes The
notion of ‘'well formed has been treated oxtensively in the literature When
control nodes are excluded the notion of 'well formed boils down w simply
insuring that other than the schema's specified inputs and outputs all node
inputs and outputs are conpected o arcs supplying lokens of the sppropriste
type For the moment we require only this simplified version of ‘well formed’
Bowever. for different models proposed in the literature the salerpretsionof a
static data flow graph will differ in certain detaiis We shall adopt one particular

such interpretation for our purposes -- specified below

An SDY stasic path (abbreviated SP) is a static data flow graph which has been
partitioned by the application of Aigorithm 31 Equivalently. it is a set of chains
which include no branch instructions connected arbitrarily visa COM arcs
provided that the underlying graph 1s optimally partitioned by the chains in the
sense of Theorem 31 The static path is furiher restricted as follows [npuls may
be directed only to the first node on a chain outputs may be taken only from Lhe
last node of a chain Other than such [/0, sil arcs must be connected to a node on

both ends

The last resiriction in the definiion of a static path 1s & convention which will
prove useful in fater proofs We can define duvmmy aodes which act like an
identity function. they have no effect on data Thus if we wish to take an output
from a node somewhere in the middle of a static path's chain we can simply start

a newv chain with a dummy node and have its MW supplied by the node from
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which we wish to take an output The dummy node will be (he last node on & chain

and hence taking an output from it will be permitled under the definition of s

static path

The /o-degree of a static path is equal to the number of inputs to the path the
oul-degree o the number of outputs Thus a simple static path has in/out-degree
of |. a compound path will have in/out-degree >1 By including chains consisting
of dummy nodes which take inputs or provide outputs the in/out-degree of a

stalic path may be increased arbstrarily

A sub-static path{subSP) of a static path P with underlying graph G, is deflined for
any subgraph G of G as the chains of P restricted to the nodes in G Where
otherwise undersicod we shall omil reference to the underlying graph G Note
that the chains of s subSP of a static path P may represent a suboptimal partiion
of its nodes even though P is optimally partitioned Thus a subSP of some static

psth may not satis{ly the definition of a stat;c path

To show that a stalic path represents a determinate computation we will make use
of basic results established in the literature Karp and Miller's original model for

paraliel computations would suffice as a basis for deriving our results for the
stalic path Setting Up- Wp= Tp- 1 for all nodes g and Ap- 0 for all nodes other

than 1nput nodes in their mode! would yield the equivalent of & static data flow
graph as we have delined it However, their original model does not include a
decision control mechanism which we shall require when developing the
conditiona! and loop contructs while their later mode! (23] is unnecessarily

general for our purposes We shall therefore draw on Adams' model which does
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provide the necessary contro! nodes

For the static paith we do not require any control nodes We can therefore consider
Adams model restricted to 'r' nodes That is all node inputs are ‘'unlocked and
nodes are considered firable when an input datum is availsble on every input We
can also dispense with Adams’ protocol for procedure invocation since at this
point we are dealing with the static path which consists only of primitive nodes
A ‘program graph’ in the sense that Adams uses the term restricted in this way.
qualifies as s static data flow graph as we have defined it and we shall be refering
to this particular interpretation when using the term static data flow graph in the

sequel

For the static data flow graph the following results have been shown

Proposition ] Let G be an uninterpreted stalic data flow graph with 2 inputs
and & outputs Then the & outputs of G represent s

determinate function of & siag/e set of # inputs

Proposition 2 Let G be as above and let the arcs in G be interpreled as
unbouded F1FO queues Then successive sets of the @ outputs of
G representa delerminate funcuon of successive sets of 2

inpuis

Note that in Adams mode| Proposition (1) is simply a special case of Proposition

(2) (4] . Other authors have proved the results separately We shall require both
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Lemma 4.1: An SDF static path P represents a determinate funclion of 8 siagle
sol of inputs Further any subSP of the static path P represents a determinate

function of a single set of inputs

proof. An SDF static path is a static dats flow graph which has been partitioned
by an application of Algorithm 31 The partitioning leaves the lopology of the
underlying grsph unchanged Hence proposition [, which applies to an
uninterpreted DI graph will apply equally well to the partitioned version, 1e to
the SDF satic path Further. the ACK protocols introduced by the SDF
interpretation are squivajent to an uninterpretied graph for s single set of inputs
This is because all nodes have any requisite ACKs as part of their initial state and
hence will not be delayed because of the ACKE requirements Only a second or [ater
set of inputs would require the generation of new ACKs The same reasoning

spphes equally well to any subSP of a static path O

Proposition (2) 1s not as easily extended to an SDF SP The handling of multiple
inputs is specified by an inferpreiation of the underlying graph and here SDF
differs significantly [rom the usual dataflow interpretations Specifically. Adams’

model specifies FIF0 queues for the links between nodes Wilh each primitive
pode pis associated an Initiation Queue 1Q; which aiso hasa FIFO discipline Each
execulion aclivity occasioned by a node p i5 associnted with an identifier which 1s
also placed on IOD These executions are initiated 10 accordance with successive

inpul operand sets arriving on the FIFO queues Since we have eliminated
procedure activation from Adams model 1n the static data flow graph. we can

simplify matters by thinking of the static data [low graph as representing a
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machine Each node p represents a hub of computationa! activity Various
instances of Lhe operation specified by £ may be going on concurrently The
interpretation specifies only that a) each such hub is fed by a FIFO queue from
each node which provides its input operands. and b) each hub places its results
on outgoing FIFO queues in the same order as corresponding inpul sets were

received That is results are placed on outgoing arcs in the order in which their

identifiers appear on 10,

For an SDF static path however FIFO queues cannot be thought of as
charscterizing the arcs connecting nodes op & chein because each such node is
no! necessarily san independent locus of acuvity Several nodes comprising a
chain segment may be invoked with the same activation The identifier associsted
with that activalion is as ususl also associated with the data token input to the
first node on the segment However successive versions of the token. as it is
operated upon by the nodes on the segment will also be associated with the same
identifier simply by being retained in the activating processor Hence there isno
ambiguity associated with data travelling along the arcs on & chain and the notion

of FIFOing such data is not meaningful

While this would appear o be a simplifying condition over the static data flow
graph. we nevertheless cannot apply Proposition (2) directly to the SDF static
path Indeed the notion of an ‘input (o an arbitrary node. as it is used in the
static dats flow graph. is not readily understandable in SDF, since & series of nodes

may be executed as 2 single activity
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Wo will describe for the SDF static path a formal analog of the notion of & ‘node’
and its inputs and outputs as it is defined for ordinary static data flow graphs, and
show Lhat its behavior sausfies the conditions for Proposition (2) to apply We

shall require the following notation Denote by P a static path Let the chains

in P be ¢, ¢, , €y and denote Lhe instruction nodes on ¢; by I, .15

I Where the disunction is clear we shall also use lik 1o denote Lhe

1. mi
corresponding node of Lhe underlying static data flow graph Let MW,, be the
main word input to 1,, We shall assume the MB to be included 1n the MW 30 as not

to clutter the notation Thus the words MW, | MW, MW, arethe 2 input

words to the 2 chains Let2W,, be the second operand required by 1, from some

other I, . r=/and s<4 Delinethe ieputs toa node |, in an SDF static path as

follows

1) for a COMarc directed into [}, the associated 2W operand 15 &n 1nput.

2) for s SEQarc directed into I, the associated MW operand is an input

Note that in the case of the MW this input is strictly a formal notion since it may

physically be an intermediate value within a single acuvity Now let successive

instantistions of the instruction 1;, be represented by superscripting Thus we

will refer to the successive erpats liu and 1°1 it To be precise such events will
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refer o the completion time of the sth and ;s+1lst instantiations respectively of

the instruction 1, Similarly, the main words consumed by the events lii. and

Ii"“ will be denoted Mwi“ and MW" lik‘ and likewise ZWiik and 2W° ‘it for the

2¥'s consumed by the same instructions

Proposition (2) says that if nodes are fed by FIFO queues and further that they
place their outputs on mrcs in the order Lhat corresponding inputs were
consurped then the graph represents a determinate computation  However it
15 not strictly necessary that sctwal FI[FO queues be employed for

Proposition 2 to hold Whsat we have in mind can be seen by defining the

creation trme . MW',, / 2W1.) of the data items MW', / 2Wi,, as follows

1) if the datum is an initial input then its creation tLme is equal to its

position in the sequence of inputs on the same arc.

