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Abstract—Due to recent advances in multicore processor tech-
nology, parallel computing has received much attention lately. In
this context, the need for a natural parallel execution paradigm
makes a visual data flow programming language (VDFL) at-
tractive. VDFL programs are mainly used in measurement and
controlling tasks where accuracy and robustness of the system
are fundamental. The verification of these systems are, however,
difficult and testing processes cannot fully expose all the potential
errors. This problem is typically tackled with formal methods,
including formal specification, model-checking, and refinement.
In this paper, as the main contribution, we formalize the basic
concepts of VDFL with action systems. We show that there is a
natural mapping between VDFL and action systems that supports
future work on reasoning and refinement of VDFL programs
using action systems.

I. I NTRODUCTION

NOWADAYS research of parallel computing is growing
fast abreast of evolving multicore processor technology.

This imposes new requirements on a programming language
as well. A visual data flow programming language (VDFL) is
an attractive choice in this context.

Two main advantages of a visual data flow programming
language are uncontrolled flow of data and the support of
parallel program execution [1], [5]. The uncontrolled VDF
program execution means the program is executed without
a predefined order. In the data flow program,data tokens
flow amongarcs from one computational unit callednodeto
another node. The main principle of data flow execution is that
any node is executable as soon as all arguments of the node
are available. An inclusive introduction to data flow languages
can be found in [1], [2], [10], [19]. More details about visual
data flow program are given in Section II.

The majority of current visual data flow programming lan-
guages are used in the field of measurement, data acquisition,
control and signal generation systems. During our previous
VDFL research in the field of health care, a question of robust
system verification has been brought out.

The use of formal methods for detecting defects in early
phase and verifying a robust system is undeniable. In this paper
we discuss formalization of a visual data flow language with
action systems.

Action systemsare predicate transformer based systems
used especially in the development of reactive and concurrent
systems. The execution of an action is always atomic. If two
actions refer to disjoint variables, their execution can bein

any order or in parallel. Hence, this models parallelism by
interleaving. Action systems are similar to the Unity logic
of Chandy and Misra [6] and are also related to Lamports
Temporal Logic of Actions [12]. However, contrary to these
approaches there are no assumptions about the fairness in the
selection of actions; fairness is not needed here. The basics of
action systems are described in Section III.

The contribution of this paper is to present the basic
mapping from the VDFL into the action systems formalism.
The formalization of VDFL with action systems has many
advantages. With action systems, one can reason about the
correctness of VDFL programs using automated reasoning
[11], [16]. Also, from the design point of view, action systems
support a refinement paradigm [3], which thus allows provably
correct stepwise development of VDFL programs. In this
paper, however, we do not investigate these features in detail,
as they are topics for future research.

In Section IV, we introduce mapping assignments for a
visual computational node and a visual condition structure.
Iterative structures are left outside the paper because they
do not follow the data flow principle [13]. In each mapping
case, we give an example implemented with visual data flow
programming language LabVIEW [14]. In Section V, we give
our conclusion and describe our future work among the action
systems and VDFLs.

II. V ISUAL DATA FLOW PROGRAMMING

A visual data flow program code is presented as a directed
graph. The program code is created by placing nodes and arcs
into acode diagram. A node represents, for example, a simple
computational unit or a subprogram consisting of other nodes.
Also, a node can represent systems input or output value.

In Figure 1, an example of visual data flow program code is
illustrated. Among the eight nodes, theA, B, andC represent
input values andResult an output value of the application.
Other nodes are considered as basic computational nodes.

A node can have zero or more input and output arcs. An arc
can be considered as avariable transferring data tokens from
a node to another node or nodes. The arc is attached into the
node throughdata portsor terminals. For now on, we use the
term terminal. The data type of an arc, and a token it transfers,
has to be the same type as the input and output terminals it is
attached to.
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Fig. 1. A visual data flow program computing a function:(a2
− b)+ (b/c).

Figure was generated using LabVIEW.

Fig. 2. A general visual structure that controls conditionsin a VDFL.

