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Abstract—Due to recent advances in multicore processor tech- any order or in parallel. Hence, this models parallelism by
nology, parallel computing has received much attention laly. In  interleaving. Action systems are similar to the Unity logic
this context, the need for a natural parallel execution paraigm of Chandy and Misra [6] and are also related to Lamports

makes a visual data flow programming language (VDFL) at- : .
tractive. VDFL programs are mainly used in measurement and 1€mporal Logic of Actions [12]. However, contrary to these

controlling tasks where accuracy and robustness of the systn approaches there are no assumptions about the fairness in th
are fundamental. The verification of these systems are, hower, selection of actions; fairness is not needed here. The$asic
difficult and testing processes cannot fully expose all thegiential  gction systems are described in Section IIl.
errors. This problem is typically tackled with formal methods, 5 contribution of this paper is to present the basic
including formal specification, model-checking, and refinenent. . . . .
In this paper, as the main contribution, we formalize the bagc Mapping from the VDFL into the action systems formalism.
concepts of VDFL with action systems. We show that there is a The formalization of VDFL with action systems has many
natural mapping between VDFL and action systems that suppds  advantages. With action systems, one can reason about the
future work on reasoning and refinement of VDFL programs  correctness of VDFL programs using automated reasoning
using action systems. [11], [16]. Also, from the design point of view, action syste
support a refinement paradigm [3], which thus allows proyabl
correct stepwise development of VDFL programs. In this
OWADAYS research of parallel computing is growingpaper, however, we do not investigate these features iril,deta
fast abreast of evolving multicore processor technologys they are topics for future research.
This imposes new requirements on a programming languagen Section 1V, we introduce mapping assignments for a
as well. A visual data flow programming language (VDFL) igisual computational node and a visual condition structure
an attractive choice in this context. lterative structures are left outside the paper becausg the
Two main advantages of a visual data flow programmingy not follow the data flow principle [13]. In each mapping
language are uncontrolled flow of data and the support @ise, we give an example implemented with visual data flow
parallel program execution [1], [5]. The uncontrolled VDFyrogramming language LabVIEW [14]. In Section V, we give

program execution means the program is executed with@ifr conclusion and describe our future work among the action
a predefined order. In the data flow progradata tokens systems and VDFLs.

flow amongarcs from one computational unit calleabdeto
another node. The main principle of data flow execution i tha II. VISUAL DATA FLOW PROGRAMMING
any node is executable as soon as all arguments of the node
are available. An inclusive introduction to data flow langes A visual data flow program code is presented as a directed
can be found in [1], [2], [10], [19]. More details about visuagraph. The program code is created by placing nodes and arcs
data flow program are given in Section II. into acode diagramA node represents, for example, a simple
The majority of current visual data flow programming laneomputational unit or a subprogram consisting of other sode
guages are used in the field of measurement, data acqujsitidlso, a node can represent systems input or output value.
control and signal generation systems. During our previousln Figure 1, an example of visual data flow program code is
VDFL research in the field of health care, a question of robudiustrated. Among the eight nodes, the B, andC represent
system verification has been brought out. input values andResult an output value of the application.
The use of formal methods for detecting defects in earfther nodes are considered as basic computational nodes.
phase and verifying a robust system is undeniable. In thiepa A node can have zero or more input and output arcs. An arc
we discuss formalization of a visual data flow language wiitan be considered asvariable transferring data tokens from
action systems. a node to another node or nodes. The arc is attached into the
Action systemsare predicate transformer based systenmbde throughdata portsor terminals For now on, we use the
used especially in the development of reactive and concurréerm terminal. The data type of an arc, and a token it trassfer
systems. The execution of an action is always atomic. If twaas to be the same type as the input and output terminals it is
actions refer to disjoint variables, their execution canifbe attached to.