2) otherwise gmwiuy « &4 where the event lhi.t-l generated MW,

as its output and tt(ZWiu) « 4 where the event lhn generated

Mwin as itsoutput for some r=sand s<f

Thust, is not an absolute Lime scale but rather an ordering of the completion of

events II“ 10 time We can now rephrase Proposition 2 as follows
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If 1) dataare copsumed in the order ~resied
snd 2) resultsare created in the order thal corresponding inputs

are consumed

then the computation represented by s static data flow graph

1s determinste

Weo can imagine these conditions implemented without the use of FIFO queues as
foliows Each datum is appended a labe! when created designsating its creation
time Arcs represenl memory facilities dedicated for use by the nodes to which
the arc is incident The producer node deposits results in this memory at
arbitrary locations As long as the memory contains at least one dstum. the
consumer node searches for the one with lowest label value and fetches it as an
opersnd This arrangement is entirely equivalent to that of Adams and Karp &
Miller and we can now use Lhis version of Proposition 2 without futher

justification

We now show that nodes in an SDF static path statisfy the conditions of Proposition
2 For nodes fed by arcs which sre inputs to Lthe graph as s whole. we need only
show that condition (2) of the revised proposition holds because the creation
times of input data are part of the initial conditions For other nodes however. in
order to capture the essence of both conditions ie that data tokens are both

created and consumed in order. we shall have to consider a pasr of adjacent nodes

in SDF -- since the definition of the creation time of a datum M"iit/ ZWiik depends

on the predecessor of 1,
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The result is via s pair of lemmas

Lemme 4.2: Let ]Ii be instantiation ; of instruclion 7 op some chain in s static

path P The ACK* consumed by the event Iii will be replenished only by the event

liIOI

proof. By strong induction on the instantiation aumber li has an ACK* as part
of its iniual state which 1s consumed by the event l]i Now only an execution of
l;,) can provide an ACK* for I; But no event Iii, y. / >1. will ever occur before
lliol because I-l must always execute before [, , and there ts no ACK* &t l,- with

which any /th instantiation of li could execute Hence only l!hl can provide the

ACY* Thisisthe base case

Now we assume the lemma holds for instantiations /< £ and show that it holds

for the £-+1st instantiation as well Thal is. we wish to show thal only the event

1Ly 'icl wifl replenish the ACK* consumed by It"i We consider all the possible
events which could conceivably replenish the ACK*® consumed by Ik"{ As
before it must be some instantiation of I, Aay event I, , r>£-+1 cannot
possibly replenish the ACK® consumed by lt“i because all instantiations >£+]
execute |, after Ly [i by definition and hence could not have executed I, until the

ACK* consumed by It'll had already been replenished It follows that they
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themselves could not have roplenished it

Thus the ACE® in question must be replenished by some event I’i,l, J sk 1
However. for every s <& it must be that the ACK* provided by l'i,]_ rs</ cannot
replenish the one used by I"’l To see this consider that by the induction
sssumption only I'i,l can replenish ACE* consumed by I’i Also Ii'li directly
succeeds lij by definition Hence if there were a situation in which I'; | had
replenished the ACK® consumed by I'"I. this would imply in particular that the
ACK* used by Ifi had been replenished else I’ Ii could not have occured But this
replenishment took place before the event I"l,I since the latter in replenishing

the ACE* consumed by [ Ii- could only occur after I !i But this contradicts the

induction assumption

Hence in particular no event l'ih! /s & could replenish the ACK* consumed by

the event J1E° !

; Since we have already established that the same is true of any

I',,,. &1 itfollows that only I* li~t qualifies to replenish the ACK* consumed

by lt'|i The lemms follows O

Let 1, and I, beany pair of adjacent nodes in an SDF static path P.such that the

latter is & successor of the former Let A'lt be the sth set of inpuls consumed by
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I,y and B’it the /th output of 1, Note Lhat the superscript for Aiik specifies the
order of consumption of inputs. not the completion time of the eventi which

consumes them -- as it does for MW/2W's Let I, denote the mapping
implemented by 1., and similarly use f, for L, These mappings are determinate
by assumption Define £( A;) = £, 0 £,,( A;,)) ie the composition of the two
mappings for a sing/e argument A,y Note that this mapping is not necessarily a
funclion since I,, may require an input nol provided by Iik and hence fY Ai“)
may have different values depending on the alternate input o L, In particular
[ AilI) may be undefined if that input never arrives We are nol concerned to
dea! directly with the alternate inpu! of l;, because since Iy and l; can be any
pair of adjacent nodes. anything proved for one input of I, and its predecessor

I, will also hold for the other input and s£s predecessor However, we can denote
the alternate inputs s th arrival by a place hoider, d Then f becomes &

function of two arguments f( Ai“ o)

Denote by ¥ the mapping of input segueaces to oulput sequences implemented by

the composite acuon of [;; sad I Thatis

(B!, B2, 1-FlLeA', 21 (A?, &) ]

Lemma 4.3:  Fl(A', 21 (A2, 25 Ja[fal, o) 1A, 2 |
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where ( A, 3) is & valid input set for all s

proof: First note that 1, 1, their connecting arc and the input arcsincluded in
A, and 2 together constitule s subSP of the SDF stalic path P By Lemma 41 the

output of this subSP is determinate and weo have that Bj,l = [ A*,k_ )

Now there are 2 cases to consider

case | The arc connecting [, and L, is « COM arc In this case the operand
transmitted from [, to [, 15 2W,, Consider the furst paur of successive
input sets A' , and A2, to I,,. and assume that A',, bas been consumed
For 12“ to execute ao ACK must be returned to I, from I, indicating that
the latter has consumed 2W ',l and can sccept another Since L, will not
return an ACK until it has executed it follows that an event ll.I must

complete before 12it can begin Hence the first 2 outputs of 1, can only

! !
be FCAY, ') and fOAZ, #)

Now assume the lemma is true for ; successive tnpul sets i e

FLeAT 310 (A%, 2) (Al ahl = [fCAl, oD fCA2, 20 1Al 3h]
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By eiactly the same argument, the event l"'ln cannot begin before li.l
completes and similarly event l"zn cannot begin before Ii"“
completes Hence (Al ‘lt- 3*1) will follow KX A’u_ 3!} as output of I, and
the lemma follows by induction Note that if I'“ is the first instruction on

a chain (/=1}, the opersnd transmilted may be MWi“ but the same ACK

rules apply and the argument is identical

case 2 I, isachain successorof };,. ie s/ /«£+1 In thiscasethe result of
execuling I, is kept in the executing processor's Home registers and the
contents thereof become the MW, Lo be used in the execulion of I, Let
Aiu and AP lik be any pair of successive inpulsto I, and assume that ﬂit
has begun execution In order for Iiit to begin_ and ACK* must have been
consumed By Lemma 4! this ACE* can be replenished only by I‘“ Hence

1 '“, cannot begin before Ii“. completes The same induction as was used

in case | now applies with the result that

FICA L 2" (A2, 22 lelf(Al, 2 a2, @), ) O

Lemma 4.4: An SDF static path represents a determinate computation

proof: We show determinacy by salisfying the conditions of Proposition 2 ie

that data are consumed and produced in order Using the same notation as above
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for a pair of sdjacent nodes these conditions may be stated formally:

(4D If (MWL) « (. (MWE ) then ¢ (f, (MW 3))) « ¢ (f, (MWD, 2%))

or, since the superscript of MWi , refers to the completion time of the event I,

which consumes it the right side of (4 1) is equivalent to simply /< &

Now sssume to the contrary ie that [, (MWP 3P} was crested
before l'z(MWi“ 3) or A<, wand the outpul sequence from Iy is

