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CONTROL–DRIVEN DATA FLOW

Ján Kollár
∗

Control-driven data flow is a paradigm for a process functional language in which purely functionally defined processes
perform updates on environment variables. In this paper, the relation between PFL — an experimental process functional
language and the control-driven data flow execution is defined. The transition chains are selected to execute the processes
by the evaluation of expressions. In addition, the PFL ability for parallel and non-deterministic execution is presented.
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functional nets

1 INTRODUCTION

Using a pure functional language, the programs are
concise, composable and reliable [1,2]. The referential
transparency of expressions makes it possible to substi-
tute each expression by an expression of the same value.
This is the basis for equational reasoning — the program
synthesis and the proof of correctness [3]. It has been
understood already that the functional paradigm could
increase the reliability of the systems, at least from the
viewpoint of their correctness.

On the other hand, the lack of side effects has been
seen as a weakness of purely functional languages since
the state, input/output and exception handling is cum-
bersome [4,5]. The systems are still developed using im-
perative elements [6,7,8,9] as the only way in which it is
possible to express the stateful computation [4] in which
the state plays a significant role.

For example, the problem of separating the functional
and structural information in object oriented systems [6]
could be easily solved using purely functional specifica-
tion. Unfortunately, systems are not functional, they are
stateful. Therefore a purely functional approach cannot
be utilized in this case. Other applications related to
stateful algorithms are computer graphics and virtual re-
ality [9]. Ray-tracing algorithms [10] are executed more ef-
ficiently when the updates are used. However, performing
the updates by assignments in an imperative language,
the referential transparency and all the advantages of a
purely functional approach are lost. The reliability and
the speedup seem to be contradictory requirements.

Using functional paradigm, stateful computation can
be expressed in Core ML and Standard ML [11]. In these
languages, the assignments are expressions of unit types
and they are evaluated on environment variables. Assign-
ments can be used elsewhere in expressions in an undis-
ciplined manner. SML and Core ML approaches may be
characterized as rather ’reversed’ imperative than func-

tional — statements are used in expressions. Sometimes
these languages are not considered functional [2].

The gap between stateful systems and purely func-
tional specifications has been narrowed using linear types
in Haskell [12] and Clean [13]. Assignments in these lan-
guages are hidden. They are performed by the application
of a monad operation in Haskell [14], or by the application
of any function of linear type in Clean [13].

The disadvantage, from the viewpoint of software en-
gineering, is that the updatable cells are hidden by lin-
ear types — the types comprising single pointed values.
Moreover, hiding the variables, the flow of data is hardly
to realize and cannot be reasoned about using the meth-
ods of analysis of time-critical systems [15,16,17] based on
Petri nets. One of the reasons is that the structure of Petri
nets is modelled using bipartite graphs while the target
structures of purely functional programs are graphs that
consider just transitions and omit places [18].

In PFL , the definitions of processes are purely func-
tional, like in Haskell or Clean. At the same time, the
variable environment is visible, like in SML.

Fig 1 Static variable-to-process binding

In this paper, we specify the relation between PFL
processes [19] and functional nets [20], in which pro-
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cess functional programs are executed by control-driven

data flow. We also present the PFL ability for non-

deterministic and parallel computation. Finally, we in-
troduce an example of how processes are evaluated per-

forming updates.

The implementation of the selected transition chains

can vary depending on the target architecture; even a

specialized architecture may be considered. In this paper,

we concentrate on the relation between the PFL structure
and the structure of functional nets as a basis for possible

implementations.

2 PROCESSES VERSUS FUNCTIONS

Parametrically polymorphic data types in PFL — a
process functional programming language, are primitive

types (such as char , int , and float), algebraic types, and

extended types comprising function types and process

types.

A process type is an extended type comprising at least

one environment variable. A process is a function of a

process type.

The type definition of process f is as follows:

f :: t1 → t2 → · · · → tn → t

where n ≥ 0 and at least one of the types tk and t is

in the forms Vk tk and V t , respectively, where Vk and

V are environment variables and tk and t are the data
types.

Furthermore, if tk = Vk tk , then Vk :: tk , and if t =

V t , then V :: t .

On the other hand, a (pure) function is just a special

case of process, where none of tk , t comprises an envi-
ronment variable. Then the type definition of function f

is as follows:

f :: t1 → t2 → . . . → tn → t

2.1 The specification

An example of pure function f defined in PFL script

is as follows:

f :: int ->int ->int

f x y = x + y

Evaluating the expression (f 2 3) yields 5 without a

side effect. The type definition (the first equation above)
is optional, since it may be derived by the type checker.