I. INTRODUCTION
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:_. = - |> Fig. 3. The merge node.
Fig. 1. A visual data flow program computing a functiga2 — b) + (b/c). In this article, we introduce a general visual condition
Figure was generated using LabVIEW. structure. In Figure 2, a condition structure is illustcht&he
structure has a selector terminal defining which one of the
cases is executed. The type of the selector terminal carobe, f
o example, Boolean, Integer, String or enumerated data tppe.
" addition to the input arc attached to the selector termihal,
Jif . R : B structure can have unlimited number of input and output.arcs
T " " Subgraphof | ¥ g According to the data flow principle, in the structure, every
| TS | output arc has to be populated in each time the structure is
B | ! W executed.
— % ™ — s ——
Bl Smwmsmsesmed H The simplest case of a condition structure imargé 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 whieh on
Fig. 2. A general visual structure that controls conditioms VDFL. of the two input data is directed to the output arc. If the coint
data is true, the data from theue input arc is directed to the
output arc. Similarly, if the control data is false, the dftan

The data flow execution model is often used with visudl® false input arc is directed to the output arc.
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 h
received all its input data and its (possible) output ares ar

empty. An arc transferring tokens into a node becomes em&t‘xfogggnmgzé drrsl Iiss tg \;grr:?alr Orggfﬁgzsssﬂailgn?; pr;%%r;mé

immediately when a node has absorbed a token or toke\/nI_S)FL, because of its ability to model a parallel program

from it. If a node does not have any inputs, it is immediatel . . . )
y Inp gxtecunon and also its ability to easily model the data flow

executed when the program is executed. Also, a node WithOLI!mCi le using auards. Before mapping a VDFEL in an action
any inputs is executed only once during the program exenuti® P 99 ' ppIng

Once a node has been executed, it produces new valuess%srtem we introduce a definition of an action and an action
. syste
all of its outputs.

In Figure 1, the program computes a functiarf — b) +
(b/c). When the program is executed, data from the nodles A. Action
B andC start to flow in parallel to the following nodeg and
b/c. Here we assume that the nodés B andC' have some  An action is any statement in an extended version of
initial values when the program is executed. After the netle Dijkstra’s guarded command language [8]. It includes abort
has produced result into the output arc, the subtractiore noahd skip actions, (multiple) assignment, sequential ca@iRpo
(—) receives all needed data and it is executed. Finally, tien, nondeterministic choice, conditional, and iteratidhe
results from subtraction and division nodes are added hegetlanguage is defined using tlveeakest preconditiopredicate
and the result is viewed in thBesult node. transformerwp(4, ¢), which for any actiond and postcondi-

In addition to nodes and arcs, a VDFL contains corion ¢ yields the weakest precondition such thaterminates
trol structures, such as, condition and iteration strie=tur and establisheg. Pre- and postconditions are predicates over
However, in apure VDFL, basic control structures can notthe state variables. Functiojje/z] denotes the substitution
been implemented without breaking the data flow princef free occurrences of variables with expressionse in
ple. Because of that reason, each (not completely pure)

VDFL can have its own special way to implement the struc- 1The name merge can be misleading but it is used because ofitast
tures [13]. notations.

I1l. ACTION SYSTEMS

aﬁwe main purpose of modeling a visual data flow language
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predicateg. For actionsA, B it is defined [15]: B T
wp(abort,q) = false
wp(skip,q) = ¢ i (B &5
wp(z == e,q) = qle/al P M)
wp(A;B,q) = wp(A,wp(B,q))
wp(A | B,q) = wp(4,q) A wp(B,q)

This language is extended by allowing pure guarded confrig. 4. A computational node in visual data-flow programmiagguage.
mands of the forny — A, whereg is a predicate, with the
meaning:
wp(p— A,q) = p = wp(4,q) Thus, it combines '.che state spaces .of the two con;tituent
’ ’ action systems, merging the global variables and keepiag th
Operationally, this action waits till guarg holds and then local variables distinct. The behaviour of a parallel cosipo
executes the bodyl. tion depends on how the individual action systems réaetive
The guard of an actionA is the conditiong A, defined by: componentsinteract with each other via the global variables
that they reference. For instance, a reactive componers doe
gA = -—wp(4, false). not terminate by itself: termination is a global propertytioé

Having guarded actions allows us to define conditional ar?gmposed action system [4].