[ I Ahn '), N { Ai“ 2ty ) By Lemma 4 3. the input sequence to 1,
must be | ., AP . Ay ] Our assumplion then implies that the
instruction I, initiated execution on the input set Ai“ before completing
execution oo & previous input set Ahu This in turn implies that an ACE* was
available for 8 second instantiation of I;; even while the {irst had not progressed

to the nert instruction wvhich by Lemma 42, is impossible If I, is the last node

on & chain the ACKE which must be returned by ils successor on snother chain
similarly guarantees that no second instantistion can be initiated until a previous

one has completed One successor. either on the same or a different chain. must

exist namely 1, O

¥We have demonstrated the delerminacy of the SDF static path Note however, that

we have not demonstrated liveness nor is it necessary to assume it in Lemmas 4 3
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and 44 We only needed o show that nodes adhere to FIFO processing on
their inputs ie that Z/ outpuls are produced, they correspond Lo successive
inputs It is still possible that an input will fail to arrive or will be somshow

invalid and cause the computation to hang up The ACK* which must be returned

to I , by its successor has also not been considered in the proofs, this could also

hold up the execution of I, snd hence the production of outpuls Strictly

speaking therefore the right side of the assertion in Lemma 43 should be
interpreted as aay pre/ix of the indicsted sequence of outpuls As the reader may

verify, Lommas 4 4 still holds with this interpretation

[n this thesis we shal| use the term £vep in the foliowing way

Definition: Let P be an SDF program construct with input set A and assume that
P is known t0 generste s determinate output set B fora wagle input set A
Let this mapping be denoted f P is called live if for a sequence of inputs

Y Y3 ] . the output sequence [ FAD), 1(A?) ] 15 alwvays gensrated

Thus liveness as we are using it isonly defined where determ:inacy hoids as well

A construct can be determinate and not live but not vice versa

The property of reussbi/rty has also been investigaled in connection with graph
modelled computations Reusability refers to the property of a graph whereby no
unused tokens are left after a terminal state is achieved Such residual lokens
would easily result from & computation which hangsup On the other hand, if we
could work only with computation structures that were guaranteed to make

consistent progress ie consume and process all input presented it would be
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much more straightforward to design programs that are clean, that is leave no

tokens behind Thus the two concepts. while distinct, are relsted

It is easy to show that liveness and reusability hold for the SDF static path As
long as graphs are well-formed in the simple sense of correctly matched
input-output types. it is clear that all inputs will be completely consumed because
nodes fire only when all inpuls present dats and all such daia are anihilated when
the node fires Formally once we have shown that Adams’ mode! is applicable to
the SDF static path via Lemmas 4 | through 4 4 any properties of that mode! wilil
apply to SDF as well While Adams himself does not address the issues of liveness
and reusability his model -- when restricted to Lhe static data [low graph -- is
equivalentothers (e g (24] ) for which these properties have been shown to hold
It 1s clear that the expressive power of the static path is at least as great as that of
the data flow static path -- the underlying graph on which it is based An
interesting sidelight is the possiblity that the linear flaver of the chains from
which ap SDF static path is construcled may facilitate s more programmer
friendly environment for software development than the essentially amorphous
data {low graphs In this sense the SDF static path may have a greater expressive

power
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5.3. The Conditional

We turn now to the SDY conditzons/. derived from the generslized duta flow
conditional of figure 41 The conditional is comprised of &8 cvaditronal booloan
geaerator (CBG) and a condiona/ alternator (CA) Refer to figure 44 The CBG
makes the determination of which of 2 static paths are to be ezecuted. based on
some function of Zof the conditional's 2 inputs The boolean decider token is
shown travelling on the lefimost chain in the figure If more than 2 chains are
involved. a distributor is appended to the chain carrying the boolean decider so
that it may be routed to all chains The conditional alternator directs execution to
the sppropriate SP based on the decider token it is formed by prefixing & BC
instruction to each of the input chains of one of the SPs -- call it SP1 The output
of the distributor is used by the BC's to either continue execution with SPl or
branch to the corresponding Ist instruction on the chaips of SPZ. the alternate
SP  After compleling the code in SPl1 each of the chains executes an
unconditional branch to the exit point of that chain from the conditional --
shown in the diagram a3 J2 1n other words each chain executes in the normal
fashion along 1ts length except that one of 2 sections it contains is skipped -- as

dictated by the boolean decider

At the exit of the conditional each chain executes a special insiruction called a
coadilional retura ACE* ((RA*) the purpose of which is to insure determinacy
of the oulputs of the conditional It achieves this by returning sn ACK*® (o only
one of ils two predecessors al a time Lhat i1s either to the last instruction in SPI or

the fast instruction in SP2 on any given chain The destination of this ACK* is
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determined by & control input to the CRA*, the same input which feeds the BC on

that chain The operation of the CRA* is defined carefully below

Since each of the alternates in the conditional is s stalic psth multiple
instantiations may follow one snother through their successive operations In
principle then we should be able to allow multiple instantiations of the
conditional concurrently However. the CRA® instructions must return an ACK to
their distributor Hence. as soon as the [irst control token is processed by the
distributor no {urther operand sets can get past the BCs until the that first
instantiation exits the conditional The neteffect 1sthat only one instantiation of
the conditional at & time will be acuve To alleviate this bottleneck we shall
buffer the control token traffic betwsen the distributor and the CRA*s In an
actua!l machine we would expect the buffer to be as large as the number of
instantiations which can be concurrently sctive 1o the larger of the two static
paths -- as limited by the ACK* protocol This approach is related to that

investigatedn [10]

Every oulput of the conditional must erbitrate between two correspending outputs
of the static paths via a CRA* Since the number of outpuls may be grealer then
the number of inputs there may exist chains in the SP s which provide output but
do not take inpul from one of the conditional's # inputs [nstead Lheir input MW
is provided by some other chain within the SPs To unify our treatment we shall
artificialiy transform chains which provide output into ones which provide input
as well We sccomplish this by prefixing s dummy BC instruction to ali such

chains (see figure 4 4} The only input to these BC s is the boolean decider output
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of the distributor A special op-code designation tells the processor to initiste
an instantiation of Lhe chain with « delsrod conterr n olher words, the
processor wil fetch and executs the BC, whose effect is simply o choose the next
instruction to be fetched, wrthout the prosence of a (M The contexl registers of
the processor will not be set until the next instruction, when the arrival of the
MV will establish the instantiation’'s context The activation of & new chain
which would normally result from the arrival of the MW to the [atter instruclion.
is suppressed -- the activation has already been invoked by the arrival of the
decider token at the BC The rightmost group of chains in figure 4 4 are shown as

obtaining their MW context from somewhere inside the static paths SPI and SP2

Note that there may alsec be chains which take their MW [rom one of the
conditional’'s # inputs but do not provide an output of the conditional [nstead
they provide one or more ZW operands to other chains within SP1 and/or SP2 and
then terminate The leftmost chains in figure 4 4 are shovn terminating within

the conditional aftler delivering 2W operands somewhere inside SP1/SP2

We now proceed formally

Definltion: The cvoditional retura ACE” instructios is defined as follows
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1) The format of the CRA®* instruction is

field function
a) MW/MB/CM contexl save area
b) 2B control input field

¢) Bit Buffer (BB) FIFO buffer of control input

d} DESTA address to send ACK for control input

o) DESTIA® address of one possible predecessor

f) DEST2 A* address of alternate possible predecessor
g} RSTRT bit indicating instruction needs restarting
ht ACE* field for ACE*® from successor

Items (a), (d) and (h) have the usual meaning (a) is required in case an
ACK"* is pot forthcoming from the CRA®'s successor and the context must be
saved The ACK in (d) s the usual one for COM arcs However as will be
seen below the CRA® becomes active and executes some function whenever
a conirol input arrives even if the CM is not set 1e the chain on which 1t
occurs is not executable In particular the ACK for the control input is
returned immediately upon receipt in most cases even If the CRA® is not
being fetched by a processor executing its chain Items (o) and (f) are the
two predecessor paths between which the control input must choose, it ts
essentially through the return of these ACEK*'s that the CRA® achieves ils

function The funcuon of the RSTRT bit will be made clear befow.