The data flow execution model is often used with visual
program code representation. Reasons are given in [7]. The
data flow execution model enables nodes to be executed
parallel. Furthermore, the order of node execution is not
sequential but a node becomes executable as soon as it has
received all its input data and its (possible) output arcs are
empty. An arc transferring tokens into a node becomes empty
immediately when a node has absorbed a token or tokens
from it. If a node does not have any inputs, it is immediately
executed when the program is executed. Also, a node without
any inputs is executed only once during the program execution.
Once a node has been executed, it produces new values for
all of its outputs.

In Figure 1, the program computes a function(a2 − b) +
(b/c). When the program is executed, data from the nodesA,
B andC start to flow in parallel to the following nodesa2 and
b/c. Here we assume that the nodesA, B andC have some
initial values when the program is executed. After the nodea2

has produced result into the output arc, the subtraction node
(−) receives all needed data and it is executed. Finally, the
results from subtraction and division nodes are added together
and the result is viewed in theResult node.

In addition to nodes and arcs, a VDFL contains con-
trol structures, such as, condition and iteration structures.
However, in apure VDFL, basic control structures can not
been implemented without breaking the data flow princi-
ple. Because of that reason, each (not completely pure)
VDFL can have its own special way to implement the struc-
tures [13].

Fig. 3. The merge node.

In this article, we introduce a general visual condition
structure. In Figure 2, a condition structure is illustrated. The
structure has a selector terminal defining which one of the
cases is executed. The type of the selector terminal can be, for
example, Boolean, Integer, String or enumerated data type.In
addition to the input arc attached to the selector terminal,the
structure can have unlimited number of input and output arcs.
According to the data flow principle, in the structure, every
output arc has to be populated in each time the structure is
executed.

The simplest case of a condition structure is amerge1 node
[1], [13]. The merge node is illustrated in Figure 3. The
merge node operates with three inputs. Here, the input data
are associated with the boolean value that controls which one
of the two input data is directed to the output arc. If the control
data is true, the data from thetrue input arc is directed to the
output arc. Similarly, if the control data is false, the datafrom
the false input arc is directed to the output arc.

III. A CTION SYSTEMS

The main purpose of modeling a visual data flow language
in formal methods is to verify robustness of a final program.
An action system is a formal method suitable to model a
VDFL, because of its ability to model a parallel program
execution and also its ability to easily model the data flow
principle using guards. Before mapping a VDFL in an action
system we introduce a definition of an action and an action
system.

A. Action

An action is any statement in an extended version of
Dijkstra’s guarded command language [8]. It includes abort
and skip actions, (multiple) assignment, sequential composi-
tion, nondeterministic choice, conditional, and iteration. The
language is defined using theweakest preconditionpredicate
transformerwp(A, q), which for any actionA and postcondi-
tion q yields the weakest precondition such thatA terminates
and establishesq. Pre- and postconditions are predicates over
the state variables. Functionq[e/x] denotes the substitution
of free occurrences of variablesx with expressionse in

1The name merge can be misleading but it is used because of historical
notations.
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predicateq. For actionsA, B it is defined [15]:

wp(abort, q) =̂ false
wp(skip, q) =̂ q
wp(x := e, q) =̂ q[e/x]
wp(A; B, q) =̂ wp(A, wp(B, q))
wp(A [] B, q) =̂ wp(A, q) ∧ wp(B, q)

This language is extended by allowing pure guarded com-
mands of the formg → A, whereg is a predicate, with the
meaning:

wp(p → A, q) =̂ p ⇒ wp(A, q)

Operationally, this action waits till guardg holds and then
executes the bodyA.

The guard of an actionA is the conditiong A, defined by:

g A =̂ ¬wp(A, false).

Having guarded actions allows us to define conditional and
iteration concisely by

wp(if A fi, q) =̂ wp(A, q) ∧ g A
wp(do A od, q) =̂ (∀n.wp(An, g A ∨ q)) ∧

(∃n.¬ g An)

where A0=̂skip and An+1 = =̂An; A. In the definition
of iteration, conjuncts correspond to partial correctnessand
termination respectively.

B. Action systems

An action systemA has the form

A =̂ |[ var x := x0;do A od ]| : z

First, local variablesx are initialized tox0, and then actionA
is repeatedly executed. This execution terminates only when
A is no longer enabled, and aborts whenA aborts.

Local and global variables ofA are variablesx and z
respectively. These variables form thestate variablesof A.
All of them are distinct and associated with an explicit type.
Actions are allowed to refer to any state variable. In the
following, we use the keywordsglobal for global andvar
for local variables.

