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Reliability Models for Lataflow Computer Systems

The demands for concurrent operation within a computer system
and the representation of parallelism in programming languages
have yielded a new fcrm of program representation Known as
dataflow ([DENN 74], [DENN 75], [TREL 82a]). Execution of dataflow
programs is data driven; that is, each instructicn is enabled for
execution just when each required operand has been supplied by the
completion of predecessor inctructions.,

Dataflow systems have recelved considerable attention during
the past several years. There is a growing agreement, particularly
in Japan ([TREL 82a], |[TREL 82b]), that the next generation
computers should be based on non-von Neumann architecture such as
dataflow, as these architectures can be designed to deliver
billions of operations per secnnd.

However, the investigators of this research are not aware of
any work in estimating either the performance or the reliability
of this new structure. Because of the complexity of dataflow
systems, the presence of multiple processing units and
communication «circuits, the reliability, performance of the
interconnection structures and scheduling schemes in such
architec*ures could become a significant issue.

In this research project we proposed to study the reliability
of dataflow computer systems. We proposed to use the dataflow
graph as a model to represent asynchronous concurrent computer

architectures including dataflow computers. If methods for
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analyzing the reliability of a dataflow graph were availakle, data
driven computers can be modeled as dataflow graphs and their
reliability can be analyzed.

In order to achieve this goal several intermediate projects
were completed.
1. Formalization of dataflow grapb models: Much of the research in
dataflow processing has dealt with defining the functionality,
designing instruction lev:l architecture or specifying programming
languages. This has not made urgent the formalization of the
dataflow itself. Formalization is necessary in relating dataflow
to other computational models, discovering properties aof specific
instances of dataflow graphs and in performance and reliability
analyses. We presented a formal definition of dataflow graph
models and derived conditions for deadlock freeness in dataflow
graphs. Appendix 1 contains the details of this work.
2. Development of a Dataflow Simulator: Concurrent with the
formalization, we designed and developed a dataflow simulator,
DFDLS. This simulator can be used to model computer systems such
as MIT dataflow processor and UC-Irvine dataflow computer and
study the functionality of the simulated systems. DFDLS is written
in Pascal on VAX (VMS). Appendix 2 contains a detailed description
of the simulatcr.
3. Isomorphisms between Petri Nets and Dataflow Graphs: Petri nets
have been used to represent asynchronous concurrent computations
and Petri net analysis techniques are readily available in

literature. Dataflow graph models are superior to Petri nets in



their representational power. We felt that if dataflow graphs can
be translated in Petri nets, analysis techniques available tor
Petri nets can be used with dataflow graphs, thus combining the
representational ease of dataflow models vith the analysis power
of Petri nets. We developed isomcrphic trarnsformations between the
two models. We demonstrated that it is nossible tc decompose Petri
nets into smaller components and determine aspects of the overall
behavior from the behavior of components. Appendix 3 contains the
details of this work.

Once these projects were completed we set out to Jevelop
reliability models for dataflow graphs. Both Markov chain
techniques and path enumeration methods can be used tc study the
reliability of a dataflow graph model. We also developed
techniques for reducing large graphs into smaller manageable size
graphs. The details of these results are given in Appendix 4.

We feel that this research is significant in that dataflow
graphs can be used as generalized models of computation aralogous
to Turing machines and Petri nets; Petri net analysis techniques
can be carried over Lo dataflow models; the reliability of data
driven coumputer systems can be analyzed using dataflow graph

mOdEl S
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ABSTRACT

In this paper a new model for parallel computations and parallel
computer systems, that 1is based on dataflow principles is
presented. Mathematical formulations of uninterpreted dataflow
graph models are defined. Necessary and sufficient conditions for
liveness and deadlock-freeness in dataflow graphs are derived.

Keywords: Dataflow graphs, Parallel computations, Deadlocks,
Liveness, Petri nets.



I. INTRODUCTION

The demands for increasing computatio. speeds have generated
considerable interest in parallel computations, ccncurrent
operations within a computer system, models for representing
parallelism in algorithms and new programming languages for such
parallel computers [KARP 66, MILL 73]. In addition to the design
of parallel machines and programming aspects of parallelism, there
has been considerable work done in formulating appropriate
theoretical models and methods of analysis under which inherent
properties of parallelism can be pfecisely defined and studied
more from the end of the algoritim, or prohlem, rather than the
particular machine implementation. Generally, the theoretical
work in parallelism can be divided into two categories; 1) the
study of the computational aspects of algorithms (both arithmetic
and control aspects) devised to make use of the parallelism
existing in parallel systems; or 2) the study of the performance
limits and reliability aspect of parallel computers.

There are a number of quite different theoretical models
proposed for representing the computational aspects of parallel
processes, among which Petri net models enjoyed continued interest
over the past decade. For a comparative study of models of
parallel computation, the reader is referred to [MILL 73].

Performance and reliability evaluations of computer systems,

including those with multiple processing elements and high-level
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of redunaancy, are generally based on probabilistic models and
their analysis. The techniques used in this approach involve the
identification of underlying stochastic prccesses and the
determination of their properties. General review of various
aspects of these analysis techniques can be found in [EKLFI 76,
TRIV 78].

Petri net models of parallel and asynchronous systems have
been extended to include stochastic aspects [MOLL 81, MOLL 82,
MARS 83, GEIS 83]. Molloy establishad an isomorphism between
stochastic Petri nets and homogeneous Markov processes, thus
making it possible to apply available techniques in the analysis
of Markov processes for tne analysis of stochastic Petri net
models.

In recent years, two new forms of program representations
known as dataflow and reduction languages are attracting attention
among researchers 1in USA, UK, France, Japan and other countries.
The literature is abundant with proposals for new computer systems
based on dataflow and reduction (cemand driven) principles (for
example [DENN 74, DENN 75, DENN 80]), programming languages (for
example, [ACKE 79, ACKE 82, ARVI 78]), distributed computing based
on dataflow [MEAS 82], simulation and modeling using dataflow
graphs [KAVI 83, SRIN 83, GAUD 84].

In this paper w~e propose a different model for parallel
computations that is based on dataflow principles. At UCLA,
Karplus and Ercegovac are studying the use of dataflcw concepts

for high speed digital simulation [GAUD 84]. Srini used extended



dataflow graphs for analyzing the architecture of highly
concurrent computer systems [SRIN 83]. At UTA, we have developed a
dataflow simulator (DFDLS [KAVI 83]) that can be used to model
computer systems (both hardware and software). The simulator
allows hierarchical (or variable resolution [GAUD 84)) and modular
refinement of nodes in dataflow graphs; that is, a node can be a
primitive dataflow operator or a dataflow subgraph. Modules
written in other languages such as Pascal can be used t> represent
nodes.

Much of the research in dataflow processing has dealt with
defining the functionality, designing instruction level
architecture, or specifying programming methodologies. This has
not made urgent the formalization of the dataflow model itself.
Formalization is necessary, however, in relating dataflow to other
computation models, discovering properties of specific instances
of dataflow graphs (e.g., absence of deadlock), and in performance
evaluations. Formalization also makes possible the utilization of
dataflow graphs as abstract models of computation analogous to
Turing machines and Petri nets. It is from this motivation that
the present work stems. A formal set-relationship definition of a
specific kind of dataflow graph (an uninterpreted dataflow graph)
is presented. An illustration of its use in describing properties
is given in the form cf a liveness theorem. We anticipate further
studies that illustrate its utility as a computation model and in

performance analysis.
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In the remainder of this paper, we introduce dataflow graphs
and how they can be used to model computer systems including
parallel processors and even dataflow machines themselves. A
dataflow formalism will be introviuced for representing dataflow
graphs. The similarity between Petri nets (particulary, free
choice nets) and our dataflow graph models should be noted. We
will also introduce stocchastic aspects into our models such that
performance and reliability of dataflow graph models of computer

systems can be analyzed.



ITI. THE DATAFLOW CONCEPT

A dataflow graph is a bipartite directed oraph where the two
types of nodes are called 1links ard actors. Actors describe
operations while 1links receive data from a single actor and
trarsmit values to one or more actors by way of arcs. In its basic
form, nodes (actors and links) are enabled for execution when all
input arcs contain tokens and no cutput arcs contain tokens. An
enabled node consumes values on input arcs and produces results on
output arcs. Arcs can be control or data arcs. In the case of
control arcs, the tokens are of the type Boolean (true or false);
for data arcs, the tokens can of the type integer, real or
character. Control tokens are introduced to indicate the presence
of sequence control; certain actors are enabled only when the
right control values appear on the control input arcs. For a
complete description of dataflow concepts, the reader is referred
to [TREL 82].

The dataflow model of computation is neither based on memory
structures that require inherent state transitions nor depend on
history sensitivity. Thus it eliminates some of the inherent von
Neumann pitfalls described by Backus [BACK 78]. However, abstract
dataflow models, data driven systems and languages based on such
systems must encompass sufficiently powerful and general
mechanisms to make expression of <ccimplex algorithm constructs

concise and natual to be of full utility. Dataflow systems must be




capable of efficiently supperting the functionality commonly found
“‘n conventional computer syctems if they are to be accepted into
general use. Support for such features as controlled sharing of
global data, virtualization and communication between processes
must be addressed to allow data driven systems to be applied to
the large class of problems commonly addressed by programmers and
system designers. In his dissertation, Landry [LAND 81] surveyed
some of tiie extensions made to the basic dataflow model to satisfy

these requirements.

Firing Semantic Set (FSS): The basic firing rule adopted by most
dataflow researchers require that all input arcs contain tokens
and that no tokens be present on the output arcs. This provides an
adequate sequencing contrcl mechanism when the nodes in dataflow
graphs represent primitive operations. However, if the nodes are
complex procedures, or dataflow subgraphs, a more generalized
firing control for both input and output arcs is required. Landry
[LAND 31] discussed a comprehensive firing semantic specification
for dataflow nodes. The firing semantic set refers to a subset of
input arcs that must contain tokens to enable the node. Similarly,
a subset of output arcs are regquired to be empty. When the node is
fired, tokens are removed from the input firing semantic set of
arcs and tokens are placed on the output firing semantic set of
arcs. For different instances of esecution of a node, the firing

sets may be different, thus introducing nondeterminacy. Our formal



mcdel of dataflow graphe incorporates this generalized firing

specification.

SOME DATAFLOW GRAPH MODELS OF COMPUTER SYSTEMS

Here we show how dataflow graphs can be used to model computer
systems. The examples include a simple conventional control unit,
a fault-tolerant computer based on von Neumann architecture that
emphasizes deterministic synchronization among the concurrent
tasks and the MIT dataflow processor. Crnly high-level models are
shown in this paper. However, nodes in the graphs can be expanded

to represent instruction-set level architecture.

1. Dataflow Model of SIFT: SIFT 1is an ultrareliable avionics
computer built by NASA-Langley Research Center to study the
possibility of completely automating commercial aircrafts [WENS
78]. SIFT has chosen to achieve fault tolerance using sottware.
The SIFT system consists of several BDX 930 computers built by
Bendix Corporation. The software consists of tasks classified as
application tasks and executive tasks. Executive tasks are
responsible for scheduling tasks on SIFT processors, detecting
errors, reconfiguring the system, synchronizing the various
processors (to within 50 microseconds) and input/output from the
sensors. Examples of application tasks are yaw damper, the pitch

inner loop and the roll inner loop.



For the purpose of maximizing determinism in scheduling,
computations in SIFT are conducted in regular time segments called
frames and subframes. At present, the length of a subframe is 3.2
milliseconds and there are 50 subframes to a frame. Each task runs
at a regular rate, the fastest running once every frame and otners
running once every other frome or with even longer period. Tasks
that run once every frame are scheduled to specific subframes
while the slower tasks are scheduled during the remaining
subframes.

During a subframe, the status of the processor 1is saved, and
the values produced by the task are broadcast to other processors.,
The values received from other processors are voted. If an error
is detected, the processor marks the faulty processor in its error
table and whein the number of errors marked for a processor exceeds
a threshold, an error is reported. The system 1is then
reconfigured. Fig. 1 shows a high level dataflow model of a SIFT
processor. The nodes in the graphs can be further expanded into
dataflow subgraphs. Or, the actual code representing the tasks can

be used tn represent the nodes.

2. Dataflow Model of a Simple Computer System: Baer [BAER 80, p
71] gave a Petri net model representing the concrol flow in the
execution of an instruction 1in a single accumulator ALU. Fig. 2
shows a dataflow equivalent of the Petri net given by Baer. The

ncdes in the graph are intentionally named by the events in order
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to facilitate interpretation. For the sake of clarity, control
arcs and links are not drawn; their presence can be easily seen at
the selection (oval shaped) nodes. Funnel shaped actors are
enabled when one of its input arcs receives a token. Upon firing,
the funnel passes the token on its input arc on to the output arc.
Tokens on more than one input arc leads to multiple firings of

funnel.

