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University of Zielona Góra, Institute of Computer Engineering and Electronics,
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Abstract: The goal of the paper is to present a formal, rigorous approach to the design of
logic controllers, which are implemented as independent control units or as cen-
tral control parts inside modern reconfigurable microsystems. A discrete model of
a dedicated digital system is derived from the control interpreted Petri net behav-
ioral specification and considered as a modular concurrent state machine. After
hierarchical and distributed local state encoding, an equivalent symbolic descrip-
tion of a sequential system is reflected in field programmable logic by means of
commercial CAD tools. The desired behavior of the designed reprogrammable
logic controller can be validated by simulation in a VHDL environment.
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1. INTRODUCTION

The paper covers some effective techniques for computer-based synthesis
of reprogrammable logic controllers (RLCs), which start from the given inter-
preted Petri net based behavioral specification. It is shown how to implement
parallel (concurrent) controllers1,4,8,14 in field programmable logic (FPL). The
symbolic specification of the Petri net is considered in terms of its local state
changes, which are represented graphically by means of labeled transitions,
together with their input and output places. Such simple subnets of control in-
terpreted Petri nets are described in the form of decision rules – logic assertions
in propositional logic, written in the Gentzen sequent style1,2,12.

Formal expressions (sequents), which describe both the structure of the net
and the intended behavior of a discrete system, may be verified formally in
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the context of mathematical logic and Petri net theory. For professional valida-
tion by simulation and effective synthesis, they are automatically transformed
into intermediate VHDL programs, which are accepted by industrial CAD
tools.

The main goal of the proposed design style is to continuously preserve
the direct, self-evident correspondence between modular interpreted Petri nets,
symbolic specification, and all considered hierarchically structured implemen-
tations of modeled digital systems, implemented in configurable or reconfig-
urable logic arrays.

The paper presents an extended outline of the proposed design methodology,
which was previously presented in DESDes’01 Conference Proceedings3. The
modular approach to specification and synthesis of concurrent controllers is ap-
plied, and a direct hierarchical mapping of Petri nets into FPL is demonstrated.
The author assumes that the reader has a basic knowledge of Petri nets5,9,10,13,14.
The early basic ideas related with concurrent controller design are reported in
the chapter in Ref. 1. The author’s previous work on reprogrammable logic con-
trollers has been summarized in various papers2,4,6,8. Several important aspects
of Petri net mapping into hardware are covered in books3,13,14. The implementa-
tion of Petri net based controllers from VHDL descriptions can be found in Refs.
2, 6, and 13. Some arguments of using Petri nets instead of linked sequential
state machines are pointed in Ref. 9.

2. CONCURRENT STATE MACHINE

In the traditional sequential finite state machine (SFSM) model, the logic
controller changes its global internal states, which are usually recognized by
their mnemonic names. The set of all the possible internal states is finite and
fixed. Only one current state is able to hold (be active), and only one next
state can be chosen during a particular global state change. The behavioral
specification of the modeled sequential logic controller is frequently given as a
state graph (diagram) and may be easily transformed into state machine–Petri
net (SM-PN), in which only one current marked place, representing the active
state, contains a token. In that case, the state change of controller is always
represented by means of a transfer transition, with only one input and only
one output place. The traditional single SFSM based models are useful only
for the description of simple tasks, which are manually coordinated as linked
state machines with a lot of effort9. The equivalent SFSM model of highly
concurrent system is complicated and difficult to obtain, because of the state
space explosion.

In the modular Petri net approach, a concurrent finite state machine (CFSM)
simultaneously holds several local states, and several local state changes can
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occur independently and concurrently. The global states of the controller, in-
cluded into the equivalent SFSM model, can be eventually deduced as maximal
subsets of the local states, which simultaneously hold (configurations). They
correspond to all different maximal sets of marked places, which are obtained
during the complete execution of the net. They are usually presented in compact
form as vertices in Petri net reachability graph5,10,13. It should be stressed that the
explicitly obtained behaviorally equivalent transition systems are usually com-
plex, both for maintenance and effective synthesis. The methodology proposed
in the paper makes it possible to obtain a correctly encoded and implemented
transition system directly from a Petri net, without knowing its global state
set.