The actionA is typically of the form:

A =̂ A1 [] . . . [] Am

Operationally, any of the enabled actionsAi in A is selected
nondeterministically for execution.

C. Composition of action systems

Consider two action systemsA andB

A = |[ var x := x0;do A od ]| : z
B = |[ var y := y0;do B od ]| : v

wherex is disjoint fromy. We define theparallel composition
A ‖ B to be the action system

C = |[ var x, y := x0, y0;do A [] B od ]| : z ∪ v.

Fig. 4. A computational node in visual data-flow programminglanguage.

Thus, it combines the state spaces of the two constituent
action systems, merging the global variables and keeping the
local variables distinct. The behaviour of a parallel composi-
tion depends on how the individual action systems, thereactive
components, interact with each other via the global variables
that they reference. For instance, a reactive component does
not terminate by itself: termination is a global property ofthe
composed action system [4].

IV. N ODES AND CONTROL STRUCTURESMODELED IN

ACTION SYSTEMS

Mapping a visual data flow language to action systems is
implemented as follows. Each action or action system models
a single visual node. A variable in an action system represents
a single input or output arc in a VDFL. Furthermore, a guard
represents the firing rule of the node. Following the data
flow principle, the guard has always the same kind of firing
rule: action is executable as soon as every input variable
has received a non-void value and every output variable of
the node is empty. Because the functionality of the guard is
defined by empty values, we first define extensions of data
types. A notation that represents any kind of extended data
type is denoted as follows.

Definition 1: Let T represent any data type. Also, let⊚

denote the void value. Then an extensionT + is denoted as:

T + = T ∪ {⊚}

A. A general computational node

A general visual computational node is represented
in Fig. 4. It computes the outputτ of the function f
from the input β. The computational node hasm input
arcs andn output arcs, wherem, n ∈ N. The general action
system for a general computational node is defined as follows:

Definition 2: Let I+ and O+ be some extended data
types denoting the extended data types for the input and
output variables. Letβ = (β1, ..., βm) be input variables that
represents corresponding input arcs of a visual computational
node namedf . Also, let τ = (τ1, ..., τn) be output variables
that represent corresponding output arcs off . Then the node
f is defined as action system:

fNode = |[var β : I+, τ : O+

do β 6= ⊚ ∧ τ = ⊚ → τ := f(β) od]| : τ
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Fig. 5. Connected nodesf andg.

In Example 1, a basic sum node is modeled with an action
system. The SumNode sums two integers,β1 andβ2 together
and produces the result inτ1. Binary operations, such as
subtraction, division, and multiplication are modeled similarly.

Example 1:Let β1 and β2 be as in Definition 2 having
integer data type. Letτ1 be a single integer type output value.
Then, a node that sums two integers together is defined as:

SumNode= |[var β1, β2, τ1 : Integer+

do β1 6= ⊚ ∧ β2 6= ⊚ ∧ τ1 = ⊚ → τ1 := β1 +
β2 od]| : τ1

B. Connected Nodes

In Figure 5, two computational nodes are connected to-
gether. The output arcsτ1, ..., τn of the nodef are the input
arcs of the nodeg. Every output arc off is not necessarily
connected to theg. The arcsδ1, ..., δl represent those outputs
of the nodef .

Modeling connected nodes with action system s is quite sim-
ilar to the composition of action systems presented previously.
However, the outputs of connected nodes are not similar to the
outputs of a composed action systems; In the composition the
outputs were defined as a union of global variables. Here, in
particular, the outputs of the connected nodes,f and g do
not necessarily contain both the outputs off and g. Also,
the inputs ofgNode can also be a subsection of outputs of
fNode. Therefore, we now denote acomposition of nodesas
follows:

Definition 3: Let there be two actions fNode and gNode.
Let β and τ be as in Definition 2 andϕ1, ..., ϕk be output
variables of gNode. Also, letδ1, ..., δl be output variables of
the fNode that are not connected to the gNode. Let fNode
and gNode be denoted:

fNode = |[var β : I+, τ : O+, δ : V +

do β 6= ⊚ ∧ τ = ⊚ ∧ δ = ⊚ → (τ, δ) :=
f(β)

od]| : τ, δ

gNode =|[var τ : O+, ϕ : U+

do τ 6= ⊚ ∧ ϕ = ⊚ → ϕ := g(τ) od]| : ϕ

Then a composition of the fNode and the gNode is denoted:

fNode≫ gNode =̂|[var β : I+, τ : O+, ϕ : U+

do β 6= ⊚ ∧ τ = ⊚ ∧ δ = ⊚ → (τ, δ) :=
f(β)