3. Dataflow Model of a Dataflow Computer System: Fig. 3 shows a
nigh-level block diagram of MIT dataflow processor [DENN 75]. A

high 1level dataflow graph model of MIT system is shcwn in Fig. 4.
Memory unit can produce one or more tokens on its output arcs,
depending on the number of instructions enabled. The arbitration
network schedules one instruction packet at a time; this is done
in order to simplify the dataflow graph. Control and Distribution
network also receive multiple inputs, but work on one packet at a
time. The packet rocuting networks (arbitraticn, distribution and
control networks) can be represented as dataflow subgraphs

detailing how the pakets are routed in the MIT dataflow system.
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III. DATAFLOW FORMALISM

Definition 1: A Dataflow graph 1is a bipartite graph where the two
types of nodes are called Actors and Links

G =<AU L, E> (1)
Here, A is the set of actors
L

is the set of links

o]

is the set of edges
E € (AxL)U (L x A) (2)

Associated with each actor is a function f that describes the
action performed by that node. Arcs are labeled by the type of the
tokens carried by the arcs.

S is a non-empty set of links called starting set (input links)

S = (l¢ L (a,1) ¢ E ¥ ac A} (3)

T is a non-empty set of 1links called termipnating set (output

links)

J = {le L (l,a) 2 E ¥ ac A (4)

The set of input 1links to an actor a and output links from an
actor a are denoted as I(a) and O(a).

I(a) = 1 L (1,a) E L)

(@]
w
"

1 L (a,1) E (6)
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Similarly, I(1) and O(l) can be defined for links.

If a is an actor then I(a)” designates the set of links that are
input links to a, or input links to the actors that feed the input
links of a, and so on (transitive closure).

I(a)) = {1 ¢ L | leI(a), orle I(I(I(a))),..} (7)
Similarly, O(af defines all set of 1links that are output links
from a, or output links from the actors fed by the output links of
a, and so on.

O(a)* = {1 e L | 1 c0(a) or 1e 0(0(0(a))),...} (8)
If B A is a subset of actors than I(B) and O(B) define the set
of 1links that are input 1links and output 1links of actors
belonging to B, respectively.

I(B) = {1 ¢ L l:1(b) for bc B '

O(B) = {1 € L | l1=0(b) for b= B (9)

Definition 2: For a dataflow graph the following conditions are

true.
|1(a)] > o for all actors a = A
| (1] = o0or1l for all links 1: L
|ota)] >» o for all actors a - A (10)
Jotl)] = o0 or1 for all links 1 - L

Although this definition seems to lack generality, we have
discovered that most wataflow graphs can be rewritter to fit this
condition. This restriction allows us to isomorphically map
datafiow graphs into free-choice Petri nets and free-choice nets

into dataflow graphs [BUCK 84].

%)
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Uninterpreted Dataflow Graphs: For the purpose of studying the
performance of dataflow graph models of computer systems, wen
introduce uninterpreted dataflow graphs, in that the actual
meaning of the functions performed by the actors and the data
carried by the arcs is not relevent. The presence of tokens on
arcs are used only as triggering signals to enable nodes.

Note: We will use the term dataflow graph to mean uninterpreted

dataflow graph throughout this paper.

Definition 3: A marking is a function
M: L ~—» {0;1 } (11)
A link 1 is said to contain a token in a marking M if M(1l) = 1.
An ipitial marking M is a marking in which a subset of starting
set of links contain tokens.

A termipal marking M; is a marking in which a subset of the

terminating set of links contains tokens.

FIRING AND FIRING SEMANTIC SETS
Associated with each actor are two sets of links called input
firing semantic set F, and output firing semantic set Fp
F, (a,M) < I(a)
F, (a,M) & O(a) (12)
The input firing semantic set F1 refers to the subset of input
links that must contain tokens to enable the actor; the output

firing semantic set % refers to the subset of links that receive

tokens when the actor is fired.

P4



Definition 4: A firing is a partial mapping from markings to
markings.
An actor a is firable at a marking M if the following conditions
hold

M(1) = 1 for all 1 * ﬂ.(a,M)

M(1) = 0 for all 1l ¢ Eé(a,M) (13)
When the actor 1is fired, tokens from the firing set % (a,M) are
consumed and new tokens are placed on each link belonging to the
output firing semantic set FE (a,M).
Thus, a new marking M' resulting from the firing of an actor a in
marking M can be derived as focilows.

M'(l) = 0 if 1° F (a,M

-

1 if 1= FZ (a,M) (14)
= M(1l) otherwise

a
Such firing of an actor is indicated by M —— M'.

Depending on whether F1 and F2 select only one, a proper subset
or the entire set of input and output 1links the following node
firing rules are defined.
Conjunctive: All the input links must contain tokens for the actor
to fire. That is.

Fl (a,M) - I(a) for all M (15)
Disjunctive: Only one of the input links must contain a token for

the actor to fire. That is,

E‘1 (a, M) )} for all M (16)



Collective: One or more of the input 1linkz may contain tokens for
the actor to fire. That is,

F (a,M) &= 1(a) for all M (17)
Selective: When the actor fires, only one of the output links
receives a token. That is,

1 Eé (a,M) | = 1 for all M (18)

Distributive: When the actor fires, all the output 1links receive
tokens. That is,

FZ (a,M) = Of(a) for all M (19)
The graphical representations of these possibilities are shown in

rig. 5,

Non-Deterministic Firing Semantics: Since, in our study,
uninterpreted dataflow graphs are used for analyzing performance
or reliability by applying stochastic methods, F; , and F; are
made non-deterministic; for different instances of execution of a
node, the firing semantic sets may be different. This eliminates
the need for control arcs in dataflow models. The choice arising
due to control tokens are incorporated into F and F_ by
associating probability distributions with the firing sem;ntic
sets. For example, the T-gate [DENN 74] shown in Fig. 6 (a) will be

replaced by Fig. 6 (b). The firing sets F and F are defined as

follows.

1
1}

1{(T) = 1.

x)
"

B o(T) = 1, with probability p (20)

= , with probability 1-p
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The probability p depends on the frequency of having a TRUE value

on the control arc of the T-gate.

(a) . T-gate (b) . nondeterministic gate
FIG. 6 Nonducerministic Firing Semantics

P[F1 (a,M)]is the probability that in a marking M, F1 (a,M) is the
input firing semantic set; this probability function determines
which subset of tokens on input links (should a choice be made)
will be consumed when the actor a 1is fired in marking M.
Similarly, P[F2 (a,M)] defines the probability function on the
output firing semantic sets; P[F2 (a,M)] is the probability that
when the actor a is fired in M, the subset of output 1links given

oy F (a,M) will receive tokens.
2

)
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Definition §5: Firing Segqguence O is a sequence of markings
resulting from the firing of actors, in the order in which the
actors are enabled. When actors can be fired concurrently, the
order is arbitrary.

An actor a is said to belong to ¢ if a is fired at least once in
the firing sequence . We say that M leads to M' via 9 if, M'
is the new marking that is derived from the marking M when the
actors in the firing sequence 7 are fired. This is denoted by

M 25 M

A forward marking class E of a marking M is the set of markings
which can be derived (or reached) from M via some firing sequence.
] = {m | M —> M (21)

for some firing sequence 0

Definition 6: A dataflow graph is said to termipate properly if

there exists a firing sequence that 1leads an initial marking M

to a terminal marking Mt.
DEADLOCKS AND LIVENESS IN DATAFLOW GRAPHS

A node that cannot fire in a dataflow graph that models a
component of a computer system would seem anamolous and we should
be able to identify such situations. Deadlocks can be avoided in

dataflow machines by providing feedback to actors using control
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tokens [MISU 75]. Since our model omits control tokens, it is
necessary to derive the necessary and sufficient conditions for
liveness and absence of deadlocks in dataflow graphs. This is
similar to the concept of liveness in Petri nets which has been
found valuable in modeling deadlock-freeness of operating systems

[PETE 77, AGER 79].

Definition 7: An actor a is potentially firable in a marking M, if
there exists a marking M' « M such that a is enabled in M', except
when M is a terminal marking.

An actor a is said to be plocked in a marking M, if for all

markings M' - M, a is not enabled.

An actor a is Jlive in M if a is potentially firable in all
markings M' . 'ﬁ , except when M' is a terminal marking.

A dataflow graph is live in a marking M if a non-empty subset of
actors C & A are live. Liveness in Petri nets require that all
transitions be 1live, implying that C = A, For the present, we
will allow a partial liveness in dataflow graphs.

A dataflow graph is blocked in a marking M if the graph is not
live in M. That is C = 7,

A dataflow graph is deadlocked ' if the graph is blocked in a
marking M' ¢ ﬁo where Mg is an initial marking, except when M' is
a terminal marking. We will consider a dataflow graph
deadlock-free if it terminates properly.

For some actor a : A and a forward marking class M of some
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marking M,

F1 (a, M) = {1 e1n | 1¢€ Fl (a,M') where

-

M'e M and (22)

a is firable in M'!

F. (a, M) = {1 =1L |1 °F, (a, M') where

M' <M and a is (23)
firable in M'}

F, (B, M ) and F2 (B, M ) when B is a subset of actors can be

defined similarly.

Theorem: Suppose B &= A be the subset of actors that are blocked
in a nonterminal marking M. Then the dataflow graph is live in M
if and only if
F, (A-B, M) - F, (A-B, M ) (24)

Proof: Necegssrary Condition: If the dataflow graph is 1live then
equation (24) holds.
This condition is proved by contradiction.
Suppose that the dataflow graph is live, but

F, (A=B, M) *  F,(A-B, M)
Case 1: There exists a link 1 = FI(A-B,'E ) but 1% FZ(A-B,-E ) .

Since only actors in A-B are live ( and hence firable in ﬁ), only

-

F2 (A-B, M ) can contain tokens in all markings M': M. This
implies that there exists an actor b = A-B and a marking M'=< M
such that the link 1 = F, (b, M') does not contain a token. The

'S



actor b is blocked which is contrary to the assumption that actors
in A-B are live.

Case 2: There exists a link 1 ¢F, (A-B, M) but 1 ¢ F, (A-B, M).
Since only actors in A-B can fire in all markings M'e€ M, only
tokens on links in Fl(A-B, M ) are consumed.

Since 1 ¢ F. (A-B, ﬁ'), 1 will contain an unconsumed token. This

1
would lead to an actor Lt = A-B and a marking M' ¢ M such that
1l ¢ F2 (b, M'), to be blocked. This is again contrary to the
assumption that actors in A-B are live.
Hence, F, (A-B, H) = F, (A-B, M)
Sufficient Condition: If equation (24) holds then the dataflow
graph is live,
We will prove this condition by contradiction. Suppose that

F, (=B, M) = F, (A-B, M)
but the dataflow graph is not live. Let b ¢ A-B be an acto:r that
is not live in M. That is, there exists a marking M'ec M such that
b is not potentially firable in M'.
Case 3: The actor b is not firable because, some link 1 = Fl(b,M')
does not contain a token. Since F2 (A-B, g ) are the only set of
links that can contain tokens in M , 1 & F, (A-B, ﬁ'). This 1is a
contradiction since we assumed that equation (24) holds.
Case 4: The actor b is not firable in M' because, for some link
l € Fé(b,M'), 1 contains an unconsumed token. Since only tokens in

-

F_(A-B, M ) can be consumed, 1§ F._ (A-B, M ). This is again

1 1
contrary to the assumption that equation (24) holds..

o
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Thus, a dataflow graph is live if and only if equation (24) holds.

F, (A-B, M) = FE (A-B, M)

1 2
Corollary l: If A-B # ¢, then F, (A-B, M) * 0 .
If A-B is not null then FI(A-B, M ) is not null, since an actor is
enabled only if at least one of its input links contain a token.
Thus, F2 (A-B, M ) is not null.
Corollary 2: If the input firing semantic set F for all arcs is
conjunctive and the output firing semantic set F for all arcs is

distributive, that is,

)
=

Fl (b,M') = I(b) for all b - A-B and all M' -

F2 (b,M') = O0(b) for all b < A-B and all M' <

=

then, the dataflow graph is live if and only if
* *
I(A-B) = O(A-B)
The asterisk implies a transitive closure on the input and output

links of the actors in A-B.

Remarks: The above theorem does not guarantee that the number of
tokens flowing through a dataflow graph remains constant, but that
the tokens be conserved over a firing sequence. This allows for
some actors consuming more tokens than they produce while other
producing more than they consume. Thus in a non-terminating
deadlock-free dataflow graphs all firing sequences are repeatable.

A Markov process for dataflow graphs can be defined by associating
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states with markings. ﬁarkings that enable blocked nodes in the
dataflow graphs lead to dead states (or failed states).