The definition (the second equation above) is obligatory.

Let us introduce now a script containing processes g

and h and an expression to be evaluated.

Fig 2 The translation of functions and processes

g :: A int ->int ->B int

g x y = x + y

h :: A int ->B int ->()

h u v = ()

h (g 2 3) ()

(1)

Note that the type definitions for processes are obliga-
tory, but the definitions are optional. The definition of a
process having the unit value (such as h) may be derived
by the compiler.

In PFLthe unit value represents the control value and
any function of arguments and/or value of unit types is
a process.

The static binding of processes g and h to variable
environment comprising variables A and B is depicted
in Fig. 1.

2.2 The translation

Translating the type definition FTDEF of a function
f , the association of variable f with the type expression
int → int → int is added to the extended type environ-
ment TENV (see Fig. 2). The definition FDEF is trans-
lated into the definition f = (λx.λy.x+y) in the enriched
lambda calculus form ELC. For example the definition of
function f above is translated into f = (λx.λy.x + y)
form.

In contrast to pure functions, processes are translated
at two stages. At the first stage, a process type definition
PTDEF is processed adding the association of each vari-
able name (by extracting it from PTDEF) with its type
to the type environment TENV. At the same time, the
association of the process name with the function type
being obtained by extracting the environment variables
is added to TENV. For example, processing the type def-
initions of processes g and h , the following associations
are added to TENV:

A :: int

B :: int

g :: int → int → int

h :: int → int → ()
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The definition PDEF of a process is translated into
the form in which lambda variables and expressions are
bound to environment variables. For example, processes
g and h are translated into the following form:

g
A

x y =

B
︷ ︸︸ ︷

x+ y

h
A
u

B
v = ()

(2)

Notice, that lambda variables x and u are bound to
the same (shared) environment variable A , while lambda
variable v and expression (x+y) are bound to the shared
environment variable B .

At the second stage, the definitions (2) and the main
expression are translated into the extended enriched
lambda calculus form ELC as follows:

LETREC A B

g = λA. λy. LETENV B = A+ y IN B

h = λA. λB. ()

IN h (g 2 3) ()

(3)

where (in addition to purely functional case) LETREC
expression above comprises environment variables A and
B , that are shared by processes g and h .

3 CONTROL–DRIVEN DATA FLOW

To be able to define the semantics of execution of pro-
cess functional programs in functional nets, let us con-
sider first the essential properties of LETENV expression
which performs stateful computation, evaluating the ex-
pressions on the data and the control values.

3.1 The stateful evaluation

An application of lambda abstraction with an environ-
ment lambda variable is expressed in terms of LETENV
(let environment) expression, as follows:

(λV. e) m ≡ LETENV V = m IN e (4)

in which the argument m is evaluated first. It means
that the processes are eager, ie they conform with the
principle of causality. Informally, the part V = m is the
assignment of the value of the expression m to the en-
vironment variable V and e is an expression accessing
V . Notice that equation (4) is a run-time mechanism.

However, for (

B
︷ ︸︸ ︷

x+ y) in (2), where
A

x , we have (

B
︷ ︸︸ ︷

A+ y).
Then the expression LETENV B = A+ y IN B in (3)
corresponds to the specific lambda abstraction applica-
tion (λB. B) (A + y), evaluated in the compile time. It
means, that the right hand side of the definition of pro-
cess g was translated using rule (4) where e is equal to
the environment variable B .

Rule (5) says that the process with the argument of

process type may be applied to the unit value (), which

is of the unit type (). Then the process value is evaluated

with the currently assigned value in the environment vari-

able V .

(λV. e) () ≡ LETENV V = () IN e

≡ e
(5)

Rule (6) says that the process may be defined by the

unit value () and then, when applied, the argument is

just assigned to the environment variable.

(λV. ()) m ≡ LETENV V = m IN ()

≡ V = m
(6)

3.2 The transition chains

Our aim is to select the transitions related to PFL

expressions, like a basis for the definition of operational

semantics in terms of functional nets.

Let us designate the control value by ◦ and (the same

or the different) data values by • and ⋆ .

Let us consider just a single argument function and/or

process f definition as follows:

f x = e

where x is a (lambda) variable and e is an expression.