The initial state of the CRA® includes an ACK* and RSTRT bit Furtiher. in
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2)

conlrast to the usual conventinn. the two predecessors of the (RA* db ao:

have ACK* as part of their initial condition

The foliowing two procedures constitute the basic action of the CRA*
instruction The furst is invoked 10 response o the arrival of & control
token the second represents the action of the CRA* proper in the course of

arecution of its chain

Procedure PROCESS _CONTROL _TOEEN (CTRL_TEN:

Begin

1€ RSTRT Then Begin
send ACE* to DEST] or DESTZ based on CTRLLTEN
resel RSTRT
End

Eise shift 2B into BR

If BB not full Then return ACKE to DEST_A
Eod /! end of PROCESS CONTROL _TOKEN//
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Procedure EXEC CRA".

Begin

If BB not empty Then Begin
send ACK* to DESTI or DEST2 based on next BB
update BB
If BB was full Then send ACK to DEST_A

End
Eise w9et RSTRT
End //end of EXEC CRA®//
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The action of the CRA* instruction may now be defined as follows

input action
B PROCESS _CONTROL_TOKEN (2B)
MW (chein exec! If not ACE* Then Beg:in

save context in MW/MB lelds
set CM release processor
End

Flse EXEC_CRA".

ACE”* If (M Then Begin
EXEC_CRA*.
reset CM

End

The procedures PROCESS_CONTROL_TOKEN snd EXEC_CRA*® are s producer snd

consumer of the bounded buffer BB. hence provision must be made Lo insure that

their actions are mutually exclusive in time
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3) Both inputs of the CRA" instruction are defined to be SEQ arcs This

4)

designation is consistent in the sense that we still have only one SEQ input
permitted to any node because the inputs of the CRA* are used in s mutually

exclusive way

The CRA" is defined to be fireable when an input triple { ;.3 ;.2 ,) is
preseniod 1o its control "0’ and ‘1" inputs respectively where '0' and 'l denote
the alternate data inputs [p sddition to the usual type restrictions which hold
for data lines in the static path we permit the token nll on either but not both
of the inputs 0'or '1  The token nil is a formalization of the notion

that no input is also an 'input’ ie thal one or the other of the data

inpuls is not required in order for the CRA* to be [ireable Specifically.

(2,. 3.3 )E ((E. MW ail) (T nil MW )} The notation ~ (/) will be used

to designate the complement of the ,th data tnput line to a CRA™ Lhat is

input oumber 0 if s/ 1s'l'". and input pumber '} if s is'0

Note that (3) applies to the BC instruction &s well For a given instantiation. its

two outputs are mutualiy exclusive hence the designation of its output arcs s

being of the SEQ type 13 appropriate

Deflnllion: A conditional boolean generstor (CBG) is an SDF static path with

equal in-degree and out-degree, at least one of whose oulputs includes a boolean
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value.

A conditional alternator (CA) consists of s pair of SDF static paths SPi and SP2,

which are combined as follows

i)

2)

3

All chains in SP] are prefized s BC instruction which jumps to the first
instruction of the corresponding chain in SP2 The chain which includes
the instruction which generates the decider token wiil be prefixed a BC
type (1) The remaining chains wil] receive a BC type (2) (ses table 42)
Chains which are activated inmde their static path bave the chan
scuvelion function of their first node supressed This function s
transferred to & BC which is prefized to the first instruction the BC

activates Lhe chain in defayod coatert mode

All chains in SP2 have a CRA® appended after their last instruction The
ACE *'s of these instructions are directed to their predecessors in SP2 and

the last instruction on the corresponding chein 1n SPI

All chains 1n SPI have ap vnconditional JMP appended to their last
instruction The JMP is directed to the corresponding CRA® inserted in (2)

above

The CA is said to have in-degree 2 and out-degree =

An SDF conditional consists of & CBG with £ inputs and outputs and & CA with
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in-degree 2 and out-degree o such that 2< 2 L of the 2 inputs to the CA are
provided by the CBG The output of the CBG carrying the boolean token is routed
to the control input of ali BC instructions in the CA via a distributor, as well as to
the control input of all the CRA*'s The remaining o -£ inputs to the CA come
from outside the conditional The conditional is said to have in-degree 2 and

oul-degree m

We must now show that the conditional represents a determinate compulation As
in the previous section, our approsach will be to show how the conditional may be
represented within the Adams model Ip the context of dynemic constructs such as
the conditional bhowever Lhe issues of liveness and reusability become
significant Once the BC and CRA® instructions are 1ntroduced Adams model does
not --by itself -- guarantee either property Even if the type values of connected
inputs and outputs are matched deadlocks and hang-up states are possible It is
easy to see that even a single 1npul set could cause s computation to hang up for
example if the MW arriving at 1 CRA® is presented at the input other than the one
dictated by the control token For SDF we will permit the use of the BC and CRA*
instructions only in the condiuonal construct as defined above We will show
that when 30 resiricted the properties of determinacy and liveness hold The

matter of reusability will not be directly addressed

Definition: A sequence of data tokens presented Lo the three inputs of & (RA*
instruction is said to have 8 coasistear description AV, A2, Al ]

if AL Z ((F MW n11).(T.n1t MW.) ) forall / Note that it is the introduction of
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implemented by the CBG for a single input set I Thatis f@(x,.1; ..x,)
=(y.v2 . Y,) Letthe name CBG itself denote the mapping of a single input set

X to Truo or False as implomented by its decision code -- that is. CBG(X ) - D,

where [ represents the value of the decider token. Lol F@ denote the mapping of
input seguencesto outputl sequences implemented by the CBG as & whole Thus
FOIX!.X2 . 1 -0Y! . DH.(Y2 D%} | Similarly let F1 represent the mapping of
input sequences to outpul sequences implemented by the condiional salternstor
Thus FII(Y! D). (Y202, 1 -121.22 .. | where D is the decider variable
Note that the chain which generates D also participstes in X, the situstion implies

simply that both an MW and MB are active a{ the same Lime on that chain

By Lemmas 45 and 4 4 we can infer that

(46) FOIX' X2 1-(craX").CBG(X!))). (18(X%) CBG(XZ)) )

and hence that the CBG is both determinate and live

Let fi denole the mapping of inputs to outputs implemented by SPI fora

single 1nput sot wnd similarly 2 for SPZ  Define a function valued function

> K X - (1.2} asfollows

d(X) - 1 if CBG(X,) « true

and [2 otherwise
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Thus we can write O(Xil_)( Y - 7 We will use Jj(XL) to denote that part of

8(X, ) which produces the output 2,

Lemma 4.6: For any execution of an SDF conditicnal there exists a description

of the input sequences to all CRA® s which is consistent

proof: By the definition of the conditional we have that each pair of chains
which end in the SEQ inputs tv a CRA* originates at a BC Instruction whose contro!
token is also fed o the CRA® By Lemma 4 4 and the discussion above the CBG is

determinate and live Thus for any valid input sequence to the conditional
(8182, ] we must have inputs [( £0( X!) CBG(X! ) ) ( f8(X2) CBG(X?)) |

to the BC instructions Hence if a first controf token arrives a BC. then it must
arrive at all BCs and further a first data input must have arrived a! all BC's as
well Conversely if & data input arrives st a BC such an input must have arrived
at all BC's as will have control tokens By the definition of the BC instruction we

have that a full input set will be presented to the static palh corresponding to

O(X'Ll Also by Lemma 4 4 the static paths SP| and SPZ are determinate and live

and hence at(I‘L)(Yll will arrive al inpul number CBG(X’L] of the CRA’ on

chain c;. before sny olher input arrives on the same input arc Letling the
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argument to input number ~( CBG(X]L)) of the CRA*® be nil we have that the

first inputs to any (RA* may be described Al £ ((F. MW n#). (T.nil. M¥))
The lemms follows 1nductively by assuming it to hold for & description with ,
control 1nputs and applying exactly the same argument (o show that there exists

u description with s+ 1 control inputs which 1z also consistent O

Next we show how the BC and CRA* instructions can be representled as nodes 1n
Adams model For each instruction we construct an r or ‘s node of the type
described by the model We then designate inputs and outputs for the SDF
instruction 1n question. and show how the action of the instruction maps these
1nputs to outputs 1n accordance with the f and ‘g functions associated with the

corresponding r or 's nodes

For the BC instruction. this s reiatively straightforward because the BC is defined
as [ireable only when a datum of appropriate type is presented at every input We

can therefore model the BC as an r node in Adams schema Figure 4538 shows

an instruction lit- which 1sa BC and which arbitrates between successors

Y. 8nd 1, As prescribed by Adams model the input arcs of 'r' nodes are

unjocked by definition ie s datum must be presented on each of them in order

for the node to be enabled Weo need meorely extend the set of valid output tokens to

include nil  For the BC instruction. s nil output is equivalent to simply not
L

instanlialin g the corresponding successor instruction We will define the 'inputs’

to a BC instruction to be the MW, (data input) &nd 2B, (control input) The
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The BC Instruction