Dataflow graphs as defined here are gafe, since at most one
token can be present on a 1link. Some dataflow researchers have
relaxed the firing rules to allow multiple tokens flowing on arcs;
arcs are treated as pipelines of tokens. This would lead to
k-bounded dataflow graphs where k is the maximum number of tokens

that can flow on an arc. Equation (11) must be rewritten as
+
M: L —>» R | {0} (25)

equation (13) must be rewritten as

M(1) =2 1 for all 1 ¢ Fl (a,M)
M(l) <& k for all 1°F¢ F2 (a,M) (26)
and equation (14) as
M'(1) = M(1) -1 if 1 = F  (a,M)
= M(1l) +1 if 1 = P2 (a,M) (27)
= M(1l) otherwise

The dataflow 1liveness theorem can be extended to account for
k-boundedness. However, we have decided to map dataflow graphs
into free-choice Petri nets and use safeness and liveness

properties of Petri nets.
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IV. CONCLUSIONS

In this paper we have introduced a formal definition of
dataflow graphs. Necessary and sufficient conditions for liveness
in dataflow graphs are derived. The uninterpreted dataflow graphs
can be used to analyze performance and reliability of computer
systems including dataflow computers. Stochastic properties can be
incorporated into dataflow graphs. We are in the process of
deriving isomorphic mappings between Petri nets and uninterpreted
dataflow graphs. Such mappings would enable us in carrying
mathematical formulations available for Petri nets over to

dataflow graph models.
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1. INTRODUCTION

In recent years dataflov models, dataflow languages and
computer systems based on dataflow principles are attracting much
attention in the United States, Japan and othir countries. The
major motivation behind the recent surge in dataflow architectures
is the desire to enhance performance. It !s believed that next
generation computer systems wil. »e based on non-von Neumann model
of computation, like dataflow, as such systems can be designed to
deliver billions of operations per second [TREL 82a]. The second
motivation is the desire to exploit VLSI techniques in the design
of computers. Because of the regularity of the processing elements
and communication circuits, dataflow architectures are suitable
for VLSI implementation.

Much of the research in dataflow processing has dealt with
defining the functionality, designing instruction llcvol
architecture, or specifying programming methodologies. This has
not made urgent the formalization of the dataflow model itself.
Formalization is necessary, however, in relating dataflow to other
computation models, discovering properties of specific instances
of dataflow graphs, in simulation and performance evaluation. In a
companion paper [KAVI 84], we hava presented a formal definition
of dataflow graphs.

In this paper we present the application of dataflow graph
models in the simulation of computer systems. Because of the
hierarchical nature and the modularity of dataflow graphs, both



software tasks and hardware units can be modeled in a uniform way
using dataflow graphs [XAVI 83].
1.1, Simulation of computer systems:

Conventional simulation models fall into one of two types:
process-oriented and event-driven. Process-oriented simulation
consists of modules (programs) that define attributes and
activities of the system. A process description comprises
declarations, computations and control statements, and sequencing
statements. One type of sequencing statement is that used to
repreéent activity execution times such as the "hold(t)" statement
of SIMULA. The processes are scheduled, suspended and reactivated
in accordance to the process description. In event-driven
simulation, all events are ordered by their scheduled times. The
next event in the list is executed and the system clock is updated
to the time of the event. Most logic simulations are event-driven.

Simulation of computer systems can be at one of four levels:
circuit 1lev2l, gate 1level, register-transfer 1level or system
level. Each of the levels employs models which are simplifications
of those of the preceding levels, both in quantitative terms and
in terms of behavior [BREU 72]. Depending on the level of detail,
the system is simulated at one of the above four levels. The
system being simulated is modeled using a simulation language
(e.g. SIMSCRIPT, GPfS). Typically, the model consists of input
variables, output variables and the function which describes the
transformation of inputs into outputs.

Dataflow languages &'d models can be effectively used to

S s ——



simulate a 1logic system. In its basic form, a dataflow model
consists of graphs with nodes that describe the function of a unit
and arcs which are inputs to a node or outputs from a node. The
main feature of a dataflow model is its hierarchical nature: a
node in the model can be a simple node or a dataflow subgraph.
Thus such models can be used to selectively change the level of
simulation to any level of detail without modifying other parts of
the simulation. Also, a dataflow model provides for modular
simulation in the sense that any section of the unit can be
modeled and tested without modeling the entire system. Dataflow
simulation can be classified as a process-oriented simulation. A
process description (or node description) comprises computational
statements. Control statements are defined by special control
nodes and arcs. Sequencing in dataflow is described by the
structure of the graph (connections between nodes) and thus an
inherent part of the model itself.

At UCLA, Karplus and Ercegovac ([KARP 82], [GAUD 84]) are
attempting to use dataflow principles in high speed digital
simulations. Srini [SRIN 83] has extended the basic dataflow to
model supercomputers like Cray 1S. Another example of a
hierarchical simulation tool is LOGOS [HEAT 72]. LOGOS is based on
Petri-net concept. The LOGOS representational system uses two
directed graphs, one for data flow and the other for control flow.
The control flow graph sequences the data transformations and

defines the contrcl flow of the model.



1.2, The Dataflow Concept:

A dataflow program is a bipartite directed graph where the two
types of nodes are called 1links and actors. Actors describe
operations while 1links receive data from a single actor and
transmit values to one or more actors by way of arcs. In its basic
form, nodes (actors and links) are enabled for execution when all
input arcs contain tokens and no output arc contains a value. An
enabled node consumes values on input arcs and produces results on
output arcs. For a complete description of dataflow concept the
reader is referred to [TREL 82b].

The dataflow model of computation 1is neither based on memory
structures that require inherent state transitions nor depend on
history sensitivity. Thus it eliminates some of the inherent
von Neumann pitfalls described by Backus [BACK 78]. However,
abstract dataflow models, data driven system and languages based
on such systems must encompass sufficiently powerful and general
mechanisms to make expression of complex algorithm constructs
concise and natual to be of full utility. Dataflow systems must be
capable of efficiently supporting the functionality commonly found
in conventional computer systems if they are to be accepted into
general use. Support for such features as controlled sharing of
global data, virtualization and communication between processes
must be addressed to allow data driven systems to be applied to
the large class of problems commonly addressed by programmers and
system designers. In his thesis, Landry [LAND 81] surveyed some of

the extensions made to basic dataflow model to satisfy these

C o)



requirenents.» Our formal model c¢f dataflow graphs [KAVI 84]
includes several of the exensions.
1.3. Extensions to Dataflow:

Some of the fundamental attributes of the basic datailow model

that makes it appealing for applications to certain class of
problems also restricts its vtility in others. One of the missing
concepts in basic dataflow iz memory. There is no easy wav of
modeling memory units. Ore can treat the entire memory as a token,
but this is cumbersome.
Reference Tokens: At the University of Newcastle upon Tyne, the
concept of updatable memory  was introduced along with
multi-threaded control flow [TREL 79]. This model incorporates all
of the fundamental attributes of the dataflow but relaxes the
requirement that only tokens which represent values flow along
arcs. Instead, reference-tokens and control-tokens are introduced
as primitive notions within the model. Reference-tokens are tokens
containing names (addresses) used to access memory. Control-tokens
are signals wused to trigger successor instructions without
transporting any data values.

The principle firing rule in this model requires that the
combination of data tokens, reference tokens and control tokens
specified as being mandatory for firing be present before
execution be performed. These input tokens alcng with the
specification of the instruction to be performed is referred to as
an instruction-packet. Since the inclusion of reference-tokens

implies that data values are stored separate from the instruction



packet, the model dictates that the supporting architecture
include mechanisms for collecting reference values, determining
when a node 1is enabled, retrieving data values, and forming
instruction packets.

Structured Tokens: In the basic dataflow, the tokens are of scalar
type. Almost all implementations of data-driven systems, however,
permit tokens to be of more complex structures. In the MIT
dataflow system, [DENN 74], data structures are maintained on a
heap. The actors are designed so that their execution does not
change values on the heap. Instead, whenever a new value is
created, a node is added to the heap to represent the new value.
New actors like source, -append, select, exists are added in order
to access the data structures on the heap.

Firing Semantic Set: The basic firing rule adopted by most
dataflow researchers requires that all input arcs contain a token
and that no tokens be present on the output arcs. When the
dataflow graph is simple and the nodes are primitive actors like
add or subtract, this provides for an adequate sequencing control
mechanism. However, if the nodes are complex procedures or
subgraphs, more generalized firing control for both input and
output arcs 1is required. At the University of Southwestern
Louisiana [LAND 81] and the University of Texas at Arlington [KAVI
84], a comprehensive and general firing semantic specifications
are provided. For these models where the nodes are defined in a
way where only a subset of the input arcs must contain tokens and

only a subset of output arcs must not contain tokens, the concept




of firing semantic sets are introduced. The input firing set
refers to the set of input arcs that will enable a node when
tokens are present on each of the arc; the output firing set
refers to the set of output arcs that will receive tokens when the
node completes execution and hence should not contain tokens
before the node is enabled. For different instances of execution
of the node, the firing sets may be different, thus introducing
non-determinacy and providing for interaction with the supporting

environment.



2. DFDLS: An Overvieuw ORIGINAL PAGE 1S
OF POOR QUALITY

DFDLE (pronounced as daffodils: 1s an extensive data flow
simulation written in Pascal and is currently available on both DEC 20
and VAX/78C compu%ter systems. Simulation of computer systems, both

hardware and software, can be performed using data flow concepts.

The major features of DFDLS are given below.

i Tokens on data flow arcs can be structured data items.
Existing date flow computers and languages permit only elementary data
types like intager, real, and characters. DFDLS allows the Pascal
data types. At this time, record data types are not processed: but
will be included soon

2. Firing set semantics can be specified in DFDLS. In the basic
data Fflow, a node is enabled for execution only when all input arcs
contain tokens and no tokens are present on the output arcs. These
firing semantics are extended in the mandatory input values required
for the node to execule.

3. Nodes in DFDLS can be data flow subgraphs. In most of the
existing «cata flow systems only primitive functions such as ADD two
numbers are permitted. In our system;, a node can be a primitive
function defined by the system: a data flow subgraph or a Pascal
procedure provided by the user. These Pascal procedures are linked
dynamically by -the runtime environment.

4. ° The input language is very simple. DFDLS interprets
simulation models expressed in our textual language. There is a
gne—=to—-on2 correspondence between the data flow graphs @ani the textual
representation Thus, data flow graphs can be translated directly
into the input langquage. This also provides for graphical interface
that can be desigrned at a later date

8. Biock s&ructures and Recursion: the present implementation
of DFDLS permits a restricted block séructure in that, all names must
be unique. FR2cursion is not allowed. However, we are in the process
¢f extenoing DFDLS to allow more general nesting of blocks and
recursion Eecsuse of aour data structures and modular design of
DFDLS, this addition 1s straight forward. Separate descriptor tables
and node tablies will be created for each block and display stack will
be used to implement recursion and static scopes
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Larc_id>
Lid>

BNF For DFLLS

a u v M

]

N

K}

<funct_sect>

Languags ORIGINAL PACE 18
OF POOR QUALITY

node. [ dnodel
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OUTPUTS <ou
“output_arc>
4RC <arc_id

uts>

L <ingut_arca 1]

“typel
tpucts’

[ <output_arc> 1]

> . dtyper

Ldest_list>

procedure

“<valid PASCAL type declared in TYPE section>
[ <dest_node> 1

{dest_node’
“node__id>
Cid>»

<id>
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2 2 Data 3tructurves In DFOLS OF POOR QUALITY

The majur dara structures in DFDLS are the descriptor table (DT)
and the node tauvle «NT). The descriptor table describes the arcs in

the data flow program while the node table keeps track of the nodes in

4 2ata flow prgygram.

The antries in the gescriptor tadie are described in FIG. 1.

E_Pir = “DTE;
¥ = Record
Arc_Name . ID;

Source _NTE : IDi (# 15 an output of this NTE #»)

Type_Decl : Boolean: (#true if this DTE is a type declaration#)
Num_Destinations : Integer;

Dests_Remaining : Integer;
This_Arc_Is . Arc_Type;
‘Further_Desc DTE_Ptr;

Prev : DTE_Pf%v;

Nex & : DTE_Ptr:

Memptr : Integer;
Allocated : Boolean;

DT
DT

Num_Record_Elements : Integer:; :i:
Arr_Dims : Arr_Ptr; e
End; (* DTE #)

ID = Packed Array (1. Max_ID_t.and 2f Char; '

i
APCQ_TUDQ = (V_Char. V_Int; V__RE:!]: 'v:-BOOIv ﬁ
V_Alfa, V_Array, V_unknown. V_Record);

Arr _Ptr = “Arr_Dim_Desc,
Arr _Dim_Desc = Record

Stride | Integer;
Lower Integer:
Upper Integer:

Dim_Ptr . Arr_Ptr;
End; (# Arr_Dim_Desc #)

FIG 1. DESCRIPTOR TAGBLE ENTRIES



The entries tn the node table are described in FIQ. 2, A NTE
{node *table entry) contains the name of the node, the name of the
parent node. 3 list of the children nodes, function description,
firing semantic set, pointers to input arc descriptions (in DT),
pointers to cutput arc descriptions (in DT! and destinations for each
output arc When the firing semantic set is satisfied, the node is in
"ready" state, anu in the "not-ready" state otherwise. If a node is
a data flow graph and the interral nodes are currently executing, the
state ¢f the node is “children firing". When the node 1s scheduled

for execution, the state is "firing"

For each input arc, thé availability of a token on the arc is
also maintained. The free state in the output arc description
indicates that there exists no value on the output arc. A node can
not fire i1f an output arc contains tokens and one or more destination
nodes are using the tokens. This restriction will be relaxed later by
treating arcs a3 queues. The tokens produced will be consumed in FIFO
manner.