iteration concisely by IV. NODES AND CONTROL STRUCTURESMODELED IN
ACTION SYSTEMS

wp(if Afi,q) = wp(d,q) A gA
wp(do Aod,q) = (Vnwp(A™,gA V q)) A Mapping a visual data flow language to action systems is
(3n.—g A™) implemented as follows. Each action or action system models

a single visual node. A variable in an action system reptssen
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
A = |[varz:=20;do Aod]|:z defined by empty values, we first define extensions of data
types. A notation that represents any kind of extended data
First, local variables: are initialized toz0, and then actiomd  type is denoted as follows.
is repeatedly executed. This execution terminates onlynwhe
A is no longer enabled, and aborts whéraborts. Definition 1: Let T represent any data type. Also, let
Local and global variables of A are variablesr and z denote the void value. Then an extensibh is denoted as:
respectively. These variables form tetate variablesof A. N
All of them are distinct and associated with an explicit type T"=Tu{e}
Actions are allowed to refer to any state variable. In thg A general computational node
following, we use the keywordglobal for global andvar
for local variables.
The actionA is typically of the form:

where A°=skip and A"t = Z=A"; A. In the definition
of iteration, conjuncts correspond to partial correctnasd
termination respectively.

B. Action systems
An action systemA has the form

A general visual computational node is represented
in Fig. 4. It computes the output of the function f
from the input 3. The computational node has input

A= A ... | A arcs andn output arcs, wheren,n € N. The general action
system for a general computational node is defined as follows
Operationally, any of the enabled actiods in A is selected
nondeterministically for execution. Definition 2: Let /T and Ot be some extended data
types denoting the extended data types for the input and

C. Composition of action systems : X .
P y output variables. Let = (41, ..., 8,») be input variables that

Consider two action system4 and B represents corresponding input arcs of a visual compuiaitio
A = |[varz:=20;do Aod]|:z node named'. Also, letT = (7, ...,7,) be output variables
B = |[vary:=y0;doBod]|:v that represent corresponding output arcsfoffhen the node
f is defined as action system:
wherez is disjoint fromy. We define theparallel composition
A || B to be the action system fNode = |[var 3: I*,7: 0"

C = |[var z,y := 20,y0;do A | Bod]|: zUw. dof#@ANT=0—71:=f(B)od]:T
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T
L . jﬁ Then a composition of the fNode and the gNode is denoted:
,ﬁm_- J(B) Ty &(v j‘ fNode > gNode =|[var 8: IT,7: 0", p: UT
ll doB#OANT=0OA6 =06 — (1,0) :=
5, & 16)
| T#@ANp=0 —p:=g()
od]| : ¢

Fig. 5. Connected nodef and g.

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

In Example 1, a basic sum node is modeled with an actigiinciples that are represented previously in this paper.
system. The SumNode sums two integéhsand 5, together

and produces the result im. Binary operations, such asC. Condition Structure
subtraction, division, and multiplication are modeled iznty. In reference to Figure 2, a general mapping of a case
Example 1:Let 3, and §; be as in Definition 2 having structure in an action system is defined as follows.
integer data type. Let; be a single integer type output value. pefinition 4: Consider a case structure over a data type
Then, a node that sums two integers together is defined agy with ; distinct values €, ..., ¢;) and withm inputs andn
outputs. Leta be an input variable representing a selection,

SumNode-= |[var 81, 2,71 : Integert i.e.a is of typeC*+. Let I and O+ be some extended data
dofBi #QOAB QAT =@ — 71 = [ + types. Also, let = (B34, ..., ) represent input variables,
B2 od]| : 7 7 = (n,...,7n) represent output variables anfl(3) be a

single function or operation of the cage Then, the case
node is defined as:
B. Connected Nodes

In Figure 5, two computational nodes are connected to-CaseNode= |[var a: C*,3: 1T, 7:0%
gether. The output arcs, ..., 7, of the nodef are the input do
arcs of the nodeg. Every output arc off is not necessarily [a=ciAB#OAT=® — 7= fo (B)
connected to the. The arcsiy, ..., d; represent those outputs [a=csAB#AOAT =® — T := fo,(8)
of the nodef.

