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ABSTRACT 

The introduction of new energy-consuming properties for positions and transitions into the checked properties of the extended 

reference Petri net, for which the deviations of the tested Petri net are determined and a testing model is developed, provides new 

diagnostic possibilities. Keeping the class of checked properties in the composition of deviations of incidence relations, correspondences 

and marking functions of positions and transitions for the checked and reference Petri nets, the new properties make it possible to record 

the appearance of critical temperature regimes that are a consequence of errors or directly leading to their appearance. This versatility of 

testing helps to increase its completeness, accuracy and efficiency. The energy-heavy testing model is based on verification of incidence, 

correspondence, and markup functions. Checking the markup functions when generating events in positions, performing actions in 

transitions, as well as the proposed checking of the energy consumption indicators accumulated in the monitor tokens, is performed when 

checking the incidence, correspondences. The features of the testing model include the input of generalized energy-loaded Petri nets 

recorders, accumulating information about energy consumption in the behavior of positions/transitions, topological components and 

subnets, the entire Petri net in the process of its functioning. The testing model is also distinguished by the recognition of the reference 

energy-loaded behavior when checking the Petri net based on behavioral identification and coincidence of subsets of 

positions/transitions, the determination of behavior, the use of check primitives and transactions. The behavioral testing model defines 

the formal conditions for behavioral testing procedures, including the analysis of the correctness of energy consumption. The 

dimensionality of the testing model was estimated using the representation of Petri net graphs, special graphs of attainable states, 

including Rabin-Scott automata, using list structures. These estimates define the limits of applicability of the formal testing model. 
Keywords: Information System; Energy Behavior; Behavioral Testing; Petri Net; Identifier; Check Primitive 
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INTRODUCTION 

For rapidly becoming more complex promising 

distributed information systems (DIS) [1], the 

properties of autonomy with an internal, hidden for 

control and monitoring nature of work, mobility and 

intelligence of components, dynamic cooperativity 

of their interaction become inherent [2, 3]. The 

explosive development of nanoelectronics makes it 

possible to achieve a significant reduction [4] in 

energy consumption for DIS hardware [5, 6]. The 

downside of the penetration of computer 

technologies into all spheres of human activity is the 

increase in the criticality of tasks [7] solved with 

their help, which significantly increases the 

requirements for the reliability of their functioning 
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[8, 9]. The importance and absolute necessity of the 

design and operational efficiency of the DIS 

becomes obvious, in particular, achieved through the 

analysis of correctness [10], verification [11], testing 

and diagnostics [11, 12] of DIS projects and 

implementations, checking, in particular, the 

optimality values of their energy consumption, 

including in the modes of hidden functioning. 

Numerous researches of efficiency [13, 14], 

reliability of work [15, 16], energy saving [17, 18] 

for existing technologies demonstrate the greatest 

influence [19] on the energy consumption of 

hardware DIS dynamic modes, primarily switching 

during operation, represented in electrical [18] and 

logic circuits [19, 20], logic [21, 22], schematic [23] 

and special structures [24], FPGA [25, 26]. 

Analysis of models and experimental results 

shows a direct polynomial dependence of the 

number of switching’s represented at the logical and 
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electrical levels of hardware of various computer 

systems, and estimates of the generalized power 

consumption determined for the system, structural, 

functional specifications of objects and processes of 

these systems [27, 28]. This, in particular, becomes 

obvious in connection with the direct connection 

between the operators of programming languages, 

the vertices of algorithms and transitions of models 

of the automaton class on the one hand and hardware 

implementations of bitwise arithmetic and 

microprogram instructions at the logical level on the 

other hand. Thus, it is obvious that it is possible to 

synthesize and verify design solutions and DIS 

implementation at the systemic, structural and 

functional level of representing objects [29, 30] and 

processes [31]. In particular, it is advisable to use for 

these purposes effective Petri nets [32], modern 

complex technologies [33, 34], showing hidden 

events and actions, which include the analysis of 

energy consumption, adding models and methods of 

operational current and inertial temperature 

observation [24, 25] and functional-temporary 

transactions [35, 36]. 

At the same time, the analysis of existing 

works, which consider the issues of control and 

monitoring of energy consumption, demonstrates the 

predominance of research in relation to hardware 

[18], implementation technologies [19, 20] and 

much less often – consideration of energy 

consumption at the system [36, 37], functional [38, 

39], behavioral [40] levels. 