[] τ 6= ⊚ ∧ ϕ = ⊚ → ϕ := g(τ)
od]| : ϕ

Next, we present how condition structure of a VDFL are
modeled in an action system. In VDFLs, the control structure
can be thought as a computational node following the same
principles that are represented previously in this paper.

C. Condition Structure

In reference to Figure 2, a general mapping of a case
structure in an action system is defined as follows.

Definition 4: Consider a case structure over a data type
C with l distinct values (c1, ..., cl) and with m inputs andn
outputs. Letα be an input variable representing a selection,
i.e. α is of typeC+. Let I+ andO+ be some extended data
types. Also, letβ = (β1, ..., βm) represent input variables,
τ = (τ1, ..., τn) represent output variables andfc(β) be a
single function or operation of the caseC. Then, the case
node is defined as:

CaseNode= |[var α : C+, β : I+, τ : O+

do

[]α = c1 ∧ β 6= ⊚ ∧ τ = ⊚ → τ := fc1
(β)

[]α = c2 ∧ β 6= ⊚ ∧ τ = ⊚ → τ := fc2
(β)

[]...
[]α = cl ∧ β 6= ⊚ ∧ τ = ⊚ → τ := fcl

(β)
od]| : τ

Note, that the data typeC in the definition above can be
any type, such as Boolean, Integer, String or enumerated data
type.

In Figure 6, an example of a visual case structure is
illustrated. The case structure has two conditions,α = 1 and
α = 2, two inputs,A and B, and two outputs,K and L.
In the caseα = 1, sin(A) is computed and placed intoK.
In the caseα = 2, sin(B) is computed and placed intoL.
Following the data flow principle, every output needs to have
some data after the case execution. Therefore, in the case
α = 1, the value fromB is directed straightly to the output
L and, in the caseα = 2, A is directed to the outputK. An
action system modeling the visual case structure is defined as
follows.

Example 2:Let there be two integer type cases,1 and
2, two input variables,A and B, and two output variables,
K and L. Also, let α be the input variable representing the
selection. Then:

SinCaseNode= |[var α : {1, 2}+, A, B, K, L : Double+
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Fig. 6. The case structure with two cases. The figure was generated using LabVIEW.

Fig. 7. The merge gate operating as a simple selection structure between
two cases. The figure was generated using LabVIEW.

do
[]α = 1 ∧ A 6= ⊚ ∧ B 6= ⊚ ∧ K = ⊚ ∧ L = ⊚

→ K, L := sin(A), B
[]α = 2 ∧ A 6= ⊚ ∧ B 6= ⊚ ∧ K = ⊚ ∧ L = ⊚

→ K, L := A, sin(B)
od]| : K, L

The second example of a condition structure is based on
Figure 7, where a visual merge node is used. As mentioned
above, the merge node operates with three inputs and one
output. The example of merge node is represented with an
action system as follows.

Example 3:Let α be a control variable, andT as well
as F be input variables of type Double. Also, letτ be an
output variable. Then, the merge node represented in Figure7
is defined as:
MergeNode= |[var α : Boolean+, T, F, τ : Double+

do

[]α = true ∧ T 6= ⊚ ∧ F 6= ⊚ ∧ τ = ⊚ → τ := T
[]α = false ∧ T 6= ⊚ ∧ F 6= ⊚ ∧ τ = ⊚ → τ := F
od]| : τ

We now represent an example where a simple visual data
flow program is represent with an action system. The visual
program code is illustrated in Figure 8. The result of the

Fig. 8. An example of visual program code. Figure was generated using
LabVIEW.

program is eitherA or C depending on the result of the
comparison:A + B > C. If the comparison result istrue,
then the final resultR is A. If the comparison result isfalse,
then the final resultR is C. The visual program is represented
with an action system as follows:

Example 4:The three nodes in Figure 8 are denoted as
follows. Note, that the result of SumNode is denoted asD,
the result of GreaterNode asE, and the result of MergeNode
asR. These denotations are not shown in Figure 8.