1l f(w.T) - (w. atll)

2 f(w.F) --- (ail w)

{a) (b) (¢c)

The CRA™ Instruction

] (L L U nl nt T)-->{U L L)
f{rul ml T)--- (rud)

e B(LL UMl mulF)--»>(L UL
f{rl nl F)---> ()

I BULL w el sul)-->(L LU

f{w rul i) --->{w)

4 (LU L nil.w gul)--->(L. L U)

fi{rul w ral) --- {w)

Fig 45 Modelling The BC and CRA*

(a) ts the SDF construct, {b) the equivalent node 1n Adams’
model and (¢) Qives the ‘T and 9 functions for the latter
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output will come from the set { { lﬂ'u,,. b, ( nil. MW,,) ) depending on the

value of the control input 2B;, VWith this definition of inputs and outputs. it is

easy Lo verify that the action of the BC instruction corresponds w the definition of

the T function sssociated with the r node showan in the [igure

In figure 45b we show an ‘s pode which models the function of the CRA*
instruction Since one or the other of the instruclions inputs are nol required for
& given instantiation. we need Lo use the input ‘locking’ feature in Adams' model
-- hence the use of an ‘s’ node The ‘s node is simply & controlled merge. its
associated f and g funclions are shown in the figure Contro! and daia tokens
are processed alternaiely First the contro! input 15 unlocked while both dats
inputs are locked The node fires upon receipt of a control 1oken and the effect of
this firing is to unlock one or the other of the data inputs and re-lock the contro!
input the output i3 unaffected ie has value nill When a datum arrives at the
unlocked input the node fires by passing it unchanged to the output Al the same
time both data inputs are sgain locked and the control input unlocked in
preparation for the next cycle The corresponding SDF construct consists of a

(RA*® and a ]MP instructlion which preceeds one of its inputs -- this corresponds

o the way the CRA" js used in the conditional In the figure lit is the CRA® while
Iij is the JMP which precedes one of its inputs We deline the ‘inputs and ‘output’
for this construct w be 2B, (control input). MW,, and MW, (alternate data

inputs) and MV, , (output) Ve will call the combined CRA* and JMP

construct an SOF merge
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Since we are employing an ‘s’ node we must have definitions of 'locked and
‘unlocked input arcs for the corresponding SDF construct VWe shall use the

following

A SEQ arc input to an SDI merge is deflined to be focked when its predecessor

along thatarc has no ACK*, and valocted otherwise

Our definition of locked is consistent with Adams since if no ACK* is availabie in
the predecessor instruction along a given inputl arc that instruction cannot
ezecule and hence will present no MW (o its successor Since the MW is how we
defined data input to the SDF merge we have that nil is always presented o the
merge at an input which 1s 'locked In Adams model an 's' node is understood to
‘know which inputs are locked and that data need be presented only at the
unlocked ones in order for the node to fire In the SDF merge the same behavior
follows from the fact that the instruction will only be instantiated by the
execution of one of the chains which end in a data input arc Thus its predecessor
slong that arc must have had an ACK* and hence 1s unlocked by definition Only
one MW context is used in the execution of the merge and therefore a word which
might be presentied at the other data input arc will be ignored [n particular, if

the latter 1s locked the instruction remmns {1reable

For the control input we take
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A COM arc input to an SDF merge is defined o be octed if any SEQ arcs input to

the same are unlocked and va/octed otherwise

In SDF we can easily make this deflinition work in a manner consistent with that
of Adams model because of the restriction that instructions are instantiated only
in the course of chain execution [n other words since the active mode is chain
execution we make the state of COM arcs a siave to the events which are
occasioned by the data on SEQarcs Specifically the default state of the COM input
to an SDFf merge is focked No proper execution of the CRA® instruction wil!
occur as a resull of the arrival of a control token (The updating of the BB is a
special housekeoping {unction associated with the CRA* but does not correspond
(o an 1nstantiation of the instruction ) {n accordance with our delinition. this
means that at least one of the SEQ arc inputs of the merge are ‘'uniocked. ie its
predecessor has an ACK® available and hence may be instantiated At such time
that the CRA® is executed in the course of executing that chain, the ACK® will be
consumed thus rendering the SEQ inputs locked By our deflinition the COM arc
13 now unlocked However as partof its execution sequence. the CRA* will fetch
the next control token and send un ACK* to the appropriate SEQ inp_ul predecessor
Thus in one execution cycie the control 1nput 1s consumed its arc 15 again
'locked sndone of the SEQ inputs 1s ‘'unlocked for the next instantistion For the
‘s’ pode with which we are modelling the SDF merge this sequence is equivalent
to the node functions! transitions (for e g the case where input pumber ‘0 is

initislly unlocked)
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(47) g (LULnll wntl)--- (ULLTAF, atl nil) ---» (L,U/L U/, )

f (it wnil) --- (w), (T/F. it piD) ---> (nl)

where w represents a data word The first ‘g’ state correspopds W having an
ACK* ip one of the SEQ arc predecessors hence that input is ‘'unlocked while the
contro! input 15 ‘locked The point where that ACE*® is consumed but before the
CRA* executes correspends to the second ‘g state the SEQ input arc has been
‘locked  the control input ts therefore ‘unlocked by definition and the next BB
datum is considered to be presented at the latter input Finally the last ‘g’ Rate
paraliels the result of executing the CRA®, one of the SEQ inputs has been
'unlocked as s result of consuming a control token and the contro! input is pow
again by definition ‘locked The [ transition is simply the passing of the data
word to the output in the course of execution of the CRA* the second transition is
s dummy state change which makes the definition of the 'f function total but

results tn no output

The above scenario assumes thal one of the SER tnputs to the CRA® is initially
unlocked If however an instantiation of the CRA® finds the BB empty. neither of
the SEQ inputs will become unlocked Regardless of any contrvl tokens which may
subsequently arrive the CRA® instruction will remain deadlocked because there
are no ACK ® s available to its predecessors -- it will never execute To avoid this,
the RSTRT bit will be set when executing the CRA® if no contro! tokens are
available The RSTRT bit indicates that ap exception must be made to the rule that

only a processor execuling the appropriate chain can instantiale the CRA®
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Instead, when a first control token subsequently arrives. it will invoke s partial
execution of the CRA*, that is it will cause an ACK* to be returned to the
appropriate SEQ input predecessor The RSTRT bit is also reset It is sasy to verify

that this sequence is precisely analogous toc the 'f and 'g' transitions (4 7)