The flow of the argument value is invoked by the func-

tion/process application. The expression e is the active

element of the computation. The possible transitions are

depicted in Fig. 3.

Fig 3 The transitions for the chain e
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Let the type definition be f :: t1 → t2 .

Case 1: If t1 6= () ∧ t2 6= () then the application (f m),

where m is an expression, is performed by the transition

DD. In Fig. 3 the value of m is marked by the token •

and the value of (f m) is marked by the token ⋆ . If the

function f is the identity (f x = x), then • = ⋆ . The

DD transition is the only one which is evaluated either

eagerly or lazily, depending on the strictness analysis.

Case 2: If t1 6= ()∧t2 = () then the application (f m), is

performed by the transition DC yielding the control value

that is marked by ◦ in Fig. 3. The transition DC is always

evaluated eagerly, otherwise the expression e would not

be evaluated at all.

Case 3: If t1 = ()∧ t2 6= () then the application (f ()) is

performed by the transition CD yielding the data value

that is marked by • in Fig. 3. The transition CD is is

evaluated eagerly, otherwise the evaluation of e would

invoke the repeated evaluation of e . In a purely functional

language it is impossible to use a free variable in e , hence

the process above is a constant. In PFL , however, if e

comprises the application of a process then the value of

the expression (f ()) may differ since the evaluation of

e is stateful. Although in this case the definition of f

is not referentially transparent, this fact can be detected

statically using the call dependency analysis.

Case 4: If t1 = () ∧ t2 = () then the application (f ()),

is performed by the transition CC yielding the control

value.

Corresponding to the cases above, we may state:

1. If t1 = () (for the transitions CD and CC) then the

process may be applied just to the control value, ie its

definition is as follows:

f () = e

where () is the pattern, and e is an expression.

2. If t2 = () (for the transitions DC and CC) and the def-

inition is omitted then the implicit value of a process

is ().

3. Provided that f :: t1 → t2 , the transition DD cor-

responds to a function which is evaluated eagerly or

lazily and transitions DC, CD and CC correspond to

processes that are evaluated eagerly. In conclusion, the

mapping t1 → t2 is performed using the evaluation

chain e and the possible transitions are: DD, DC, CD,

and CC.

There are yet three other chains supported by PFL ,

depending on the type definition of processes: If f ::

V1 t1 → t2 then the evaluation chain is V −e . If f ::

t1 → V2 t2 then the evaluation chain is e−V . Finally, if

f :: V1 t1 → V2 t2 then the evaluation chain is V −e−V .

All the chains for single argument functions/processes are

depicted in Fig. 4.

Fig 4 Single argument chains

Fig 5 The data flow

Before we derive the transitions for these chains, let us

consider the flow of control and/or data values through

the environment variables separately. This flow is de-

picted in Fig. 5.

The environment variables contain data values, in-

cluding functions and processes. The possible flows are

DD and CD, where DD corresponds to LETENV V =

m IN V , where m 6= (), ie it is update, and CD corre-

sponds to LETENV V = () IN V , ie it is access. The

flows DC and CC are excluded, since the control value ()

cannot be assigned to V .

The variables (in contrast to functions and/or pro-

cesses) are passive elements of the computation. The data

flow is invoked by the application of a process, ie evalu-

ating the chains e−V , V −e , and V −e−V , respectively.

The transitions for the chains in Fig. 4 are selected by

composition which is defined by matching of the control

or the data values as follows: Let X , Y , Z be either D

(data value) or C (control value). Then it holds:

1 The flow XD matches the transition DZ , producing

the transition XZ .

2 The transition XY matches the flow Y Z , producing

the transition XZ .

The transition for the chain V−e is derived using rule 1

above. The transition for the chain e−V is derived using

rule 2 above. The transition for the chain V −e−V is

derived using both rules in any order since composition

is a transitive operation.

The derived transitions for all the chains are summa-

rized in Table 1.
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Table 1. The transitions for chains

CHAINS TRANSITIONS
DD CD DC CC

e • → • ◦ → • • → ◦ ◦ → ◦
V −e • → • ◦ → • • → ◦ ◦ → ◦
e−V • → • ◦ → • ⊥ ⊥

V −e−V • → • ◦ → • ⊥ ⊥

It means that the transitions XC are not allowed for
the chains e−V and V−e−V since () cannot be assigned
in V , hence, it cannot be produced from V .