The novel tactic presented in this paper is based on a hierarchical decompo-
sition of Petri nets into self-contained and structurally ordered modular subsets,
which can be easily identified and recognized by their common parts of the inter-
nal state code. The total codes of the related modular Petri net subnets, which
are represented graphically as macroplaces, can be obtained by means of a
simple hierarchical superposition (merging) of appropriate codes of individual
places. On the other hand, the code of a particular place includes specific parts,
which precisely define all hierarchically ordered macroplaces, which contain
the considered place inside. In such a way any separated part of a behavioral
specification can be immediately recognized on the proper level of abstraction
and easily found in the regular cell structure (logic array). It can be efficiently
modified, rejected, or replaced during the validation or redesign of the digital
circuit.

Boolean expressions called predicate labels or guards depict the external
conditions for transitions, so they can be enabled. One of enabled transition
occurs (it fires). Every immediate combinational Moore type output signal y is
linked with some sequentially related places, and it is activated when one of
these places holds a token. Immediate combinational Mealy type output signals
are also related with proper subsets of sequentially related places, but they also
depend on relevant (valid) input signals or internal signals. The Mealy type
output is active if the place holds a token and the correlated logic conditional
expression is true.

The implemented Petri net should be determined (without conflicts), safe, re-
versible, and without deadlocks5,7. For several practical reasons the synchronous
hardware implementations of Petri nets4,6,7 are preferred. They can be realized
as dedicated digital circuits, with an internal state register and eventual output
registers, which are usually synchronized by a common clock. It is considered
here that all enabled concurrent transitions can fire independently in any order,
but nearly immediately.

In the example under consideration (Fig. 2-1), Petri net places P = {p1–
p9} stand for the local states {P1–P9} of the implemented logic controller. The
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Figure 2-1. Modular, hierarchical and colored control interpreted Petri net.

Petri net transitions T = {t1–t8} symbolize all the possible local state changes
{T1–T9}. The Petri net places are hierarchically grouped as nested modular
macroplaces MP0-MP7. The Petri net describes a controller with inputs x0–x6
and outputs y0–y6. The controller contains an internal state register with flip-
flops Q1–Q4. The state variables structurally encode places and macroplaces
to be implemented in hardware.

The direct mapping of a Petri net into field programmable logic (FPL) is
based on a self-evident correspondence between a place and a clearly defined
bit-subset of a state register. The place of the Petri net is assigned only to the
particular part of the register block (only to selected variables from internal
state register Q1–Q4). The beginning of local state changes is influenced by the
edge of the clock signal, giving always, as a superposition of excitations, the
predicted final global state in the state register. The high-active input values are
denoted as xi, and low-active input values as /xi.

The net could be SM-colored during the specification process, demonstrating
the paths of recognized intended sequential processes (state machines subnets).
These colors evidently help the designer to intuitively and formally validate the
consistency of all sequential processes in the developed discrete state model4.
The colored subnets usually replicate Petri net place invariants. The invariants
of the top-level subnets can be hierarchically determined by invariants of its
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subnets. If a given net or subnet has not been previously colored by a designer
during specification, it is possible to perform the coloring procedure by means
of analysis of configurations. Any two concurrent places or macroplaces, which
are marked simultaneously, cannot share the same color. It means that coloring
of the net can be obtained by coloring the concurrency graph, applying the
well-known methods taken from the graph theory1,2. For some classes of Petri
nets, the concurrency relation can be found without the derivation of all the
global state space4,7,13. The colors ([1], [2]), which paint the places in Fig. 2-1,
separate two independent sequences of local state changes. They are easy to
find as closed chains of transitions, in which selected input and output places
are painted by means of identical colors.

The equivalent interpreted SM Petri net model, derived from equivalent
transition system description (interpreted Petri net reachability graph of the
logic controller), is given in Fig. 2-2.

The distribution of Petri net tokens among places, before the firing of any
transition, can be regarded as the identification of the current global state M.
Marking M after the firing of any enabled transition is treated as the next global
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Figure 2-2. Global states of control interpreted Petri net. Transition system modeled as
equivalent state machine Petri net.
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state @M. From the present global internal state M , the modeled controller
goes to the next internal global state @M, generating the desired combinational
immediate output signals y and registered @y output signals.