\“\\‘.‘-W'
NTE_Ptr = “NTE; OF POOR
NTE = Record
Node_ID : ID;
Parent_Id . 1ID:
Block_Head : Block List_Ptri (# List of Children for a DFG #)
Funct @ Funct_Classi
FS5_Type . FSS _Classi
FE3_Hsad . FES_Ptir;
Input_Head : Input_Ptr;
Output_Head : Output_Ptr;
Statusz . Btatus_Class;
Next - NTE_Ptr:
Prev ' NTE_Ptr;
Case fType . Funct_Class Of
PAS, DFG : (NRM : 1D};
LIB : (LNRM : Lib_Class);
End, (# NTE #)

N -

Fig. 2. NODE TABLE ENTRIES
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VRIGINAL FAG.L
OF POOR QUALITY
FSS_Ptr = "FSS_Rec;
FES_Rec = Record,
Arc_List_Head . Arc_List_Ptri
Next : FS85_Ftir
End; (# FES _Rec #.

Block_List P4r = “Block_List_Rec;

Biock_Liszt_Rec = Record; {(# Child Node 2¢ a DFG %)
Node ID : Li:
Next : Block _l.ist_Ptr

End: (=# Biock_Li1st_Rec #)

Input_Ptr = “Input_Reci

Input_FReec = Racord:
“arc_Name D
Arc_Availabirlity . Availability_Classi
Nex% * Input Ptr

End; (% Input_Rec #)

Output_Ptr = “Output_Rec;

Output_Rec = Recard;
Arc_Name = ID;
Dests_Head . Dest_Ptr;
Next . Dutput_Ptr

End; (* Dutput_Rec #)

Dest_Ptr = “Destination_Rec;
Destination_Rec = Record;
Node_ID : ID:
Next : Dest_Ptr;
End; {# Destination_Rec #)

FSS_Class = (STD: NON_STD,Undefined_FSS8);
Funct_Class = (DFG, PAS, LIB.Undefined_Funct_Class);

Arc _List_Ptr = “Arc_Llist_Rec:
Arc_List_Rec = Record;
Arc_Name @ ID:
Next ' Arc_t.ist_P&r;
End;

FlG. 2. NODE TABLE ENTRIES (continued)
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2 3 Major Modules In DFDLS OF POOR QUA

The NT=Manager is used to create, search, and find node table
entries. One entry exists for each node defined in the data flow

program

The DT=Manager provides functions identical to those of the
NT-Manager excep? the items being manipulated are data descriptors

which describe the data tokens.

The Ready List Manager controls the operation of the ready list.
It contains those nodes which are ready to be fired and provides
functions to insert and deiete nodes from the ready list in addition

to returning the nerxt node in the Ready List queuve. Although a

first=in first-out list structure is maintained, prioritized execution

is planned in the future.

The Parser consumes the textual input language which describes
the data #flow graph. As the text is examined, data structures for
nodes, dats descriptors, and ready list entries are allocated and

linked to existing ones.

The Node Manager controls the run—-time portion of the simulation.
It schedules the next node for execution and informs destination nodes
that inputs arz availaole. When the firing semantic set (FES) has

been satisfied, the node is inserted into the rear of the ready list.

The Memory Marager controls the allocation and deallocation of
the toks=nz on ona or more of the four heraps created for Lhe primitive
tata types: More compliex data struztures are broken intc their

component FfForms which are stored 1n the heaps above



The Library mocdule proviaes all of the functions which are to be
included with the simulater. Categories ainclude unary and binary
input funciiont Aas well a3 mulrtipie i1nput and special functions. The
following 12 & l:ist of library functions and the data types they can

aperate aon

ORGiAL Pra
OF POOR Qu.
& 4 Available Functions
Unary Functions
- ————— e s e e s L —————— +
' Name ‘ Input i Output :
| —— e e e s e e e e + {
| - B L T T T ———— o ———— - - — - —-—-— -  ———— — - ‘
' NOT : Boolean ! Boolean H
! NEG i Integer/Real H Integer/Real .
H SIN ! Integer/Real H Real !
! cos i Integer/Real i Real H
H TAN i Intager/Real H Real H
: F1X ! Real H Integer i
! INT ! Real H Integer H
H FLOAT ! Integer H Real H
H CHR i Integer/Real H Character H
! ORD H Character ! Integer H
o e e e ——— + +
Birnary Functions

P - - o - W et T o e - - ————— - -+
' iNnama inputs 1 Output H
| ————— o ————— o —— !
R o —————————————— o——— —————— ]
! SVUE ' Integer/Resl | integer/Real H
: DIV ' Integear/Real ' Iinteger/Real i
! MOD i Integer ! Integer H
: £ iInt/Real/Char/Baoi! Boolean !
! NE iInt/Real/Char/Baoli Boolean H

GT ‘Int/Real/Char/Bool! Boolean H
i =E iInt/Real/Char/Bool ! Boolean H
' i tint/Reai/Char/Bool! Boolean !
i LE iInt/Real/Char/Bool! Boolean H
e e ek e e e e e o e e e e . e e e e o
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OF POOR QUALI Y
Multiple Input Functions

-

- - - - -+

' Name | inputs N Output !
| e e e e e e - e o e e b ——————— —— !
M T TP —p—— e 2 . o 7 20|
' ADD i Integer/Real } Integer/Real ;
' MULT ¢ Integer/Real ' Integer/Real '
! AND ' Bocolean i Boolean H
! IR ' Bnoclean ! Boolean !
' OR ! Boolean ! Boolean !
P e —— -— + _—

Spescral Library Functions
The T=Gate function swmulates the T-gate used for control of arcs
within a Data Fiow Graph It acceptes 2 input arcs; the first arc is
rhe boolesn cuntrol arc which will be tested and compared to the ¢true
value. The sacond input is the value which is input and will be
placed on the singlie oubput arc if the boolean contrel is true. The

F-Gate function acts 1n @ similar matter except that 1t passes the
data value if the Loolean control value is false.

2 5 Process Schedulaing Un VAX VMS

Ezecution of Pasca! procedures involves creating a sub-process under
the VAX/VMS wuperating enviranment. These procedures are actually
programs which have been transiated and linked into executable images
oy the wuser. Ali cata transfers occur between the simuiator and the
sub=process occurs through cne of several channeis which are called

mailboxes

As a node 13 placed 1nto executiorn, mailboxes for input, ouvtput,
and termination messages will be aliocated. An sub-ﬁrocoss is then
created with '4s irput and output files mapped toc the thoze mailboxes
and the tarmination mailbox mapped 1nto a termination channel Input
ATCs are sent to0 tane newiy created pracess by means of standard Pascal

yrite statemenis The eniry rfor fthat node 1s then gdeleted from the




ready lisf Lo srevenlt it from being scheduled. An entry for the node
13 placed on th: executing list, and an interrupt request is made to
the operating system S0 1t may b2 informed when the process

terminatan

Jpon prucess Terminstion, an i1nterrupt accurs which indicates to

ot

he simulator that ths Jrozess has been deleted. The Termination
mandler vasponds by findiag the entry for that node in the Executing

.18 and  insevting 14 inte fthe panaing list so the node manager may

-

schedule 1%t for further prucessing when ready, the node manager
cailes the wuniirk procedurs which alizscates sufficiant memory to hold
tne output arcs fraom ths sub-process and then reads the output arcs
frum the gutput masilbox. putting them in memory. Next, the suctessor
nodes are upgdated to indicate that the:ze input arcs are available and
the mailboxes wused by *this proces: are returned to the operating

system

Sﬁd&ﬂyﬂ.P£;; fi . .
OE POOR QUALITY

" NPT

T By T
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2.6 Sampla Data Flow Graﬁh OF POOR QUALn{r

Tne folliowing Data Flew Graph will be expanded o show the
relative =as2 with which cne may transform a graphical CUF® into the

tnput text required by the simulator.

- ———— -

' mMaln 1

B b R T ——— —_— —_—

B A — -+
mycons (generate X,Y) i

: B e et ————— o ————— +m———

! : i H i X L 4

! X = b S H H

! : i | e =

: e e e = addl (+) !

! H muléel (#) | { =+ e +

: ————— Fm————— -+ ! !

H H ! ! i C

: A i A i H

! H H { |

i | s ST &

H H b mult2 (#) |

H H P ——————————— +

i H H

i H i D

H P —— - ———

! i add2 (+) |

! ————— b e e e +

: tE

' '
o e e

myprin :

H - .

.
'

wn en G - em an . . G . e GE B S0 B e e an e e en Be S = on ce ==

AN

« = I



DFDLE

NODE_ENY,
FSS. STL.
FUNCTION

MULT!
MULTZ
ADD1
ADD2
MYCONZ
MYPRIN

DF G

NI NODE:

NODE. MULT1;
NODE_ENV;
FSS: S8TD:
FUNCTION:
MULT:
INPUTS:
X . INTEGER.
Y : INTEGER.
QUTPUTS;
ARC;
A . INTEGER:
ADLZ2,
MULTZ:

1B

END NODE;

NOCE: MULTZ2:
NODE _ENY:
FSS: STD:
FUNCTION: LIB
MULT;
INPUTS:
A - INTEGER.
X . INTEGER.
€ - INTEGER:
QUTPUTS.
ARC.
D INTEGER:
ADL2,
END NODE:

ORIGHVAL
OF FOOR QUALITY

Input Text for Sample Graph

NODE: ADD1:
NODE _ENV:
FS8S: STD:
FUNCTION: LIB
ADD:;
INPUTS:
X : INTEGER:
Y : INTEGER;
QUTPUTS:
ARC;
C : INTEGER:;
MULT2;
END NODE:;

NODE: ADD2;
NODE_ENV.
FSS : STD;
FUNCTION: LIB
ADD;
INPUTS;
A : INTEGER:
D : INTEGER;
OUTPUTS:
ARC;
E : INTEGER:
MYPRIN;
END NODE.

NODE : MYPRIN:
NODE_ENV;
FSS - STD:
FUNCTION: PAS;
MYPR IN;
INPUTS;
E . INTEGER:
OUTPUTS:
END NODE.

NODE: MYCONS:
NODE_ENV:
FSS. STD;
FUNCTION: PAS;
MYCOPARZ:
OUTPUTS,
ARC:
X . INTEGER;
MULTL: MULTZ;
ARC
Y : INTEGER;
MULT1; ADDI;
END NODE:

‘P“.‘ L&

cul

ADD1;




3. SOME DATAFLOW GRAPH MODELS OF COMPUTER SYSTEMS

Here we will show how dataflow graphs can be used to model
computer systems. The examples include a simple conventional
control unit, a fault-tolerant computer based on von Neumann
architecture that emphasizes deterministic synchronization among
the concurrent tasks and the MIT dataflow processor. Only high
level models are shown in this paper. However, nodes in the graphs
caﬁ be expanded to represent instruction-level architecture.
3.1. Dataflow Model of a Simple Computer System: Baer [BAER 80, p
71] gave a Petri net model representing'the control flow in the
execution of an instruction in a single accumulator arithmetic and
logic unit. Fig.3. shows a dataflow equivalent of the Petri net
given by Baer. The nodes in the graph are intentionally named by
the events in order to facilitate interpretation. For the sake of
clarity, control arcs and links are not drawn; their presence can
be easily seen at the selection (oval shaped) nodes. Funnel shgped
actors are enabled when one of its input arcs receives a token.
Upon firing, the funnel passes the token on its input arc to the
output arc. Tokens on more than one input arc leads to multiple
firings of funnel.
3.2, Dataflow Model of SIFT: SIFT is an ultrareliable avionics
computer built .by NASA-Langley Research Center to study the
possibility of completely automating commercial aircrafts [WENS
78]. SIFT has chosen to achieve fault tolerance using software.
The SIFT system consists of several BDX 930 computers built by

Bendix Corporation. The software consists of tasks classified as
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Fig 3. DATAFLOW MODEL OF A COMPUTER SYSTEM



application tasks and executive tasks. Executive tasks are
responsible for scheduling tasks on SIFT processors, detecting
errors, reconfiguring the system, synchronizing the various active
processors (to within 50 microseconds) and input/output from
sensors. Examples of application tasks are yaw damper, pitch
inner loop and roll inner loop.

For the purpose of maximizing determinism in scheduling,
computations in SIFT are conducted in regular time segments called
frames and subframes. At present, the length of a subframe is 3.2
milliseconds and there are 50 subframes to a frame. Each task runs
at a regular rate, the fastest running once every frame and others
running once every other frame or with even longer period. Tasks
that run once every frame are scheduled to specific subframes
while the slower tasks are scheduled during the remaining
subframes.

During a subframe, the status of the processor is saved, and
the values produced by the task are broadcast to other procecsors.
The values received from other processors are voted. If an error
is detected, the processor marks the faulty processor in its error
table and when the number of errors marked for a processor exceeds
a threshold, an error is reported. The system is then
reconfigured. The processor will execute a new task (or resumes
a previous taks). Fig. 4 shows a high level dataflow model of a
SIFT processor. The nodes in the graph can be further expanded
into dataflow subgraphs, or the actual code representing the task

can be used to represent the nodes.
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v Fig. 4, High Level Data Flow Graph
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3.3, Fault Injection: 1In the testing of actual circuits or the
simulation of systems, it is desirable to provide for fault
injection so that common faults can be injected into the system
and the fault detection, reconfiguration parts of the system can
be studied thoroughly. This capability can be modeled in dataflow
as shown in Fig. 5. The nodes labeled Fault-k model simulate the
function of the unit when fault-k is present. The selector node
has n inputs and one contrecl input. Depending on the value of the
token on the control input, one of the n inputs is passed on to
the output.