SumNode = |[var A, B, D : Double+

A 6= ⊚ ∧ B 6= ⊚ ∧ D = ⊚ → D = A + B]| : D

GreaterNode = |[var E : Boolean+, C, D :
Double+

do

[]C 6= ⊚ ∧D 6= ⊚∧E = ⊚ ∧D > C → E := true
[]C 6= ⊚∧D 6= ⊚∧E = ⊚∧C ≤ D → E := false
od]| : E

MergeNode = |[var E : Boolean+, A, C, R :
Double+

do

[]E = true ∧ A 6= ⊚ ∧ B 6= ⊚ ∧ R = ⊚ → R := A
[]E = false∧A 6= ⊚∧B 6= ⊚∧R = ⊚ → R := C
od]| : R
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Then the program in Figure 8, named exampleNode, is
denoted:

ExampleNode=
SumNode ≫ GreaterNode ≫ MergeNode

Thus, ExampleNode is a composition of three action sys-
tems. It unfolds to an action system as follows:

ExampleNode=
|[var E : Boolean+, A, B, C, D, R : Double+

do

[]A 6= ⊚ ∧ B 6= ⊚ ∧ D = ⊚ → D := A + B
[]C 6= ⊚ ∧D 6= ⊚∧ E = ⊚ ∧D > C → E := true
[]C 6= ⊚∧D 6= ⊚∧E = ⊚∧C ≤ D → E := false
[]E = true ∧ A 6= ⊚ ∧ B 6= ⊚ ∧ R = ⊚ → R := A
[]E = false∧A 6= ⊚∧B 6= ⊚∧R = ⊚ → R := C
od]| : R

V. CONCLUSION AND FUTURE WORK

Because of the semantic similarity between the action
systems and the VDFL, the action systems formalism is well
suited for describing VDFL programs. In both languages, the
execution order is implicit and depends only on an execution
rule or guard. Therefore, parallelism is expressed naturally in
both languages.

The action system formalism and the VDFL do have some
differences. Firstly, in an action system, an executable action
will not necessarily be executed at all. In contrast, in VDFL,
an executable node is always executed. Secondly, there is
a difference in the naming of variables. In VDFL, an arc
can be thought as a non-named variable between an output
and an input. In an action systems, a variable has to be
explicitly introduced for each arc. These differences, however,
do not exclude use of action systems for the analysis of VDFL
programs.

An obvious topic for future research is the use of action
systems tools for the analysis of VDFL programs. In particular,
with action systems, we can use theorem provers and model
checkers to analyze the execution and correctness of VDFL
programs. Another potential topic for future research is the
use of refinement in the development of VDFL programs. For
this purpose, we could use tools like B [18], for which there
is already a well established link to action systems.

Another potential topic for future research is the inclusion
of a visual iterative construct. Iteration as such is not part of

any VDFL, but a repetitive execution of a VDFL program
allows constructs that behave as iterations. Clearly, in real
world applications, such as in measurement devices and con-
trol systems, iterations must be used. We believe that action
systems can easily capture also that feature.
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TUCS Dissertations, No. 24, 2000.

[12] Lamport, L. A Temporal Logic of Actions. Research Report No. 57,
DEC System Research Center, 1990.

[13] Mosconi, M., Porta, M. Iteration Constructs in data-flow visual program-
ming language.Computer Languages26, pages 67-104, 2000.

[14] National Instrument’s LabVIEW website http://www.ni.com/labview
[15] M. Rönkkö, E. Sekerinski, K. Sere. Control systems asaction systems.

In proceedings of Workshop on Discrete Event Systems (WODES’96).
pp. 362–367, IEEE publications, 1996.

[16] K. Sere, and M. Walden. Reverse Engineering Distributed Algorithms.
In Journal of Software Maintenance: Research and Practice,vol 8, 2, pp.
117 - 144, March-April, 1996.

[17] E. Sekerinski and K. Sere.A Theory of Prioritizing Composition.TUCS
Technical Report, No 5, May 1996.

[18] M. Walden. Formal Reasoning About Distributed Algorithms. Ph.D.
thesis. Department of Computer Science,Åbo Akademi University, TUCS
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