There are 9 places describing global states M1–M9 and 13 transitions be-
tween 13 pairs of global states. Such an implicit formal structure really exists in
hardware, although its internal structure could be unknown, because eventually
deduced global state codes are immediately read from the state register as a
consistent superposition of local state codes. Since a Moore-type output should
be stable during the entire clock period, it can also be produced as a registered
Moore-type output @y. The registered Moore-type output signals should be
predicted before the local state changes.

3. LOGIC CONTROLLER AS ABSTRACT
REASONING SYSTEM IMPLEMENTED
IN DIGITAL HARDWARE

The well-structured formal specification, which is represented in the human-
readable language, has a direct impact on the validation, formal verification,
and implementation of digital microsystems in FPL. The declarative, logic-
based specification of the Petri net can increase the efficiency of the concurrent
(parallel) controller design. The proposed model of a concurrent state machine
can be considered within a framework of the concept of sequent parallel au-
tomaton, developed by Zakrevskij3,14. Here, a control automaton, with discrete
elementary states and composite super-states, is treated as a dynamic inference
system, based on Gentzen sequent logic1,2,12.

After analysis of some behavioral and structural properties of the Petri
net5,7,10,13,14, a discrete-event model is related with a knowledge-based, textual,
descriptive form of representation. The syntactic and semantic compatibility
between Petri net descriptions and symbolic conditional assertions are kept as
close as possible. The symbolic sequents-axioms may include elements, taken
from temporal logic, especially operator “next” @11. Statements about the dis-
crete behavior of the designed system (behavioral axioms) are represented by
means of sequents-assertions, forming the rule-base of the decision system,
implemented in reconfigurable hardware. Eventual complex sequents are for-
mally, step by step, transformed into the set of the equivalent sequent-clauses,
which are very similar to elementary sequents1,3,14. The simple decision rules,
which are transformed into reprogrammable hardware, can be automatically
mapped into equivalent VHDL statements on RTL level2,6,13. The next steps of
design are performed by means of professional CAD tools.
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The implicit or explicit interpreted reachability graph of the net is considered
here only as a conceptual supplement: compact description of an equivalent
discrete transition system (Fig. 2-2), as well as Kripke interpretation structure11

for symbolic logic conditionals.

4. STRUCTURED LOCAL STATE ENCODING

The simplest technique for Petri net place encoding is to use one-to-one
mapping of places onto flip-flops in the style of one-hot state assignment. In
that case, a name of the place becomes also a name of the related flip-flop.
The flip-flop Qi is set to 1 if and only if the particular place pi holds the
token. In such a case it is a popular mistake to think that other state variables
Qj, . . . ,Qk have simultaneously “don’t care values.” It is evidently seen from the
reachability graph (Fig. 2-2) that the places from the same P-invariant, which
are sequentially related with the considered place pi, do not hold tokens, and
consequently all flip-flops used for their encoding have to be set to logical 0. On
the other hand, the places from the same configuration but with different colors,
which are concurrently related with the selected place pi, have strictly defined,
but not necessarily explicitly known, markings. The only way of avoiding such
misunderstanding of the concurrent one-hot encoding is the assumption that
the considered place, marked by token, can be recognized by its own, private
flip-flop, which is set to logical 1, and that signals from other flip-flops from
the state register are always fixed but usually unknown.

In general encoding, places are recognized by their particular coding
conjunctions1, which are formed from state variables, properly chosen from the
fixed set of flip-flop names {Q1, Q2, . . . , Qk}. The registered output variables
{Y} can be eventually merged with the state variable set {Q} and economically
applied to the Petri net place encoding as local state variables. For simplicity,
the encoded and implemented place pi is treated as a complex signal Pi.

The local states, which are simultaneously active, must have nonorthogonal
codes. It means that the Boolean expression formed as a conjunction of coding
terms for such concurrent places is always satisfied (always different from
logical 0). The configuration of concurrent places gives as superposition of
coding conjunctions a unique code of the considered global state.

The local states, which are not concurrent, consequently belong to at least
one common sequential process (Figs. 2-2, 2-3). Their symbols are not included
in the same vertex of the reachability graph, so they may have orthogonal codes.