3.4. Dataflow Graph Model of a Dataflow Computer: Fig.6 shows a
high level block diagram of the MIT dataflow processor [DENN 75].
A high level dataflow graph model of the MIT system is shown in
Fig. 7. Memory unit can produce one or more tokens on its output
arcs depending on the number of enabled instructions. The
arbitration network schedules one instruction packet at a time and
dispatches the iqptruction to a processing element or a decision
unit. This is done in order to simplify the dataflow graph of Fig.
7. The graph can be modified to show concurrent schgduling of
several instructions. Control and Distribution networks also
receive multiple inputs, but work on one packet at a time. The
packet routing networks (arbitration, control and distribution)
can be represented as dataflow subgraphs detailing how the packets

are routed in the MIT dataflow system.
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4. SUMMARY AND CONCLUSIONS

In this paper we have described a dataflow simulation that can
be used to model computer systems as dataflow graphs and test the
functionality of the modeled system. Dataflow graphs can be used
to model computer systems including parallel processors and
dataflow computers. We plan extend DFDLS to include record
structures for tokens, allow recursive definitions for dataflow
actors, 1linking with procedures written in other languages,

graphical input, timing and performance measures.
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Abstract. Dataflow graphs are a gencralized model of cumputation.
Uninterpreted dataflow graphs with nondeterminism resolved via
probabilities are shown to be isomorphic to a class of Petri nets known as
free choice nets. Petri net analysis methods are readily available in the
literature and this result makes those methods accessible to dataflow
research. Nevertieless, combinatorial explosion can render Petri net
analysis inoperative. Using a previously known technique for decomposing
free choice nets into smaller components, it is demonstrated that,
in principle, it 1s possible to determine 2cpects of the overall behavior
from the particular behavior of ccmponents.

Index Terms. Dataflow graphs, timed Petri nets, free choice nets,

performance analysis, isomorphism.
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I. INTRODUCTION

Increasing interest in dataflow architectures derives in part from the
quest for large improvements in performance through parallelism. This
interest has given impetus to the development of new representation methods
and languages for parallel algorithms. Our interest is in the datatlow
graph and its potential to represent any computational structure including
computer architectures. The inherent ability to represent the natural
parallelism in architecturcs other than dataflow machine: has been noted by
others [9,18].

The chief advantages of dataflow graphs as a computational schema are
their compactness and generally amenability to direct interpretation. That
is, the translation from the conceived system to a dataflow graph is
straightforward and, once accomplished, it is equally straightforward to
determine by inspection which aspects of the system are represented [7,8].
Unfortunately, the analysis techniques for data flow graphs are yet not
well developed.

A rapid method of closing the gap in analytic methods is to demonstrate
cases automatically transformable to Petri nets, the latter having been
subject to two decades of study. Certain abstract properties of Petri nets
such as liveness and boundedness have immediate relevance in any general
computational schema including dataflow graphs. Other properties such as
comparative firing frequencies assume relevance with respect to the
semantics of the system being modeled. Thus it is clearly of benefit to
establish the correspondence between dataflow graphs and Petri nets in order
to combine the representational ease of one with the analysis pcwer of the
second.

Performance analysis of computer architectures represented as dataflow
graphs via Petri nets (more precisely, timed Petri nets) is a goal of this

1



work. Here, systems are described by using dataflow graphs having abstract
data components called tokens. Removing the semantics from data introduces
nondeterminism which is compensated by the assigmment of probability mass
functions to decision points. The result 15 called an uninterpreted
dataflow greph of which important subclasses are isomorphic tn subclasses
of Petri nets. For those graphs representable in Petri net form,
properties such as those mentioned above can be analyzed. In addition,
properties dealing with time can be evaluated.
II. DATAFLOW GRAPHS AND PETRI NLTS
Formalized treatment of Petri nets is common in the literature
(3,10,13,14,16] and will be dealt with briefly.
Definition 1. A Petri net is a quintuple
PN =<P, T, D, MPO, MPt >
where
P = {pl, Pyr =oos pn}, a set of places

T

{t o tm}, a set of transitions

l’ t2’

Dc {P x T} v {T x P}, a set of directed arcs

| N

MPO is a given initial marking

MPt is a set of terminal markings.
Here we are chiefly interested in extensions to the basic model that
incorporate concepts of time.

Timing information has been incorporated in three ways. Sifakis and
others [4,17] associated a nonnegative constant, b, with each place having
the semantics that an arriving token was "unavailable" until it haa been in
the place for a time interval of length b. The two other methods attach
timing information directly to transitions. One may associate with a

transition a nonnegative constant (timed Petri nets [10,16,19]) or a



probability distribution (stochastic Petri nets [1,5,11,12)). The first
case is equivalent to assigning time values to places [17]. In either
case, the principal problem to be resolved is when to begin the firing
epoch -- upon arrival of the first token or the instant a transition is
enabled. One need also consider whether a seccnd or subsequent epoch can
begin while one is in progress.

A second problem to resolve is firing conflicts. Those models that
depend on fixed firing time generally assign a probability over the marking
space from the current to next marking [1Y9]. Stochastic Petri ret models
generally use the firing rate (based on randeom firing times) to determine
the next marking from the current one [1,11,12]. A difficulty arises if
one allows some transitions to have zero firing time. The probability that
such transitions will fire once enabled approaches one (1). The solution
is to augment the firing rates with transition probabilities as is done in
timed Petri nets. Several investigators have noted the direct
correspondence between Petri nets with timing information and Markov
processes [2,11,12,19]. In this work, timed Petri nets are employed.

Definition 2. A timed Petri net is the pair

TPN =<, f>

where

f : T- {R u{0}}, a firing time function
In addition to analyzing the time properties of nets, a goal ot this
research 1s the determination of the overall behavior of a system by the
inspection of properties of compunents. Hack [b] first demonstrated
necessary and sufficient conditions for liveness and safeness of a subclass

of Petri nets important to this work. Ramchandani [15] achieved related



results for general nets in the more formel context of solutions to
Diophantine equations derived from the connectivity of the net. Solutions
to the equations results in subnets (more precisely, T-subnets or P-subnets)
whose structure giiiggR is that of a marked graph or state machineg under
some circumstarces. Ramamoorthy and Ho [16] developed techniques for cycle
time computations for such subnets and Magott [10] transformed the method to
a solution of a linear program. We have extended this work by showing how
the mean time between events of a net composed of marked graph components
can be obtained. Coolahan and Roussopoulos [4] have also developed statis-
tical measures of transition firing frequencies and these are adaptablc to
our model. Datta and Ghosh [3] developed a labeling method that guarantees
liveness for nets with transitions of in-degree (and out-degree) at most two
(2}

A formal treatment of dataflow graphs has been lacking in the
literature due to the purpose that other investigators have used them. Due
to the nature of our study and the need to demonstrate homomorphic
structures between dataflow and Petri net models, a formal definition has

been developed [8)}. The follawing reviews those results.
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Definition 3, A dataflow graph is a labeled bipartite graph where the
two types of nodes are called actors and links.

DFG=<AUvVvL,E, S, T>
where

A= {al, a . an}, a set of actors

2’
L = {11. 12, - lm}, a set of links

Ec (Ax L) v (LxA), aset of edges such

that (ai,lk) EEA (aj,l ) € E = a, = lj

and (li,ak) e EAN (lj’ak) e E => 1i = lj
S={1eL | (a,1) § E for any a € A},

a non-empty set of links called the starting set
T={1€L | (1,a) § E for any a € A},

a non-empty set of links called the tecminating set.
Note that links are limited to a single input and single output. Meetling
this restriction may require the intrc“iction of dummy actors (e.g., to
duplicate an input token on several output links).

Let I(a), a € A (I(1), 1 € L) and O0(a), a € A (0(1), 1 ¢ L) denote the
sets of input and output links (actors) of actor a (link 1), respectively.
|I(a)| and |0(a)] must be nonzero for each actor while |I(1)]| and [0(1)]
are at most one. The notation is directly extended to the places and
transitions of Petri nets. However, there are no cardinality constraints
on the sets denoted.

A marking of a dataflow graph denotes the presence cr absence of
tokens in links. A marking is a function M : L » {0,i, ..., ki. When N
(or MP for Petri nets) is used it means the vector

< M(Ql), H(Qm). Sheisy ﬂ(!n) >

A marking is distinguished as an initial merking (terminal macking) M(2) #

0=>2¢€¢S ML) 20 => 2 ¢ T).




Associated with each actor 1s an input and output firing set denoting
which links enable the actor and which receive tokeus when the actor
fires. These sets are denoted Fl and F,, respectively.

I(a)

1N

Fl(a,M)

N

Fz(a,M) 0(a)

Dataflow graphs exhibit special arcs called control arcs whose purpose is

to affect the flow of data at decision points. These do not exist in
uninterpreted dataflow graphs used here but a probability mass function over
the powerset of O(a) serves the same purpose.

An actor, a, is enabled in marking M if M(£) # O for each £ ¢
Fl(a,M). The firing of an enabled actor, a, results in a new marking
indicated by M 3 M".

M "=M-<I(a) >+ <0(a) >
where
< I(a) » is a vector in which the ith element is one
if 2, ¢ F.(a,M)
< 0(a) > is a vector in which the ith element 1is one
if Ei £ Fz(a,ﬂ)
This can be generalized to a firing sequence, 0, denoted M g Hp where

al a2 a3 ap

M- Ml > MZ A Mp

The forward marking class, ﬁ, of a marking M is the set of markings which

can be derived (or reached) from M via some firing sequence M = {M’|M g M.
It is simple to extend the semantics given above by assigning a

nonnegative real value to each actor representing the time il takes to

fire. In the diagrams that follow, the conventions below have been adopted.

A A —— ~ - ST -

At sl ol S P




¢ 4 e ) an actor for which F](u,H! = [(a) and FZ(J,M) = 0(a);

a such an actor is said to have conjunctive input and
o distributive output
vttt an actor for which l"lk.u,."l) c [ta) and l",)(a,.‘l) = 0(a);
a such an actor is said to have disjunctive input
v
4 an actor for which Fl(a,M) = I(a) and Fz(a,ﬂj c Ola)a
a such an actor i1s said to liave selective output

R R 2
Links are represented by solid circles. For the second type of actor (the
disjunctive actor) the enabling input link is chosen nondeterministically.
While it is not permitted for an actor to be simultaneously disjunctive
and selective, the restriction is not severe. The uninterpreted nature of

the data tokens allows such actors to be separated into two actors.

IR I SRR ! b+ ety

-~ ~
becomes (\\w ‘/)

bt v hee ety

It is not necessary to enumerate each analogous term for Pelri nets
> t . - S
such as MP and MP * MP . Yet it should be noted that the standard firing

set semantics are

FPI(L,MP) I(t)

FP2(L,HP‘ = 0(t)
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The effect of firing an enabled transition, t, is

MP™ = MP - < I(t) > + < O(t) >

ITT. GRAPH TC NET TRANSFORMATIONS

Reduction of graphs representing asynchronous processes to Petri nets

occurs frequently in the literature. (See [14] tor examples.) Therefore,

we will treat the topic informally. Let DFG be an arbitrary

uninterpretated dataflow graph.

ALGORITHM Al

1.

20

Let MP ¢« M and MP_ « M
o 0 t t

For each 21 ¢ L in DFG, create p; € P in the TPN

For each conjunctive actor a, € A in DFG, create a transition t,l e T

in TPN such that if 2j £ O(ai) then pj € 0(r), if 2j € [(a) then pj €

I(t)

For each disjunctive actor a, € A, perform the transformation

shown in Fig. 1(a). Create a unique transition for each

(h)

a .

. (h)
Ej € I(ai). If Ej € O(di) then pj £ O(t.i ) for each t
For each selective actor a, € A, perform the transformation shown

in Fig. 1(b). Create a unique transition for each QJ € O(ai). If

h h
2. € I(a.) then p. € I(t,)) for cach L( ).
] i ] i i
If o is the time associated with actor ag, then let f\tij =u. If
more than one transition was derived from a, the time associated

with each is «.

We will deal with the transformation of the probability mass tunction (pmt)

for selective actors to a pm{ for the TPN later.

Let the symbol ~ means "derived from'". It may be used with
y y

individual components (t ~ a) or entire graphs (TPN ~ DFG). The steps in
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Algorithm Al are reversible. Thus it is possible to reconstruct the
dataflow graph from the Petri net. In this context, we can use t~a and a~t
(p~1 and 1~p) interchangeably. Figures 2 and 3 show a datatlow graph and
the Petri net derived from it using the transformation above. Let an
arbitrary M be represented by the vector < My My wony Mo > where cach m,
is an integer. An arbitrary MP can be represented similarly. Thus when we
say M = MP we mean simple vector equality.