3.3 Process composition

Control driven data flow is an execution mechanism
for the nets that we call functional nets for the follow-
ing reasons: Firstly, the flow of the data is invoked by
the process application, it is not implicit like in dataflow
graphs. Secondly, the structure of functional nets is stat-
ically defined, but dynamically allocated. The part of a
functional net well-defined by the extended LETREC is
allocated before the LETREC expression is evaluated and
it is deallocated after that.

The order in which the arguments of processes are eval-
uated determines the run-time allocation requirements.

To be able to apply the methods for modelling and
analysis of time-critical systems, it is important in which
way functional nets conform with Petri nets. Since we
have defined possible transitions and single argument
chains, consisting of environment variables and transi-
tion, our approach is conforming (from the viewpoint of
the structure) with Petri nets if the functional nets are
modelled using bipartite graphs, ie such in that there is
no arc from a transition to a transition and no arc from
an environment variable to an environment variable.

Let us propose that functional nets are modelled using
bipartite graphs. The chains e−V and V −e satisfy our
proposition. Let us consider the chains e1−e2 and V1−V2 .

The chain e1 − e2 corresponds to the application
f2 (f1 m), where m is an expression and the func-
tions/processes are defined as follows:

f1 :: t1 → t

f1 x = e1
and

f2 :: t → t2

f2 x = e2

where t , t1 , and t2 are either data types or unit types. In
this case f2 (f1 m) = (f2 ◦f1) m , where ◦ is composition
operation defined sa follows: (f ◦ g) x = f (g x). Hence,
the chain e1−e2 may be expressed in terms of singleton
chain e corresponding to (f2 ◦ f1).

The chain V1−V2 comprised in the chain e1−V1−V2−e2
corresponding to the application f2 (f1 m), where m is
an expression and the processes are defined as follows:

f1 :: t1 → V1 t

f1 x = e1
and

f2 :: V2 t → t2

f2 x = e2

where t must be a data type. In this case it holds:

f2 (f1 m) = f2 (id (f1 m)) = (f2 ◦ id ◦ f1) m

where id is the identity function id x = x . Hence, the
chain V1−V2 is substituted by the chain V1−e−V2 , where
e is equal to x .

We have shown that the structure of functional nets
conforms with Petri nets, which are modelled using bipar-
tite graphs. However, control-driven data flow is based
not just on the flow of data, extracting and producing
the values; it updates memory cells by data values and
accesses them by control values again.

3.4 Parallelism

Parallelism is the matter of the control. More precisely,
it is the matter of evaluation strategy used when PFL
processes are applied to arguments of unit type, ie such
that their values are control values.

Let process f be defined as follows:

f :: A1 t1 → A2 t2 → . . . → An tn → t

f x1 x2 . . . xn = e

Then the application

f m1 m2 . . . mn

is evaluated, evaluating arguments m1 , m2 , . . . , mk

sequentially before the expression e is evaluated. The
application above corresponds to the following imperative
sequence of assignments, followed by the evaluation of
expression e .

A1 := m1; A2 := m2; . . . An := mn; e

Note that the values of environment variables are used
in e above, since A1, . . . , An occur in e as a result of the
translation of f . In the example above, the arguments
mk are of data types tk , k = 1 . . . n .

Now, let us suppose the arguments mk of unit type
(), k = 1 . . . n . Then the application f m1 m2 . . . mn

corresponds to the imperative sequence as follows.

m1; m2; . . . mn; e

Moreover, we may support sequential evaluation of
expressions by built-in sequence tupling operations, as
follows.

(; ) :: () → () → ()

(; ; ) :: () → () → () → ()

(; ; ; ) :: () → () → () → () → ()

etc, and parallel evaluation of expressions by built-in par-
allel tupling operations, as follows.

(‖) :: () → () → ()

(‖ ‖) :: () → () → () → ()

(‖ ‖ ‖) :: () → () → () → () → ()
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Fig 6 Evaluation – Initial state

etc.

Then (m1;m2;m3) is evaluated sequentially starting
with m1 and finishing with m3 and (m1 ‖ m2 ‖ m3) is
evaluated in parallel, starting with m1 ,m2 , and m3 , and
finishing if all expressions are evaluated. In both cases the
value of evaluation is control value.