The code of a particular place or macroplace is represented by means of a
vector composed of {0, 1, . . . , ∗}, or it is given textually as a related Boolean
term. The symbols of the values for logic signals 0, 1, and “don’t care” have the
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usual meanings. The symbol * in the vector denotes “explicitly don’t know”
value (0 or 1, but no “don’t care”). In expressions, the symbol / denotes the
operator of logic negation, and the symbol * represents the operator of logic
conjunction. An example3 of a heuristic hierarchical local state assignment [Q1,
Q2, Q3, Q4] is as follows:

P1[1,2] = 0 - - - QP1= /Q1
P2[1] = 1 0 0 * QP2= Q1*/Q2*/Q3
P3[1] = 1 0 1 * QP3= Q1*/Q2*Q3
P4[2] = 1 0 * 0 QP4= Q1*/Q2*/Q4
P5[2] = 1 0 * 1 QP5= Q1*/Q2*Q4
P6[1] = 1 1 0 * QP6= Q1*Q2*/Q3
P7[2] = 1 1 * 0 QP7= Q1*Q2*/Q4
P8[1] = 1 1 1 * QP8= Q1*Q2*Q3
P9[2] = 1 1 * 1 QP9= Q1*Q2*Q4

The global state encoding is correct if all vertices of the reachability graph
have different codes. The total code of the global state (a vertex of the reachabil-
ity graph) can be obtained by merging the codes of the simultaneously marked
places. Taking as an example some global states (vertices of the reachability
graph; Fig. 2-2), we obtain

QM3 = QP3 ∗ QP4 = Q1 ∗/Q2 ∗ Q3 ∗/Q4;

QM4 = QP2 ∗ QP5 = Q1 ∗/Q2 ∗/Q3 ∗ Q4.

5. MODULAR PETRI NET

Modular and hierarchical Petri nets can provide a unified style for the de-
sign of logic controllers, from an initial behavioral system description to the
possibly different hierarchical physical realizations. The concurrency relation
between subnets can be partially seen from the distribution of colors. Colors5

are attached explicitly to the places and macroplaces, and implicitly to the
transitions, arcs, and tokens2,3,4. Before the mapping into hardware, the Petri
net is hierarchically encoded. The Petri net from Fig. 2-2 can be successfully
reduced to one compound multiactive macroplace MP0. The colored hierar-
chy tree in Fig. 2-3 graphically represents both the hierarchy and partial con-
currency relations between subnets (modules). It contains a single ordinary
monoactive place P1[1,2], coded as QP1 = /Q1, and a multiactive double-
macroplace MP7[1,2], coded as QMP7 = Q1, which stands for other hierarchi-
cally nested subnets, from lower levels of abstraction containing places p1–p9.
The macroplace MP7[1,2] is built of the sequentially related macroplaces
MP5[1,2] and MP6[1,2], which are coded respectively as Q1*/Q2 and Q1*Q2.
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Figure 2-3. Hierarchy tree.

It should be mentioned that parallel macroplaces may obtain exactly the
same top-level codes. The macroplace MP5[1,2] consists of two parallel
macroplaces MP1[1] and MP2[2], which are not recognized by different con-
junctions inside MP5. The macroplace MP6[1,2] appears as an abstraction of
two other parallel macroplaces MP3[1] and MP4[2]. The macroplaces MP1[1],
MP2[2], MP3[1], and MP4[2] are directly extracted from the initial Petri net
as elementary sequential subnets.

The concurrency relation between subnets, which belong to the same
macroplace, can be expressed graphically by means of additional double or
single lines (Fig. 2-3). The code of the macroplace or place on a lower level of
hierarchy is obtained by means of superposition of codes, previously given to
all macroplaces to which the considered vertex belongs hierarchically. Taken
as an example, the code of place p2 is described as a product term QP2 =
Q1*/Q2*/Q3.

6. PETRI NET MAPPING INTO LOGIC
EXPRESSIONS

The logic controller is considered as an abstract reasoning system (rule-
based system) implemented in reconfigurable hardware. The mapping between
inputs, outputs, and local internal states of the system is described in a formal
manner by means of logic rules (represented as sequents) with some temporal
operators, especially with the operator “next” @1,2. As an example of a basic
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style of the textual controller description, the transition-oriented declarative
specification is presented.