Definition 4. A unit disjunctive DFC is one for which Fl(n,ﬂj € I(a)

for all disjunctive actors. A unit selective DFG is one for which

Fz(a,M) € 0(a) for 2ll selective actors.

THEOREM 1. (isomorphism) Given a unit disjunctive and unit selective DFG,
if TPN ~ DFG, M = MP, and M § M” then there exists 0 such that Mp - np~
and M" = MP". Conversely 1f MP O, MP" there exists 0 such that M $ M°, M =

MP, and M~ = MP’

PROOF. We prove the first part by demonstrating how to select Lo Lys ooy
ty in 0~ that correspond to ayy Ay ey 3 in 0. Let a be the first actor
. . 2 k.- .

in the sequence M - Ml . M, Ml =M - ﬁI(al)» + (O(alfy. If a, is a
conjunctive actor, select t] ~a,. If a, 1s disjunctive select Lfr) ~
such that 2r I3 Fl(al,ﬂ) is the link that enabled a. [f 3, is selective
select Lgr) ~ a] such that Qr £ Fl(al'm) is the link upon which the token

is produced. If MP § HPI then clearly «I(Jl)> = *I(Lli- and nU(Ji)- =
(0(Ll)». Thus M = MP!. Choosing Lz. LJ, ,..,Lk 1n the same manner

produces MP* = M°. The converse is proved similarly. Q.E.D.

The above theorem demonstrates that propertiess of a4 particular
I I

datatlow graph can be discovered by exawining the derived Pelri aet.
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Fig. 2. An Uninterpreted Dataflow Graph
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Before describing these methods, however, we introduce an additional term
and its relation to the transformation described.
Definition 5. A free choice net is a Petri net for which eacl arc
from a place to a transition is a unique output of the place or the
unique input of the transition. More formally,

(¥ (p,t) € D) (0(p) = {t} or I(t) = {p}).

THEOREM 2. If |I(a)| = 1 for each selective actor of DFG and TPN ~ DFG

then TPN is a timed free choice net.

PROOF. Recall that by definition a DFG link has a

singie input and a single output actor. Thus, |G(&)] 1 for all 2 ¢ L. 1If
(£,a) ¢ £, a € A is conjunctive, p ~ £, then |O(p)| = 1 since for
conjunctive actors there is a one-to-one courrespondence between (£,a) £ E
and (p,t) ¢ D. If (Qi, a) ¢ E, ag A is disjunctive,pi ~ Qi’ then t(i) ~ a
is created by step 4 of Algorithm Al such that O(pi) = {t(iji. if (Ej, a)

€ E, a € A is selective then t(j) ~ a is created by st;p 5 of Algorithm Al
such that I(t(j)) = {pilpi ~ Ri, Qi € I(a)j. Clearly II(t(j))l =1 if

[I(a)|] = 1. Q.E.D.

The unit disjunctive/selective criterion assures a DFG can be
converted to a Petri net without combinatorial explosion, |T| < [E|. If
selective actors have a single input, then the DFG is isomorphic to a timed
free choice net. This is significant primarily because a considerable body

of theory exists for the analysis of free choice nets.

&)



COROLLARY 1. 1If TPN ~ DFG then

(¥ ti’ tJ. e T) (I(Ll) n Ht.J_.) 2 ¢ => ](Li) = I(tj))

PROOF. Note that in DFG, I(ai) iff a, = aJ because each link has but one
output. (It is impossible for distinct actors to share a link.)

Therefore, if two transitions share a place they must be derived from the
same actor. If a; is an actor with conjunctive input, there is only one t.i
such that ti ~a and it shares no input. If a, is an actor with
disjunctive input then a unique transition is created for each element of
I(ai). Again I(tj) n I(tj) # ® implies t, = tj. For a selective actor,
(h) (h)

i for every h such that t ~ a

45 for every Qj € I(ai) then pj e I(t i i

Thus, I(tgh)) = I(tgk)). Q.E.D.

The corollary is well known for free chuice nets. Here, however, its
proof is based directly on the relationship with datatlow graphs. Its
importance is the partitioning of the transitions into blocks B], BZ' sjeiets
Bh such that if any transition in block Bi is enabled, all are. Further,
the firing of a tramsition in block Bi canuot disable a transition in block
Bh if i#h. This will make it possible to resolve conflicts with

probability mass functions cver trapmsitions rather than (the ordinary

practice) over markings.
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IV. PRUBABILISTIC TIMING ANALYSIS
An objective of Petri net analysis is to determine overall behavior by
decomposing it into components which can be analyzed individually.

Definicion 6. A subnet of a Petri net TPN = <P, T, D, MPO, “Pt’ f> is

-

, MPt', f "> such that

=Dn ((P"xT") v (T "xP)), MPo(p) € MP; if peP’,

another Petri net TPN = <P", T", D’, MP

MPt(p) 3 MP{ if pc¢ P, and £°(t) = f(t) if te T  and undefined

otherwise.

Let I(+) " and 0(*)  be the input/output sets of TPN". TPN” is said to be a
T-subnet if for every t € T, I(t) = T(t) and O(t) = 0(t) . It is said to
be a P-subnet if for every p € P*, I(p) = I(p)  and O(p) =0(p) . A net or

subnet is said tc be strongly connected if for every P pj € P there is a

directed pathk irom P; to pj.

A state machine is a net or subnet for which [I(t)| < 1 and [O(t)]| < 1
for every t € T. A marked graph is a net or subnet for which |I(p)| < 1 and
[0(p)| < 1 for every p € P. The incidence matrix C = [CiJl of a Petri net
is an n x m matrix where

-1 if (pi, t.j) e D

o]
"

I if (tj, pi) eD
0 if neither (pi,tj) € D nor (tj. Pi) €D or
both are in D

For example, the incidence matrix for the free choice net of Fig. 3 is

15



r-1 o 6 0o 000 0 0 0O 0 0 0 0 0 0 0 1 v
0-1-1 60 0 000 0 O OO 000 0 0 0 0 01
1 0 0-1-1 0 0O OO O O O O O O0OO0CO0 0 0 0
o 1 0 0 0 O 0O O 0 0O H© 0 0 0 0 0=10 0 0
o 01 06 00 0 0= 0 0 00 0 v 0 000
1 0 ¢ 0 0-1-1 0O OO OC O O0CO0OO0OO0O0O0OO0
oo o 1000 0-1 090000000000
6o 0o 001 00O 0O O0OOCUVU 0 O0-1 0000 ¢¢ o0
c= 0 0 O0O0OO0OT1TOO0OO0OO0OO0O "M O0 0-1 00 000
o oo 00 O0T1TO0OUO0O-1 0000 0 0 0 0 00
o 0o 0 0 0O00-1 001 00O0O0UO0OQO0OO0OQCO0O0O0
o o0 1920001 1 0-1-1 00 00 0 0 00
c 0o 000 ¢ 0 O0OOUOU CTI1T=-1 0000000
c oo 06000 0 01 0OO0OO0O0O-1 000 0 0
o 0 00OO0OO0ODO0OOT1TO0OUO0OO0OO0OO0OTO0OCO6G=-1 0w
o 0 00 00 O0OOO0ODOOOT1TT1TO0OTUO0OO0OOJOI=-10
o 000000 O0OO0OOOODOOOTI1T 1O0O0-10
0 0 00O O0OO0OO0OO0OO0OO0OCOOOUOTOTI1I 1 0-=-1

- 4

A Petri net is said to be live if for every marking in EPO there are firing
sequences that enable each transition. A Petri net is bounded if there is
a finite number of tokens in each place gives any (perhaps infinite) firing
sequence. A Petri net is safe if the number of tokens in any place never
exceeds one.

Hack [6] gave necessary and sutficient conditions for the liveness and
safeness of a marked free choice net. I[f HPO =<1100 ... 0>, Fig. 3
satisfies the conditions. It can be shown [15] that such nets can he

decomposed into strongly comnnected components by finding the simple

nonnegative solutions to the system of equations

A solution is simpie it it cannot be additively obtained trom other

sclutions. For Fig. 3,

16
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Y. =<10101010010001010111 >

1
Y2 =<0100000000000000100°1 >
\'3=<1000110()00000ll’)()Olu,
YA =<1011T001011011T00T10T11°1
YS =<10010100100110100v10°>
Y6 =<000000CT1T0O01000000000 >

Each Y-vector designates as set of transitions. For instance, Y

1
. (2) ,(2) _(2) (2) (2) (2)
designates {r.l, t,70 70, 6T, b, T, tg s Yo 0 tipo t12} and Y2
designates {tél), tlél), tlz}. Each transition set together with all

directly connected places constitutes a strongly connected a T-subnet. For
free choice nets, each component is a marked graph.

For components that are timed marked graphs, Ramamoorthy and Ho [16]
first showed how to determine the overall cycle time by enumerating the
circuits. The time required for each circuit is the sum of the transition

times divided by the number of tokens in the circuit. Let Kij be the set

of places and transitions in the jth elementary circuit of the ith component.

1..= 2 f(tk)/ % MP(pk)

ij .
tks Kij P, ° K.

Assuming r circuits and a firing epoch begins as soon as it 1s enabled, the
8 g ep 2 ,

1€ T, )

overall cycle time for the component 1is fi = max(r1 {90 o0 Ty

1,
For example, let MP(p,) = MP(pZ) = 1 and MP(pi) =0 if 1 > 2 for the

component, Y., of Fig. 3 the elementary circuits are

11
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o (2) (2) .
STERR LI P T R UTRLITY

- (2) (2)
Kio = 4Py 8 Pg )77 Prg by Py Yoo Ppg by

_ (2) (2)
Kig = ipy 77 b

2 ; Pig Lip Pyg ®

12}

(j)

For concretenecs, let f(tf

) = f(ti) = ﬁJVﬂ . The overall cycle time

T, = max (T

1 ) = 12. For components, YI’ YZ' ..., and Yb’ the cycie

11* %12 %13

times are 9,10,14,14, and 5 (if MP(12) = 1). respectively. Magott [10] generalized

the technique by showing that the solution could be expressed as a linear
program. These methods assume a firing epoch begins as soon as a transition
is enabled. When modeling real systems, this is not an unreasonable assump-
tion.

As shown in Corollary 1, free choice net transitions that potentially
conflict have the same input place. Because the T-subset components pro-
duced as above are strongly connected marked graphs, a place has but one
output arc. It follows that a given component is reached from the initial
marking by a single transition whose firing is randomly chosen from a
conflict set.

With this in mind, we are prepared to deal with the probability mass
functions over the output links of selective actors. [If the actors are
unit selective then Pr(Fz(a,M)) > 0 for each £ ¢ Fz(a.ﬂ) and 1s zerc for
nonsingleton elements of the powerset of U(a). If t ~a and p ~ 2 ¢ U(a)
then let Pr(t) = Pr(FQ(a,M)) for 2. This contrasts to the normal method of
assigning probabilities to markings in the reachability graph but is

equivalent due to the partitioning of the transitions described above.
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As an illustration of the employment of the foregoing, detine NTTE(LJ)
to be the mean time to the event of the beginning of the firing epoch
for tj. Assume tJ has s input places with s independent loop-free paths

Opr Tyy vne g_. from MPO. (Dependent paths can be dealt with but serve no

purpose at present.) tj cannot fire until the last token appears at an
input.

MTTE (tj) = max IC(JI), G(OS), cee G(os)l
G(oi) is the expected time required to transverse Oi and incorporates the
time intervals the tokens leave the path and traverse circuits.
For clarity,G will be defined with superscripted subscripts

adj 0i mean that tﬁm) F'a Ui while an equivalently

subscripted transition is (tﬂh) € 0o, h # m). By extension, Yi adj o,

distinguished. Let tﬁm)

(m) (m) .
means tk £ Yi and tk adj Oi. Let

A= pe(e™)
o (m)
eY

B Yy

if Yi adj 0j and is undefined otherwise.

» - e, (M)
G(cj) =Y. f(tk) + 3 [L(tk

. )
t(m‘su; '

N

)+ A(tim))

tkECj k

The latter term, A(*), represents the expected amount of time within

components adjacent to 0 at trausition ttm). Let A], AZ’ s Ar be the
J
probabilities of the r components adjacent at tﬁm). Let Ar+l = Pr(t&m)).
rt+l _
(Note that 2 Ai =1.) t{ stands for the expected cycle time for component
1=1

Yi' That is, f{ differs from ?i in toat it takes into account components

adjacent to circuits in Y.



-

Tij = G(Kij)/pZEK MP(pk)

k™ 1]
If, to simplify the subscript scheme, YI‘ Y., ..., Yr are adjacent to Lim',
(m) ® ) Mp-2 mo!
AT = Ay B3 s e Tm s e — )
= = 2 ’ e N o -
mg 0 m, mo_q 172 1 01 r-1
m, n m (m.=m,=***-m )
=, -=e =5 —_ 1 2 =l 0 r=
+ DR S -] - * * ¢ ..
{lmyt dmyTotesctm eyt mgmmy B T IRy By 2SR g By !

If r = 1 then A(*) reduces to Lhe geometric series muitipled by a constant
value.