3.5 Non-determinism

Let us define the processes f , g and h as follows:

f :: A int → int

f x = x+ x

g :: A int → ()

g x = ()

h :: A int → ()

h x = ()

The processes above share the same environment vari-
able A . Hence, the expression (f (g 3 ‖ h 4)) is evaluated
as follows.

(A := 3 ‖ A := 4); A+A

The result of evaluation is either 6 or 8 depending on
the order in which A := 4 (h 4) and A := 3 (g 3) are
evaluated.

In conclusion, functional nets are able to model non-
determinism since environment variables may be shared
by arguments and/or values of processes.

Fig 7 Evaluation – Step 1

Fig 8 Evaluation – Step 2

4 AN EXAMPLE OF EVALUATION

Let us consider the script (1) consisting of the pro-

cesses g and h, and the main expression (h (g 2 3) ()).

It can be proved that this script is deterministic. That

is why we will not consider the order in which the ar-

guments are evaluated. We will concentrate just on the

state before the arguments are evaluated, after they are

evaluated, and the state after the process body is evalu-

ated.

The initial state of evaluation is depicted in Fig. 6.

When evaluating the expression (h (g 2 3) ()) the

application (g 2 3) is evaluated first.

Applying g to the arguments, the value 2 is assigned

to A , according to Fig. 7. Then the process g is evalu-

ated, yielding the value 5 which is assigned to B . The

result 5 is still accessible like in the case of a pure func-

tion. Although no assignment was used by a programmer

explicitly, evaluating the expression (g 2 3), the addi-

tional side effects on A and B were performed. This sit-

uation is depicted in Fig. 8. The state before (h 5 ()) is

evaluated, is depicted in Fig. 9.

Applying h to the arguments 5 and (), the value 5 is

assigned to A according to Fig. 10. The second argument

of the same value 5 is accessed from B . Evaluating the

body of h , which is (), yields the control value. No value

is accessible in the stack evaluating the expression (h (g

2 3) ()). The final state is depicted in Fig. 11.

Fig 9 Evaluation – Step 3
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Fig 10 Evaluation – Step 4

As obvious, the environment variables are the variables
(memory cells) that are shared by processes. The data
values are passed through these variables updating them.
The control values access the current data values assigned
to the environment variables.

5 DISCUSSION

Besides the static binding in the compile time, the dy-
namic binding is performed while evaluating the processes
(compare the state in Fig. 8 and the state in Fig. 9).
Although in stack-based implementations this binding is
trivial (since evaluating the process application, the re-
sult is on the stack), there is a variety of non-trivial im-
plementations that may be considered using the concept
of functional nets evaluated by the control-driven data
flow.

Fig 11 Evaluation – Final state

The expression (the chain e) in the functional net is
related to the transition in the Petri net. Hence, the chain
e is not a mapping on the anonymous tokens, but on the
data and/or control values.

The variable V is related to the place in the Petri net.
However, the value is not extracted from V like a token
from the place; it is either updated or accessed.

In this article, we consider the control-driven data flow
paradigm as an abstract machine for a process functional
programming language rather than an execution model
for computer architectures. However, in PFLa very high
abstract level of a pure functional language interacts with
a very low level of the state machines in an uniform way.

There are formal methods available for evaluating
time-critical systems [15,16,17] that seem to be applicable

to the modelling, analysis and profiling of real-time sys-
tems that the PFL language is proposed to. It is impor-
tant to align the processes to real-time system resources in
the way in which the time requirements are satisfied [20].
Type definitions provide possibility to reason about shar-
ing the variables. The definitions provide possibility to
reason about the (control and data) flow. This reasoning
is one of the subjects of our current research. Of course,
the single argument chains presented in this paper have
to be extended to multi argument functions/processes,
guarded expressions, etc.

6 CONCLUSION

In this paper, we have defined the relation between
PFL — an experimental process functional programming
language and the structure of transition chains in func-
tional nets.

We have shown the way in which functional nets are
mapped to bipartite graphs and how they are evaluated
by control-driven data flow performing stateful compu-
tation. We have proposed the PFL language constructs
able to explore the parallelism.

A stateful computation by control-driven data flow is
performed as efficiently as in any imperative language.
At the same time, high abstraction of a purely functional
definition of processes is preserved.

From the viewpoint of software engineering, PFL
script is the composition of a purely functional specifi-
cation and a dataflow design.
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[3] NOVITZKÁ, V. : Structures of Algebraic Specification Lan-

guages, In: Proceedings of the International Scientific Confer-
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