The declarative style of description is close to well-known production rules,
which are principal forms of Petri net specification in LOGICIAN1, CONPAR6,
PARIS4,8, and PeNCAD2,3. It should be noted that here the names of transitions
T1, T2, . . . , T8 serve only as decision rule labels, keeping the easy correspon-
dence between Petri net transitions and their textual logic descriptions. The
symbol |− denotes “yield,” the symbol * stands for the logic conjunction oper-
ator, and / stands for negation.

T1[1,2] : P1[1,2] * X0 | -@P2[1] *@P4[2];
T2[1] : P2[1] * X1 | -@P3[1];
T3[2] : P4[2] * X3 | -@P5[2];
T4[1,2] : P3[1] * P5[1] | -@P6 * @P7;
T5[1] : P6[1] * X5*X6 | -@P8[1];
T6[2] : P7[2] * /X2*/X4| -@P9[2];
T7[1] : P8[1] * /X5 | -@P6[1];
T8[1,2] : P6[1] *P9[2] * /X6| -@P1[1,2].

The immediate combinational Moore-type output signals Y0–Y6, depend
directly only on appropriate place markings:

P1[1,2]| -Y0; P2[1]| -Y1; P4[2]| -Y2; P7[2]| -Y3*Y4;
P8[1]| -Y5;P9[2] | -Y6.

Instead of combinational, intermediate Moore-type outputs Y0–Y6, the val-
ues of next registered outputs @Y0–@Y6 could be predicted in advance and
included directly in the initial rule-based specification. The transition-oriented
specification of the controller, after the substitution of encoding terms and next
values of changing outputs, would look as follows:

T1: /Q1*X0 | - @Q1*@/Q2*@/Q3*@/Q4*/@Y0*@Y1*@Y2;
T2: Q1*/Q2*/Q3*X1 | - @Q1*@/Q2*@Q3*@/Y1;
(...)
T7: Q1*Q2*Q3*/X5 | -@Q1*@Q2*@/Q3*@/Y5;
T8: Q1*Q2*/Q3*Q4*/X6 | -@/Q1*@/Y6* @Y0.

In FPGA realizations of concurrent state machines with D flip-flops, it is
worth introducing and directly implementing the intermediate binary signals
{T1, T2, . . . } for detecting in advance the enabled transitions, which fire together
with the next active edge of the clock. This way of design is especially suitable
when relatively small FPGA macrocells might be easily reconfigured. In such
Martin Bolton’s style, the subset of simultaneously activated transitions keeps
the logic signal 1 on its appropriate transition status lines. Simultaneously, the
complementary subset of blocked transitions is recognized by logic signal 0 on
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its transition status lines. The great advantage of using transition status lines
is the self-evident possibility of reducing the complexity of the next state and
the output combinational logic. The registered output signals together with the
next local state codes may be generated in very simple combinational structures,
sharing together several common AND terms.

The simplified rule-based specification, especially planned for controllers
with JK state and output registers, on the right side of sequents does not contain
state coding signals, which keep their values stable, during the occurrence of
transition1. Taking into account both the concept of transition status lines and
introducing into specification only the changing registered Moore-type outputs
signals, the specification may be rewritten as follows:

/Q1 * X0 | -T1;
T1| -@Q1*@/Q2*@/Q3*@/Q4*/@Y0*@Y1*@Y2;

(...)
Q1*Q2*Q3*/X5 | -T7;

T7 | - @/Q3*@/Y5;
Q1*Q2*/Q3*Q4*/X6 | -T8;

T8| - @/Q1*/@Y6*@Y0.

The translation of decision rules into VHDL is straightforward and can be
performed as described in Refs. 2 and 6.

7. CONCLUSIONS

The paper presents the hierarchical Petri net approach to synthesis, in which
the modular net is structurally mapped into field programmable logic. The hier-
archy levels are preserved and related with some particular local state variable
subsets. The proposed state encoding technique saves a number of macrocells
and secures a direct mapping of Petri net into an FPL array. A concise, under-
standable specification can be easily locally modified.

The experimental Petri net to VHDL translator has been implemented on
the top of standard VHDL design tools, such as ALDEC Active-HDL. VHDL
syntax supports several conditional statements, which can be used to describe
the topology and an interpretation of Petri nets.
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