Each path 0, defines a hierarchy over the set of components. For

. . 2
example, in Fig. 3, the path {p1 t Pg ti ) plo} has Y, and Y

(2)
4

5

immediately adjacent (at t ) while Y6 is adjacent to ome of the circuits

in YS' Thus, one must solve Y6 before Y5 can be solved.
To illustrate, for Figure 3 let Pr(til)) = 1/k and Pr(tiz) =1 -

1/k. For MTTE(tb),
(2)

o = {py ty Pty P!

Table 1 contains the cycles for Yz, YJ. YS‘ and YC which are the only
components needed. Table 2 contains the relevant intermediate calculations.
MTTE(té) = max[5.88, 19] = 19

Given the isomorphism theorem and the equivalence of timing betlweeun
actors and transitions, it can be concluded that MTTE(aj) = MTFE(Lj). I

the transition is superscripted then MTTE(a.) = min {HTTE(t(k),i. The mean

k
time to event is but one measure possible. From it, other measures such as

mean time between events can be derived and correlated to components in the

real systcm.
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TABLE 1. Circuits
K.. Sequence
i]
(1) (1)
Ko fpy ty77 Pyt " Pig byt
(2) (2)
X3 {p1 t1¥3 83 Pgtg Py tyy!
(1) (1)
K335 Py ty Pg ty " Py tg " Pyy by
(1) (2) (2) (1)
Koy P 2T TR FEL PR A IO DAY
(1) (1)
Kso Py ty Pg ty " Py tg T Pyy tyyd
(1) (1)
Be1 Pyt Pyt )
TABLE 2. Intermediate MTTE Calculations
Path T G T, A.
ij i i
Re 5 5 €g=5 1/7
K52 i0 10 -- --
Q2 ~': / i 4 )
Ky, 14.97 14197 T/=14.97 1/12
K 10 10 - e
Ky, 9 9 T 1/6
17 )
Ky, 9 9 T 1/2
o - 5.88 - =
o, — 19 - “n




V. SUMMARY AND CONCLUSTONS

Dataflow graphs are useful representations for abstract computations,
generally rendering models that are easily related to the real system being
modeled. Petri nets, while less powerful computationally, have been
studied intensively, giving rise to a large body of analytic methods.

Here, we have shown that a significant class of dataflow graphs can be
effectively transformed to Petri nets. The applications of this class have
been primarily in modeling concurrency in computer systems. Thus, the
isomorphism between the two computational models allows considerable
analytic capability to be employed.

Within the applications context, timed transitions and probabilistic
resolution of nondeterminism are introduced. Using these extensions, a
measure (Mean Time to Eveni) was illustrated. The principle behind the
derivation was the determination of overall behavior by examination of the
contained components. This principle 1s currently being exploited to

determine other properties of the net.
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Abstract
A catailow graph can De used as a generalizeld liocdel of
computaticn, Uninterpreted datatlow craphs can be used to anaiyze

ity of computer systemz including parallel processors
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anc¢ daata driven systems. The nondeterminism arising dJdue to the
uninterpreted nature is resclved by associating probability
distributioﬁs with dataflow actors. Both Markov and path
ennuneration techniques can be used to study the reliability of
datailow graph models. Large graphs should be reduced to simplify

computational complexity.

Rey words: Dataflow Craphs, Stochastic Petri Nets, Markov Chains,

Reliability, Graph Clustering, Path Ennumeration.



1. INTRCDUCTION

The demands for concurrent operation ''ithin a computer system
and the représentation ot parallelism in programming languages
llave yielded a uew form of program representacion Kknown as
datatlow ([DEKN 74], [DENN 73], [TREL R2]). Execution of datatlow
programs is data driven; that 1s, each instruction is enatled tor
execution just when each required operand has been supplied by the
completion of the prececessor instruction.

Datatlow systems have received considerable attention during
the past several years. However, much of the research in dataflow
processing has dealt with défining the functionality, designing
instruction level architecture or specifying programming
languages. This has not made urgent the formalization ot the
dataflow itself. Formalization is necessary in relating datatlow
tc olher computation models, discovering properties of specific
instances of dataflow gcaphs and in performance and reliability
evaluations. Because ot the complexity of dataflow systems, the
presence of multiple processing units and communication circuits,
the reliability, pertormance oif the 1interconnection structures,
and scheduling schemes in such architectures become signiticant
issues, Dbetore dataflow architectures can be used for next
generaticn machines. Formalization of the datatiow model also
makes possible the utilization ot datatlow graph as an abstract
model of computation analogous to Turing machiﬁes and Petri nets.
In [KAVI 84], we have presented a formal cefinition of dataflow
models, and in [KAVI 85], isomorphic transformation of dataflow

graphs into free-choice Petri nets have been presented,



Our interest in dataflow graph is its potential to represent
any computation structure, including parallel processing
architectures and even dataflow systems. Miller [MILL 731 has
surveyed models other than dataflow grephs for representing
computational aspects of parallel processes. The chief advantage
of dataflow graphs over other models is their compactness and
general aamenability to direct interpretation. That 1is, the
translation £from the conceived system to a dataflow graph is
straightforward and, once accomplished, it is egually
straigntforward to determine by inspection wkich aspects of the
system are rcpresented [KAVI 83]. Dataflow grapns are
tiierarchical; a node in the graph can be a simple node
representing a single hardware unit, or a datafliow subgraph
representing an entir_ processor or an iaterconnection network.
Thus nodels of computer systems using dataflow g¢raphs can be used
to selectively change the 1level of simulation to any level of
cetail simply by expanding nodes into dataflow subgraphs without
modifying other parts of the model.

In this paper we outline methods for estimating the
reliability of a dataflow graph model. Thus, computer systems
including parallel processors, dataflow machines and ultrareliable
computerc with high redundai:cy can be represented as dataflow
graglis, dataflow simulators (for example DFDLS [KAVI 83]) can be
used to study their <functionality, and the reliability of the
sinulated computer can be calculated using the Ctechniques
described@ in this paper. We will introduce abstract dataflow
¢raphs in the next section and the techniques for estimating the

reliability of dataflow graphs will be described in Section 3.
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2. UNINTERPRETED DATAFLOW GRAFHS

Definition 1l: A dataflow graph is a labeled bipartite graph where

tl.e two types of nodes are called actors and links.

G = <AyYL, E> (1)
Eere, A = {a, PG 1 sessy @y } is the set of actors
L = {1, , 1,0 ceeey 1y } is the set of links

E = {A x L} V¥ {L x A} 1is the set of edges.
S (&€ L) is a non-empty set of links called starting cet (input
links).

s = {le LI (a1)§ E 4 ae &} (3)
T (T € L) 1is a non-empty set of links‘called terminating set
(output links).

T = {1 € L | (l,a) & E 4 a € A} (4)
The set of input links of an actor a and output links of an actor
a are denoted as I(a) and O(a).

I(a)

{1€ L | (1,a)€ E} (5)

0(a) {l1e L | (a,1) € E} : (6)

I(1l) and O(1l) for links can be defined similarly. |

Yoot ror

Transitive <closure on these sets, I(a; v O(a)*, I(1)
actors and links can be defined; For example, I(a)+ is the set of
all lirks that are inputs to a, or input links to actors that feec
the input links of a, and so on.

If BC A is a subset of actors then I(B) and O(B) define the set

of links that are inputs links and output links of actcre in B.

{1 € L |]1€I1(b) for all b€ B} (7)

-
—
ve]
~
I

{1€ L | 1€ 0(b) for a1 bE B} (8)

()
(oY)
I

-l



Definition 2: For & dataflow graph the following conditions are

true.
II(a)l > 0 for all actors a € A
[I(1) | =0 or 1l for all links 1€ L (9)
lo(a) | > 0 for all actors a€ A
[0(1) | = 0 or 1 for all links 1€ L

Although this definition seems to be restrictive since the links
can-not have more than one input actor and one output actor, we
have been able to rewrite all dataflow graphs by introducing dummy
actors (for example, to duplicate an input token onto several
output 1links). This definition allows us to isomorphically map
" dataflow graphs into free-chcice Petri nets "and free-choice nets
into dataflow graphs [KAVI 85].

Uninterpreted dataflow graphs: For the purpose of studying the
performance and reliability of dataflow graph models cf computer
systems, we introduce uninterpreted dataflow graphs, 1in that the
actual meaning of the functions performed by the actors and the
semantics of the data tckene on arcs is not relevant. The presence
of data tokens on arcs are used only as triggering signals to
enable actors. We use the term dataflow graph to mean
uninterpreted dataflow graph throughout the paper.

Definition 3: A marking is a function M: L ----- > {0,1} (10)
A link 1 is said to contain a token in a marking M if %M(1) = 1. An
initial marking M, is a marking in which a (non-empty) subset of
starting set of lirnks contain tokens. A terminal markirg Iy is a
marking in which a (non-empty) subset of terminating set of links

contaiin tokens.
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2.1. FIRING AND FIRING SEMANTIC SETS

Associated with each actor are two sets of 1links called jinput
£iring semantic set F and output firing sewantic get F,

F, (a,i1) & 1(a)

F, (a,I") & Cl(a) (11)
The input £firing semantic set F, refers to the subset of input
links that must contain tokens to enable the actor; the ocutput
firing semantic set F, refers to the subset of links that receive
tokens Qhen the actor is fired.
Definition 4: A firipng is a partial mepping from markings to
markings.
An actor 1is fireable at a marking M if the following conditions
hold

M(1)

1 for all 1 € F, (a,M)

M(1) 0 for all 1 € F, (a,M) (12)

When the actor is fired, tokens from the input [iring set E (a,M)
are consumed ané new tokens are placed on each 1link belonging to
the output firing set F, (a,M). Thus a new marking M' resulting

from the firing of an actor a in marking M can Dbe derived as

follows.

M'(1) 0 if 1€ F (a,)

= 1 if 1€ F, (a,M)

M(l) otherwise (13)
Such a firing of an actor is indicated by M Z--> m'.

Depending on whethe. F, and F, select only one, a proper subset or
the entire set of input and output links, the following node

firing rules are defined.

€9



chjnngiigg: All the input links must contain tokens for the actor
to tire. That is, F, (a,M) = 1I(a) for all M. (14)
Disjunctive: Only one of the input links must contain a token for
the actor to fire. That is, E (a,M) € I(a) for all M {15)
Collective: Une or more of the input 1links may contain tokens for

the actor to fire. Th=at is, F, (a,M) & I(a) for all M. (16)

\
Selective: When the actor fires, only one of the output links
receives a token. That is, F, (a,M) € O(a) for all M. (17)

Listributive: When the actor fires, all the output links receive
tokens. That is, Fy (a,M) = 0(a) for &ii M. (18)

The graphical representations of these possibilities are shown in
Fig. 1. In thic paper we will not deal with collective actors.

They can be replaced by a number of conjunctive actors with inputs

corresponding to the subsets of T(a).

NCLi-DETERMTNTSTIC FIRING SEMANTICS: Since, in our study,
uninterpreted- dataflow gragh models are used for analyzing
reliability by applying stochastic methods, F, and E are made
non-deterministic; for different instances of execution of an
actor, the firing semantic sets may be different. This eliminates
tlie need for contrcl links and arcs in dataflow models. The choice
arising due to control tokens are incorporated into F and QLby
asscciating probability distributions with the firing semantic
sets. For examgle, the T-gate [DENN 74] shown in Fig. 2(a) will be

reglaced by Fig. 2(b). The firing semantic sets are



Fig.l.. Firing Rules
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Fig. 2. Non-Deterministic Firing

P{F, (a,M)] is the probability distribution that in marking M,
F, (a,M) is the input firing semantic set; this probability
cdistribution determines which subset of tokens on ingut links
(shouid a choice be mnade) will be consumed when the &actor a is
fired in marking M. Similarly, P[E (a,M)] defines the probability
distribution on the output firing semantic set; whei. a fires in M,
the 1linke in F, (a,M) will receive tokens with a probability

P[FZ. (a,M)].
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3. RELIABILITY ANALYSIS OF DATAFLOW GRAPHS

Network Reliability Analysis: The reliability of comnunication
networks has attracted considerabls interest among researchers.
When such networks are treated as directed graphs, the reliability
can be analyzed by reducing the communication networks to
series-parallel networks [MISR 70a], by enumcratiag paths ([MISR
70b], [FRAT 73]), or by enumurating cut-sets ([LIN 76], [JENS
69]). For a general non series-parallel networks only the last two
metlicds yield exact solutions. However, since they are not
tractable for large networks approximate methods beccne necessary
([JENS 691, [NELS 70], [BATT 71]).

For any m path network the number of non-cancelling terms in
the reliability expression resulting from the wuse of the
inclusion-exclusion formula of probability theory [FELL 68, pp
99-108] is r 2”"-l . However, in practical networks some of the
paths are contained in the union ot other paths, thus r << 2m-‘ .
In [SATY 78], a topoclogical formula and an algorithm are presented
for finding the reliability of & netwcrk from a given source node
to a terminal node, where only non-cancelling terms are incluced
in the formula. This method has been extended to obtain
reliability from a single source node to multiple terminal nodes.
The reader is referred to [AGRA 84] for a survey of such network
reliability methods.