We have iliustrated how the action of the BC and CRA* instructions (as used in the
SDF merge) can be modelied by an appropriate node in Adams schema In order
for the properties of Adams model to hold however. propositions (1) and (2) from
the previous section must apply to the use of these 1nstructions 10 s computation
That is they must be shown 0 exchange inputs and outputs with their neighbor
nodes i1n the manner of FIF0 queues (or equivalently that they creste outputs in
the order that corresponding inputs were created) For the static path this was
demonstrated via Lemmas 42 - 44 VWe sball extend these results to the BC and
CRA* instructions The determinacy charscteristic of Adams model will then
follow By further restricting the use of the B and CRA* (o the SDF conditional
we will be able to use Lemma 4 6 Lo show that the resulting SDF computation is aiso

live

First we extend Lemma 43 to include the BC and CRA® insiructions The

contention of the jemma was that for two adjacent instructions |,, and [,

(43) FlOAl 21 a2, @) Jelrcal, aY rea, #) |

vhere the ( Aill’ o) are valid input sets to the instruction pair for all /
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Lemma 4.7: Leti,; snd I, be two adjacent instructions in an SDF computation

exactly asin Lemma 4 3 except that one of them may be & BC instruction or an SDF

merge Then (48) holds

proef: If L, is a BC instruction. the dynamic aspect of the BC does not effect the

interaction between I, and L, since the ACE* protocol applies as usual and both
nodes fire only when data are presented at all inputs Hence Lemma 43 holds

directly The sameistrue if [}, is an SDF merge

If 1,; is the BC only SEQ arcs are permitied at its output and hence the connecting

arc between the two instructions must be SEQ We now augment the set of valid

1nputs to and outputs from I, to include Ail Thus if the BC 15 instantiated such

thal its other successor 1s chosen ]1( will be delined to consume & sel of ntl
inputs and produce s nil output With this convention it is clear that we can

always have By « f( A, 2) ie the configurstion [, and I consututes a

determinate computation on 8 single set of inputs

Il I, is an SDY merge the alternate inputl 2 to Iy, is actually s psir ( 3, b'(h))-

where & is the number of the merge data input to which 1, is connected Fora
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single input set (A ( 2, a.m)) to the instruction pair embedded in the
conditional either A = nil or 3 = nil snd further, the control token value will
maich the non-nil input number (T=], F=0) sgsin by Lemms 46 Hence I, will
eventually fire and we have that f, (f, (A,).( 3. 0~q)) ) = By or
By = FU A, 2} The same argument spplies to the case where I, and I, are

connected vis 8 COM erc by setting & = (3,.2))

Now we consider the two cases -- 1;, isa BCor [, is an SDF merge -- in turn. and

prove first thst (48) holds for the first two inputs A',, &nd AZ, to the

instruction pair [, and [,

cas 1) Iu is 8 BC instruction Note first thal since 2 is only a place holder, we
are only concerned to show the correspondence of B‘.l to Ai" Thus if
the ‘other’ successor is chosen on A'n but I, is chosen on Azlt- the
correspondence holds vacunusly, we simply define an instantiation of [,
with nll inputs and outputs to occur before I'(Azlt) is produced
Similarly if 1, is chosen for A, but not for A2, we define the dummy
event as occuring after I(A‘“) is produced And of course we can

bave [ nl). nil. . ] asthe output sequence il I, is nol chosen for either
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input For the remaining case, ie where the successor L, of the BC is

instantisted for both inputs note that while the BC instruction has the
option of instantisting either successor. it is nevertheless true that it

cannot itself be executed until st lesst one of them returns an ACK*
(except the first instantiation) Therefore, if [ is instantiated on both

first inputs. Lemma 42 applies whence Lemma 4 3 applies verbatim

I, is an SDF merge Here we have two subcases depending on whether

the connecting arc is SEG or COM

case 2a: The connecting arc i1s SEQ By assumption. the inputs

(Ajg. (3. d~p))) are valid hence one of the followiag four descriptions

of the first two inputs (A!, (3! 2l 3)) and (A2, (2! . 22.4))) must

hold

al AI“=A2“ = nil Blﬁ)'bz..(b)=non-n” and alo_ 320""(b)

b) Al =nil A%, <non-ntl 2y - non-nil. 2245 =il 3T, - ~( 8)

and azc 2 b
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) Aljy = noo-ml A2, <nil 2l =il 22, - non-afl. 2!, - 5

and 320 )

&) Al =A%, =non-nil 2l gy =28y =il and 2! - 2% - 8

As in case (1), we are only concerned to show the correspondence of B’“

to Alit For (a) through (¢} therefore. the correspondence holds
vacuously since we can insert nil values for AI“ i0 apprupriate

posiions 30 that & non- N1l A, input. where present, will correspond to

the correct By, For (d) we sgain note that while the SDf merge has s

choice as to which predecessor ap ACE*® will be returned. it is

nevertheless true that no predecessor can fire until such an ACK" is

available Thus the proof of Lemma 42 applies to I;; and L, and it
follows thal lzu will not be ensbled until Ilﬂ completes Thus 132.t must

follow B’“ and hence (48) holds [or (d) as wel}

case 2b: The connecting arc is COM No nil tokens travel on the COM

arc, adatum is always generated by I,, and is always consumed by 1.,
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that the ACK* prolocol between them is different. However this protocol
is precisely a FIFO queue discipline and therefore Adams model applies

directly. there is no need to prove (4.8)

The lemms now foliows inductively by applying exactly the same reasoning. for
each of the cases (1) and (2a) to the /-1st input and output assuming it holds for

/ inputs and outputs O

Not that it was pot necessary to Limit the use of the BC and SDF merge to the
conditional The lemma only tells however thatif valid inputs are assumed. and if
outputs are generated then those outputs will be as indicated in (48) For the

nerxt resuit however this restriclion W the conditional is required

Lemmae 4.9; An SDF condional 1s determinate and live

proof: The proof of Lemma 4 4 applies directly to any confliguration of adjacent
instructions 1., and I, for which {(48) 15 true Hence the equivalence w a FIFO

discipline holds for the input/output relationship between ail nodes in s
conditional Since Lhe instructions themselves have been shown to be
representable as r or ‘s’ nodes within Adams model the properties of the model
spply -- whence the conditional i1s delerminate Note that we still have not made

use of Lhe restriction to the conditional consiruct
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To show liveness consider any instruclion pair Ly and I, where L, is an SD¥
merge in 8 conditional and the arc connecting them is SEQ By Lemma 456 the
input sets Lo I, have a consistent description Thus the merge will generate a

valid output for each valid input Further the sequence of inputs

(Alit- ( aJo. &'{b)”‘ for all /. to the confliguration 1, and I, must be valid The

mnputs ( bic, &‘..(b)l are themselves inputs to the CRA® and A;, must also have
consistenlly received valid inputs else it could not have provided the same (o
input pumber # of the (RA* DBy Lemma 47 the output of the conditiopal
arbitrated by this particular SDF merge must be [ FCA',, 2'). FOA%, #) 1
1e the computation will make progress will make progress and generate outputs
in the order of corresponding inpuls for every input consumed Since L, can be

any SDI merge at the output of the conditional it foliows that the conditional as a

whole i1s live [)
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3.4. The Loop

The iteration construct which we will develop for SDF is patterned after the basic