Modeling connected nodes with action system s is quite sim-
ilar to the composition of action systems presented presiyou
However, the outputs of connected nodes are not similareto th
outputs of a composed action systems; In the composition the
outputs were defined as a union of global variables. Here, inNOte, that the data typ€” in the definition above can be
particular, the outputs of the connected nodgsand g do @ny type, such as Boolean, Integer, String or enumerated dat
not necessarily contain both the outputs pfand g. Also, tYPe.
the inputs ofgNode can also be a subsection of outputs of In Figure 6, an example of a visual case structure is
fNode. Therefore, we now denotea@mposition of nodeas illustrated. The case structure has two conditians; 1 and
follows: o = 2, two inputs, A and B, and two outputs K and L.

Definition 3: Let there be two actions fNode and gNodeln the casea = 1, sin(A) is computed and placed int&.

Let 3 and 7 be as in Definition 2 andps, ..., o be output [N the casea = 2, sin(B) is computed and placed intb.
variables of gNode. Also, lefi, ..., 5; be output variables of Following the data flow principle, every output needs to have
the fNode that are not connected to the gNode. Let fNo§e@me data after the case execution. Therefore, in the case

la=cABEONT=® — 1= fu(B)
od]|: 7

and gNode be denoted: a = 1, the value fromB is directed straightly to the output
L and, in the caser = 2, A is directed to the outpuk. An
fNode =|[var 8: [T, 7: 0", 6: V™" action system modeling the visual case structure is defined a
follows.
dof#OANT=0Ns=0 = (1,0) = Example 2:Let there be two integer type casek,and
od]J|C(:ﬁr),6 2, two input variables,A and B, and two output variables,

K and L. Also, let o be the input variable representing the
selection. Then:
gNode =|[var 7: O%, @ : U™

doT#@Ap=0—p:=g(rt)od]|: ¢ SinCaseNode-= |[var « : {1,2}*, A, B, K, L : Double™
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Fig. 6. The case structure with two cases. The figure was g&teusing LabVIEW.

frue—case

OB K

Control ! Metge
[ 2 {ROBE ||

false-case

DBLE

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

do

la =1NA#@ANB#0ANK =0ANL =0
— K, L :=sin(A),B

la =2NA#@AB#0ANK=0ANL=0

— K, L:= A, sin(B)
od|: K,L

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

program is eitherA or C' depending on the result of the
comparison:A + B > C. If the comparison result igrue,
then the final resulR is A. If the comparison result igalse,
then the final resulR 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/fs

8}? result of GreaterNode ds, and the result of MergeNode

The second example of a condition structure is based X >
These denotations are not shown in Figure 8.

Figure 7, where a visual merge node is used. As mention@d’-
above, the merge node operates with three inputs and one
output. The example of merge node is represented with an SumNode =|[var A, B, D : Double™

action system as follows.

Example 3:Let « be a control variable, and’ as well
as F' be input variables of type Double. Also, let be an
output variable. Then, the merge node represented in Figure
is defined as:

MergeNode= |[var « : Boolean™, T, F, 7 : Double™
do
Ja=true \T#0ANF#0AT=0—>17:=T
Ja = false \T#0ANF#0AT=0—>17:=F
od| : 7

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

A#®AB#®AD=®—D=A+B]:D

GreaterNode =|[var E Boolean™,C, D
Double™

do

[C#A@AD#0ANE=60AD>C — E:=true

[C#0AD#OANE=0AC<D— E:= false

od|: FE

MergeNode =|[var F Boolean™,A,C, R
Double™

do

|[E=trueNA#©@ANB#®ANR=0—R:=A

|E = false \A#©®@AB#©®ANR=® — R:=C

od|: R
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any VDFL, but a repetitive execution of a VDFL program
Then the program in Figure 8, named exampleNode, ows constructs that behave as iterations. Clearly, al re

denoted: world applications, such as in measurement devices and con-

trol systems, iterations must be used. We believe that ractio

ExampleNode= systems can easily capture also that feature.
SumNode > Greater Node > MergeN ode VI, ACKNOWLEDGMENT
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