These methods cannot be applied directly to datatlow graghs.
Although dataflow graphs are directed graphs and they resencle
retworks, there exist important differences due to the firing

semantics described in the previous section. For exeample, for
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conjunctive actors, all the input 1links must contain tokens to
enable the actor to fire, requiring reliable input paths leading
to the actors. Similarly, for distributive actors, all paths
starting at the output of the actors c&re required tor the
successtul completicn of the tunction described by the dataflow
graph. Whreas in (communication) networks, only one vpath is
necessary for reliable operation.

A second difterence arises due to the nondeter:iinistic nature
ot dataflow qraphs introduced in this paper. Probabilities are
associated with paths (section 2), and these probabilities cannot
easily be incorporated into the netwcrks obtained from datatlow
graphs. For this reason, we intrcduce a dJdifferent method of
obtaining the reliability of a dataflow graph.

3.1. RELIABILITY OF DATAFLCW CGRAFHS

3e1iability of a dataflow graph can be defined as the
probability of successful completicn of a sequence of operations
to be performed by the actors of the graph. Thus, it this sequence
is identitied as the path of a particle traversing the graph, then
the reliability is the prokability oi occurrence of a successful
pati.

The reliability of a datatlow greph can be deternined in two
stages. At the <first stage, reliabilities of subgraphs (sone of
them can be single actors) are calculatecd. At the second stage the
reiiabilities of the subgraphs are combined appropriately based on
the topological structure of the graph. If multiple reduncant
paths are simultaneously used, the procedure of combining

subyraph reliabilities becomes complicated.



In what tollows we ghall consider the successtul conclusicn ot
the operation as tie event withcul any concern tc the time needed
for the cperaticn., Incorporation of the time element compounds the
problem and it will be considered in future research.

Let A, , A, s vy IL‘ be the actors (some of them can be
gubgraphs) of a dataflow graph and let R, , Ry + vees Ry be their
reliabilities. Unless otherwise stated we will assume that the
gerfcrmance ot an actor (or subgraph) is independent of tlre
cutccme of any other actor.

Keeping with the analogy of a particle menticned earlier, the
movement of the particle trom one node to another will be called a
transition. If the transitions among actors in a subgraph
A, A, reeer Ay } are hLierarchical, say A| ==>A, ==>...==>Ap
(or any other arrangement), then the reliability of the subgraph
is obtezined as the product T? R; . But if the transitions are
Markovian with the probability of transition A{ --> A being ;o
then tlie reliability of the subgraph can be calculated vesing
Markov chain methods.

For instance, consider a Markov chain with two states 1 and 2
(the correspending subgraph containg two actors). Let the
transitions amcng the states be represente” by the elements of the

transition probability matrix

1 3z
1 P, P2

where Eij is the probability of transition i --> j. For purposes

of reliability modeling we introduce states 1lF, 2F and O of which



1F ané 2F represent failure of actors 1 and 2, and O represents
the successful completion of operation. Let f  and f, be the
probabpilities that actors 1 and 2 fail. Now we can consider an

expanded Markov chain whose transition probability matrix is given

by
0 1F __2F 1 2

o] 1
1F 1
2F 1
1 £, (1-£ )p, (1-£, ) p, o
2 £,  (1-f,)p,, (1-£,)p, 5

- V1 0

[ Q

which can be partitioned as shown. If a particle starts out from
state 1 or 2, it is well known [BHAT 84, Chap 4] that the first -
passage probabilities of the particle into states 1F or 2F (these
are the wunreliabilities) in n transitions are given by the
elements of the second and third columns of the matrix Qnﬂ. @. The
ccrrésponding probabilities for reliable 6peration without regard
to time are given by the elements of the first column ¢t (I-d;lo @.
At this point we may note the similarity between dataflow
graphs and Petri nets. Stochastic Petri nets ([COCL 83], [GEIS
83], [moLL 81)], [MOLL 82], [SIFA 80)], [ZUBE 80)]) have been used
for performance and reliability analyses of concurrent and

asynchronous computer systems. Typically, the markings are mapped

into a Markov state space ([MOLL €1], [MOLL 82]), The markings in

(o)



a datatlow graph can also be napped similarly into a Markov_snate
space for the purpose of studying the reliability of the datatlow
graph. When datatlow c¢raphs contain stronc subgraphs it is
convenient to obtain the reliabilities of the subgraphs so that
the subgraphs can be replaced by single actors (thus producing a
reduced graph). The corresponding markov process can be arranged
in a canonical form such that the recurrent equivalent classes can
be easily identified. Kavi ([KAVI 79] [BHAT 84, chap 4]) has
collected algorithms useful for this purpose. Appendix contains a
brief description of these methods.

However, eventhough this method is applicable in the general
case, many times it . unnecessarily complicates the problem. For a
large datatlow graph with m links (the number of links 1is greater
than the number of actors), the Markov chain contains as manyv as EL'
states. So, Markov chain method should be used only to small
subgraphs and the reliabilities of subgraphs should be combineed
using the technique discussed below.

In the second stage of combining subgraph (or actor)
reliabilities to get the reliability of the complete graph we may
develop certain rules based on the type of firing rules discussed
in section 2.

In addition to the reliabilities Ry , Ry , ..., Ry ,also
define C{; (i,j =1, 2, ..., n) as the reliability of the link
connecting actor A to actor Aj (which can also be considered as
the reliability of the communication channel). Let Ri; be the
reliability of the path Ay ==> A; , including the reliability of

J

A; , but excluding the reliability of A} . For the four distinct

A



types of tirings defined in section 2 (collective actors are not
considered here), we héve the expresssion shown in Fig. 3.

While using these expressions to determine the reliability of
a path, the following observations should be noted.
a). Conjunctive and distributive actors are indicative of parallel
paths all of which are uced. When the paths are independent of
eacl, other, the reliability of the graph (or subgraph) consisting
of parallel paths is obtained as the product of reliabilities of
individual paths. |
b). Disjunctive and selective actors result in more than one path,
only one of which 1is used. The reliability of the graph (or
subgraph) with such paths is obtained by combining the
reliabilities of individual paths using the probabilities of paths
as weights.
c). When the paths are not independent, the dependent structure
determines how the reliabilities of individual actors (or
subgraphs) are combined to get the reliability of the graph.
d). When nmultiple redundant paths are simultaneously used, the
reliability is obtained using the inclusion-exclusion formula of
probability theory [FELL 68, pp 99-109].

An algorithm to determine the reliability of a graph can be

described as follows.

Algorithm Al
Stepl: Identify subgraphs (see Appendix)
Step2: Obtain reliabilities of subgranhs using either Markov

chains (Appendix), or using this algorithm recursively.

o 4
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Step3: Replace strong subgraphs by single actors producing a
reduced graph.

Step4: Identity distinct paths (say using depth-tirst search)

Step5: Combine actor (subgraph) reliabilities using firing types
to determine the reliability for each path.

Step6: Combine path reliabilities to give the reliability of the

entire graph.

Given below are two examples; one a datatlow graph of a simple

computer system (Fig. 4) and the second a dataflow graph
representing triple modular redundancy (Fig. 5). In the first
example, actors perform independently ot each other; whereas in
the second example there exists such a dependency among the
paths.
Eexample 1: Dataflow Model of a Simple Computer System. Baer [BAER
80, p 71] gave a Petri net model representing the control flow in
the execution of an instructicn in a single accumulator arithmetic
and logic unit. Fig. 4 shows a dataflow equivalent ot the Petri
net given by Baer. The actors are intentionally named by the
events in order to facilitate interpretation. In order to simplify
the notations we use a's and 1's to represent the actors and links
as well as their reliabilities.

The three distinct paths in the graph are identified below.

all|a]~l,_a3>13a‘F F,
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@ 3)
Let R and RL be the reliabilities of subpaths P, and P,

determined in a similar manner. Then the system reliability is

W) w (§))
R = alalala(pR +pR +pR )

Exanple 2: Dataflow Graph of Triple Modular Redundancy. The most

common design to enhance the reliability of a system is to use

reduncdancy so that faults can be masked. In a triple modular

redundancy (TMR), the circuit is triplicated and the voter performs
the majority function. Fig. 5 shows the dataflow graph of TMR. U,

U,, and Uy are the triplicated units. The function ot the voter is

shown in detail where N, will produce a token on W (working)

output when all the three units are functioning and a token on F

(failed) output otherwise. N, , N3 , N4 worke similary testing if

two units are functioning correctly. Dependency among N, , N, ,

N, , N4 should be noted. Because of this dependency, the

reliability of paths will have to be considered using a conditional
probability argument. Assuming that voter actors (N, , N, N, Ng)

do not fail, and using U, U,, Uy to represent the events that the

. , « (& .
units are working and U , U:, US to represent failures, we have
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Similarly after simplitying the other two terms we get
< < < )
Rine = Ponvy) 4 P(010.9 ) + PLos 03) 4 Pl n)
If each of the units has a reliability of R and they are
independent ot each other, the reliability ot TMR is
3
%
B = 2 438 0-0) = 3e--2¢

Let V be reliability of each of the actors in the voter, then

2
Rine = VR + 30 R ("R)

When the fault model includes repair or fault coverage, Markov

chain techniqgues would be applicable [GEIS 83].



4, SUMMARY AND CONCLUSIONS

Much of the research in dataflow processing ignores the need
tor the tormalism of the dataflow model itself. In our research we
have developed a formal definition of dataflow graphs.
Uninterpreted dataflow graphs can be wused to model computer
systems incluvding parallel processors and data driven system; the
reliability ot the modeled computer can be studied by analyzing
the dataflow graph. We have introduced stochastic properties with
datatlow actors. The reliability of datatlow graphs are analyzed
using both Markov and path enumeration techniques. We have
outlined how a2 large datatlow graph can be condensed using graph
clustering methods. These clusters can be analyzed separately and
the results can be combined to obtain overall system reliability.

The time needed for an actor to complete its operation is not
included in our analyses of datatlow graphs. Incorporation of the
time element compounds the problem and it will be studied in

future research.
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APPENCIX: REDUCTION OF DATAFLOW GRPAHS

In this appendix we ocutline how large dataflow graphs can be
reduced to graphs of manageable size. The reduction involves,

. The identification of subgraphs

. The analysis of subgraphs wusing either Markov chain

techniques, or using algorithm Al.

. The replacement of subgraphs by single actors.

The process of identifying subgraphs is similar to clustering
of graphs. A cluster is a maximal <collection of suitably similar
objects drawn from a larger collection of objects [MATU 83]. If
the dataflow graph contains A strongly connected components, then
cliques can be identified using depth-first search ([TARJ 72],
[REIN 77]) or reachability sets [CHRI 75]. A survey of such
algorithms can be found in [KAVI 79]. Clustering of non-clique
subgraphs is wusually based on hueristics. In [PERK 83], an
algorithm is presented for «clustering related nod.s based on
weight and cost. The weight of a cluster 1is defined as the ratic
of the number ot arcs between the nodes in the cluster to the
total number of arcs connected to the nodes in the cluster. The
cost of a cluster is given by the number of arcs connecting the
nodes inside the cluster with the nodes outside the cluster. The
algorithm finds maximal subgraphs by growing the <clusters until a
maximum weight and minimum cost cluster is found. For findirng
clusters (or subgraphs) in datatlow graphs, the following rules

can be used.

w)



1. Maximize the weight of clusters.

2. Minimize the cost of clusters.

3. If a conjunctive actor is included in the cluster, the
actors feecding the input links of the conjunctive actor
must be included in the cluster.

4, If a distributive actor is included, all the actors fed by
the output 1links from the distributive actor must be
included in the cluster.

For the purpose of obtaining a canonical representation,
hierarchical relationship among the subgraphs {or actors) can be
defined as follows.

1. All actors (or subaraphs) with an outdegree of zero are at

level zero in the hierarchy (highest). That is,

H(x;) = 0 if T(x) =0
where 1\(x¢ ) is the set of actors (or subgraphs) that are
adjacent to X and H(x; ) is the hierarchical level of
actor x; .

2. For an actor with an outdegree greater than zero, the

level is given by

HGe) = [ J:ié“‘f‘(xc) (H(mﬁ -t

The second rule implies that actor x; (or subgraph) is at a lower
level than an actor X; if an arc (x; , gj) exists. The ievel of an
actor (or subgraph) is in fact the negative of the longest path to

the actor from an actor at level 0. Dijkstra's ([DIJK 59], [CHRI

'liis
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75]) shortest path algorithm can be modified to obtain longest
paths by assigning a cost of -1 to arcs.

Example: The dataflcw graph in Fig. 4 is wused to illustrate the
reduction approach. Fig. 6 shows three clusters that can be
icdentitied based on the hueristics described above. Each cluster
can be analyzed using Markov chains. Fig. 7 1lists the Markings
(hence states) for the three clusters. The state transition
matrices appear in Fig. 8. The reliability of each cluster can be
obtained by using well established techniques [BHAT 84, Chap. 4]
(Fig. 9 ). These three clusters can now be repiaced by single
actors as shown in Fig. 10,

Although the <clusters identified in this example are simple
(and the calculation of reliabilities by ennumerating paths is
simpler than the Markov chain techni.ue), we would like to note
that in a more complex dataflow graph the graph reduction would
lead tu computational simplicity. A more complex example would be

difficult to present here due to space limitation and the clarity

desired.
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