WHILE (condition} DO BEGIN (loop body) END

programming structure The paralie! version of this logic has a data flow
implementation which was presented earlier in figure 42 The visbility of this
construct thatis its determinacy and Liveness can be demonstrated in relatively
straightforward manner. considerably more straightforwvard than the
development in the previous section which was required for the conditional This
is because Lhe loop unfortunately i3 by far more severely constrained than the
conditional with respect to the parallielism that it permits hence there is loss W
prove Specifically the loop can only be instantiated for one set of inputs at a
time Paraljelism is permitted within the foop both in the condition’ part and the
'loop body between operations that are not directly dependent on one another
However. a second set of inputs cannot be permitted to instantiate the loop until a
previous one has completely terminated otherwise there would be no wsy to
distinguish operands from the different instantiations This problem plagues all
‘static datafiow interpretations as weil The ‘colouring’ of different instantiations
1s the term used in the literature for some lechnigue whereby operations will be
constrained only o sets of operands all of which are associated with the same
iteration number of the same instantistion The most developed of these
techniques is the Unraveling Interpreter of Arvind and Gostelow. We shall

briefly examine the relevance of this dynamic’ colouring technique (o SDF 1n a
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subsequent section For the programming system being developed here however,
we shall remain with the 'siatic’ approach and our loop will permit only single

instantiation at a time

The general SDF Ioop construct is shown in figure 46 The decision ¢code 15 & static
path which implements a boolean valued function of some subsel of the 2 inputs
to the loop Each chain in the Jpgp body is prefized by a special version of the BC
instruction which we will call the Loop Breachk oo (oadition (LBC}. its operstion
will be defined carefully below The LBC is controlled by the decider token
generated by the decision static path As for the conditional if Lhere are more
than two chains in the loop body. & distributor will route the decider token output
to the instruclionson esch chain The LBC will cause 1ts own execuling processor
to instantiate either a) that part of its chain which 1s within the loop body Lhat
is continue with the instruction immediately following the LBC or b) the first
instruction on its chain after the loop In effect it will cause the loop to either go
arcound again or terminsate Each chain segmenl included in the foop body ends
with an unconditional JMP (o the first instruction on that chain which is within
the loop If the data word which is the MW [or the chain does not participate in
tbe decision as to whether or not to continue the loop the JMP will return to the
LBC instruction on the chain If it is required for the decision. the JMP will be
directed to the first instruction on tha! chain in the decision static path Thus the
loop condition 15 always tested first and if found not 1o hold will send a 'False’
boolean token to the LBC instructions The executing processor for each chain

will skip the loop body segmenl and continue with the next instruction on the
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chein Note that the loop body must have an identical number of inputs and
oulputs, ip contrasi to the conditional which does not share this constraint This
reflects the nature of sny iteration construct in the sense that every value
participaling in the loop is being updated in some way al each iteration and hence
must be both inputl and output to the loop body An exception to this is a constant
which might be employed by the computlation in the loop body Since the
operstors in most data flow models are ‘memoryless the generslly accepted
approach for dealing with constants in iterstion constructs is to force them to
circulate so that they are in effect presented anew al each iteration In practice.
a deviation from the strict functionalism of data flow is permitted for the sake of
efficiency. the constants are simply made a read-only field in the instructions

which use them Thistechnique 15 also applicable to SDF

To insure that only one instantiation of the loop is active at a time. we suspend the
ACE* protocol on all chmins within the loop From sp implementation
perspective. this means that every instruction on a chain beginning with the
first one included 1n the decision static path through the last instruction before
the unconditional JMP will have no ACK* field s2ad no DEST A® field If & chain
does not participate in the ioop test the first instruction in which the ACK*®
protocol is suspended is the one immediately following the LBC The LBC itse!f can
be thought of as the urbitrator for the loop to the code around it As long ss the
loop conditiun tests positive and iterstions are continuing. the LBC is simply
another instruction within the [oop body. and hence the ACK*® protocol does not
apply When the loop eventually tests negative. il is the responsibility of the LBC

to implement the ACE* protocol for the loop as a whole visa vis the surrounding
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code. Thatis it musta) wait for an ACK® from the instruction on its chain
immediately foliowing the JMP in csse the latter instruction has been held up
and is holding the saved context of a previous instantiation. snd b) return an
ACK* to the instruction on ils chain immediatlely preceding the first one within
the loop. thus permitting a next instantiation of the loop Thusthe LBC on s chain
which does nol participate in the decision code will return an ACK* -- when the
loop terminates -- to its immediate predecessor The LBC on & chain which passes
through the decision static path will return the ACK® to the instrucuon
immediately preceeding the first one in the decision code In all cases the LBC
will wait for an ACK*® -- sgain. only when the joop terminates - from the
instruction on its chain immediately following the unconditional JMP Thus the
LBC will require the MW /MB/CM fields to save the instantiation context in case

the ACE* 15 nol present when exiting the loop

Befinition: The LBC instruction is defined as follows

1) The format of the LBC instruction is the same as the BC type (1) and type (2)
Type (1) is driven by the boolean datum which is gepnerated by the
immediatlely preceeding instruction on its chain. it is found in the MB field
No 2B field is required for type (1) Type {2) uses a 2B fieid rather than an MB

field and waits for the controf token to arrive lrom another chain
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2) The action of each of the two type of LBC is defined by a procedure For

type (1)

Procedure LOOPTESTI (CHTRL_TKN).
Begin
If CTRL_TKN = FALSE
Then If NOT ACL*
Then Begin
save context in MW/MB fields
set CM. release processor
End
Else Goto BRANCH ADDRESS

Ead

and the procedure representing the action of type (2] 15
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Procedure LOOPTESTZ {CNTRL_TEN).

Begin
If NOT 2B
Then Begin
save context in MW field
sel CM release processor
End
Else If CTRL_TEN = FALSE
Then If NOT ACE*
Then Begin
save context in MW field
set (M reiease processor
End
Else Goto BRANCH ADDRESS
End

We can nowv defline the sction of the LBC instructions -- for each type of

arriving operand -- as follows For the LBC type (1) we have

wpul action

MW (chain e1ec) LOOPTESTI(MB}.

ACE* If CM Then LOOPTESTI(MB)
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and for the LBC type (2)

L put aclion
MW (chain exec) LOOPTEST2(2B)
T ————_——
w O AND 2 Thon 0OPTSTE OB

The type (1) LBC will be used on the chain which also contains the inpstruction
which actually generates the boolean decision token -- shown in figure 46 as the

leftmost chain All the remaining chains will employ s type (2) LBC

Lemmae 4.9 The SDF Loop is delerminate and live

proof: Ifa first sel of inpuls has been received by a chain ¢; of the loop. this

implies that the initial ACK® in the predecessor instruction of the loop on ¢, has

been consumed and therefore that that predecessor cannot be re-instantiated
until its ACK® is replenished By the definition of the SDF Loop none of the
instructions in the loop return an ACK* to any predecessor except the LBC and

then only when it receives a False control token Hence no second set of inputs

will be permitled to instantiate the first instruction of ¢, within the loop until
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the first instantiation finds the loop condition {alse and thereby results in the LBC

returning an ACK” to the loop's predecessor on ¢; Thus we can assume that as
long as the first instaptiation is executing within the loop on ¢; no second

insiantialion of the loop on ¢, will be invoked Note however that this does not
imply that only one instantiation at 8 ume will be executing anywhere in the loop

as a whole Chain ¢, may complete execution within the loop for a particular
instantigtion whilie chain ¢, may stil] be active for the same instantiation Chain

¢, will permit a next instantiation to begin even while g is still active on the

previous one

If in fact it were true that only one instantiation of the loop asa whole could be
sctive at once, we could unravel the iterations of the loop intc an equivalent SDF
program comprising a series of sections each consisting of the decision code
followed by a distributor and LBC instructions followed by & copy of the Loop Body
(vee figure 47) By Lemma 45. the decision code can be taken to be an SDF static
path of in and out-degree o2 As long as the control token arriving at the LBC 1s
True' it behaves exactly like an ordinary BC instruction except that no ACK*
protoco! applies From the previous section we know that the BC can be
represented as an r node in Adams model Further since we are assuming that
only one set of inputs is being processed within the entire {oop instantiation at a
time, the issue of FIFO queues as the discipline for input/output between adjacent
nodes is irrelevant The fact that the LBC can be modelled as an 'r’ node is

sulfictent to legitimately employ it in a graph computation. and the properties of
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path to which only s single set of inputs at a time is being applied By Lemma 4.1,
the computation is determinste 1t is also live, as has been shown in general for
static graph modelled computations which are well formed in the svnse of

matched inputs and outputs of adjacent nodes (see previous section)

Of course as we have seen sbove it is not necessarily the case that oaly one
instantiation st a time will be active in the Loop as a whole oaly that & single
instantiation will be active in each chain at a time Nevertheless there will be

some chain which will complete the first instantistion of the [oop before ail
others -- call it ¢, 8nd its ume of completion 4 Uoul time 4. only one
instantistion 15 active (n the entire loop because every chain 1s occupied with that

instantiation Between 4 and 4 all chains but ¢ are still occupied with the first
instantiation Further ¢, must have deposited any 2W or 2B operands in nodes
onother chains which it supplies before terminating Therefore ¢ | bears no
relationship to the first instantiation of the Loop after Lime 4 Similarly. afler 4

the chains ¢ | and c, are irrelevant o the remaining computation ig the {irst
instantiation of the loop Thus we can ‘prune’ the static path dynamically More

precisely. with the completion tume /, of each chain ¢, we associale a subSP S;

of the sequence shown in figure 47 consisting of all chainsexcept ¢;|. ¢;5. . ¢

For 7 </, we have thal S'- isa subSPof S, and further at time 7,

j - no part of S,

which is not in SI can contain any tokens destined for instruclions in S!- since by

143



time ¢ the chains ¢;{. ¢p. .. ¢; have completed all execution relevast to this
instantiastion It follows that all remaining saclivity associeied with the first
iptantiation at time ¥ wil! be constrained to Si By induction. there will always
exist some subSP of the Loop Body to which all activity of the first instantiation is
consirained and witkin which only that instantiation of the loop is actuve -- until
every chain nas terminated the instantistion By Lemma 41 this subSP also

represents a determinate function of a single set of 1nputs and as before. is alsc

live
If we now assume thal the loop 15 determinate and live for s successive sets of

inputs the same argument will give us that determinate cutputs will be generated

for /+1 successive inputs and the lemma will follow by induction O
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6. The SDf Programming System

Wo now have three basic building blocks with which to construct computation
schemas :n SDf the static path the conditional and the loop Each will yield a
determinate live output sequence for any valid inpul sequence It is clear from
the foregoing that we can join any pair of valid constructs & and 5 together by
simply conascling the outputs of & lo the inputsof & Since the outputsof & are
determinate and live 4 will be receiving valid inputs hence the outputs of 4 will
also be determinate and live Clearly this process can be repeated indefinitely and
arbitrarily complex programs may be constructed We state this result as a

theorem

Theorem 4.1: Any compulational schema consisting of SDF static psths
conditionals and loops. where each pair of constructs is joined by connecting
some subset of tho outputs of one to some subset of the inpuls of the other

represents a computation which is determinate and Live

It 1s important to note however that while each static path within an arbitrary
SDF schema will be optimized in the sense of Algorithm 31 (because we have so
delined it) it will nevertheless be true thet in general the resulting partition of
the schema as & whole will be suboptimal This 1s simply because the outputs of &
slalic path are not necessarily emitted af the same time and hence another stalic
path which it feeds may nol be supplied all of its inputs at the same time We shall

briefly examine this and other problems in the next section
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Conclusion and Further Research

1. Prebloms with the SDF Meodel

The main difficulty with the SDF computation mode] is that of finding an optimal
parution  Although Algorithm 31 yields an optimal partition for certain
restricted cases much work remains before a computationally practical method of
partitioning can be said to have been achieved Firstly the algorithm is applied
globally to m single graph As mentioned in the previous section. if several such
opumized SDF schemata are joined to form a larger whole the resultant schema
may be suboptimal In practice it would be prohibitive to apply Algorithm 31
giobally to large programs What is needed is a ‘modular’ algorithm for
partitioning one which can be used Lo join a static path 4 (o a static path & which
bas aiready been optimally partitioned in such & way that it 1s not necessary to
recsiculate the entire partition Even with such a divide and conquer technique.
our programming system has a serious drawback Since the body of the loop as
well as the alternates of the conditional are delined as static paths there is no
provision [or nesting these constructs Note however that this restriction was
imposed only (o sllow the optimal partitioning of the static paths The problem is
that once nesting is permitted the length of any chain -- 1n terms of execution
time -- becomes a function of dynamic program behavior A compilation based
partitioning scheme therefore cannot be effective it only sees the static

structure of the computation If we did not insist on the particular partitioning



sffected by Algorithm 3] the properties of determinacy and liveness would stiil
hold We could then define s ‘well formed’ SDF program recursively as consisting
of 1} s static path.  2) aconditional or 3) a loop -- as before However the
conditional's alternates could now be defined as consisting of either &) s static
path -- as before. or b} a ‘well formed SDF program Similary the loop would
remain as ve have defined it but the loop body would ulso be either a siatic path or
8 'well formed SDF program Arbitrary nesting would thus be facilitated This

structuring method 15 simiiar to that used in Rumbaugh 's data flow system [31]

To optimize the partitioning 1nto chains of program segments whose delay varies
dynamically we would require a partitioning mechanism which is also
dynamically variable To illustrate consider two paths 4 and & which converge
at an operator & where the relative delays of 4 and F vary dynamicsally A
processor execuling & predecessor of & would decide to continue on to & only if its
companion path was ahead of it in making progress io &4 The [atter condition
insures that the processor can continue toward # knowing that the companion
path will have already supplied the necessary second operand for & by the Lime it
gets there [f the condition does not hold the processor will deposit its resuit at &
vis 2 COM arc and will terminate its current path vyielding to the processor
progressing down the companion path for the actual execution of & The question
of whether or not such information can be obtained in & sufficiently focalized
manner for a sufficiently general class of programming situations would

represent an ambitious research undertaking

The delay of COM arcs themselves has alsu been ignored in the deflinition of
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optimality used in Theorem 31 This cost will be increasingly significant as
larger pumbers of processors are contemplated At a munimum some kind of
heuristic for incorporating this cost inl the optimization technique would be

required for a practical system

2. Furthor development of SPI.

The suthor eavisions two particular lines of development which could

substantially enhance the ef{feciveness of SDF

The first involves a dynamic version of the execution discipline and
correspondingly. an architecture which employs tagging to effectively
coordinate the movement of tokens and the invocation of operators This general
approach 1s found in e g [1] Arbitrary aumbers of instantiations of a given
opersior are permitied concurrently The ACE prolocol between successive
operators along a path is eliminated Instead esch instantistion. called an
activity appendsa unique tag to the result tokens it generates The tag containsa
static as well as a dynamic component The static component specifies the address
of the instruction and the ocperand within that instruction for which the Woken is
destined The dynamic component specifies & recursive context and an iteration
number if 8 loop is in progress The machine which implements such a
compulation must enforce Lthe rule that only lokens with matching tags may be
used to invoke s given aclLivity In practice. this is done with some form of

associative store Tokens from different actuvilies may be generated in any order
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and are deposited in the associative store Whenever two tokens with matching

tags are detected by the store’'s controtier. the corresponding sctlivity is invoked

In SDF. one could logically associate a distinct associative sitore with each
computation path This permits ssgnificant locality of matching saclivity. the store
could be much smaller and the search time correspondingly shorter than in the
usual dynamic machine In sddition the absence of ACKnowledgement token
traffic would likely render even more significant the advaniage of sequential

execution of computation paths employed 1n SDF

The second direction of further development relates Lo data structuring -- an

important topic which has pot been addressed 1n this thesis

In conventional compulation sysiems whose semantics incjude a notion of
memory, fast access to o § arrays is possibie because one can easily transiate an
index into & memory location While the semantics of many funclional Ianguages
includes parslle! data structure operations (e g the FORALL) the implementation
of these operations is not nearly so straighiforward because only values are
permitted as the objects in & compulation no memory focations may be updated
Such operations are generally viewed at the implementation level in terms of
specialized operstors -- 'black boxes -- which take the entire array as one of their
cperands and either append or extract an element - yieiding s logically distinct

new version of the structure

With SDF ope could conceivably take a group of computation paths each of which
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relates to what would pormaily be considered a single array element and consider
their aggrogate as a structure. For example, an arrsy of data to which is applieda
series of vector operations can be viewed as a set of parallel computation paths,
each consisting of the same operations but relating to a different datum The
thrust of this spproach would be (o relain the lowest level of data flow intact. ie.
only primitive tokens are permitted to flow on arcs, structures never appear at
this level Data/path structuring isa higher level of abstraction superimposed on
the basic data flow level Computation paths which are grouped together in this

way may be permitted to execute with s certain degree of synchrony
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