As a result, it becomes possible to draw a 

conclusion about the relevance of the researhes of 

DIS behavioral check models with checking the 

correctness of energy consumption, supplemented 

by an analysis of internal, realized and manifested 

events and actions. 

PURPOSE, PROBLEM STATEMENT 

The purpose of this work is to determine the 

conditions for increasing the completeness and 

accuracy in the behavioral testing of DIS, extended 

by checking energy consumption, which is 

performed in experiments for checking and 

recognizing the functioning of extended Petri nets 

(EPNs) with fragments hidden for control and 

observation. 

This goal determined the task of building a DIS 

behavioral check model based on the EPN, which 

has the features of accounting and subsequent 

analyzing energy consumption using chips with a 

registration mechanism, as well as hidden behavior. 

The proposed model makes it possible to find the 

conditions for monitoring the functioning of real 

DIS, taking into account its energy consumption 

when compared with the reference functioning. 

DEVELOPMENT OF AN INPUT MODEL 

WITH ENERGY CONSUMPTION AND 

LATENT BEHAVIOR 

The solution to this problem led to the 

development of an input for testing, a behavioral 

EPN model for DIS with fixing energy consumption 

[41], which shows that modeling EPN using it, 

representing asynchronous-event parallel DIS 

processes, makes it possible to record and analyze 

energy consumption in the system of parallel 

streams of chip-monitors at three levels: elementary 

(positions, transitions), component (subnets), general 

(EPN). When reaching the end positions or when 

cycling back to the starting positions in the case of 

reactive DIS, the chip-monitor system allows you to 

obtain the end values of energy consumption for 

elements, components and the entire EPN. 

The developed model, keeping identifiers, 

check primitives and fragments, controlled and 

observable alphabets, chips-monitors of energy 

consumption [42], defines the external behavior of 

the EPN, its events and actions in the symbols of the 

input and output alphabets, as subsets of controlled 

events and observed actions from full sets of all 

events and actions. The development of the model 

also provides for the analysis of hidden, implicitly 

controlled events and implicitly observed actions 

and the corresponding energy consumption. 

Thus, the input for the testing of the EPN S(f) 

with the presented modifications in the latent behav-

ioral properties and energy costs is defined as: 

S(f)=(P, T, Ev, Ac, X, Y, Ep, Et, F, S, M0),    (1) 

where: 

 P, T, X, Y, Ep, Et, F, S, M0 – defined in [41], 

primary sets of positions, transitions, input and out-

put alphabets, energy consumption of positions and 

transitions, incidence relations of positions and tran-

sitions, position correspondence, transitions, events, 

actions, energy costs, markings, these sets either 

have not changed, or have undergone some exten-

sions and clarifications presented below; 

 Ev={ev, ev2,… evme}, Ac={ac1, ac2,… acla} – 

complete sets of all events for positions and actions 

for transitions, respectively; 

X={x1, x2,… xmx, @}Ev,  Y={y1, y2,… yly, 

–   @}Ac – subsets of respectively controlled  input 

events for positions and observed output actions for 

transitions, supplemented with the @ symbol – un-

certainty symbol for a hidden (unknown) uncon-

trolled event, or unobservable action, or their bipar-

tite chain with alternating hidden events and actions, 

the input of the chain is due to the asynchronous be-

havior of the EPN; 
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 Ep={ep1, ep2,… epnp} is the set of boundary 

energy costs for the formation of events for positions 

from P, represented in the general case in the form 

of triplets epnp=(epinp, epnp, eptnp)  with components 

- upper boundary integer values of the current varia-

bles epinp,, temperature epnp, time eptnp; 

 Et={et1, et2,… etnt} - the set of boundary energy 

costs of performing actions for transitions from T, 

also represented in the general case as triplets 

etnt=(etint, etnt, ettnt) with components - upper 

boundary integer values of alternating currents etint, 

temperature etnt, time ettnt; 

 F:(B(P×Ev×Ep×Qp)T×Ac×Et)B(P×Qt

)) – extended conditional incidence relation for 

subsets of positions from the Boolean 

{p1,…,pip}B(P) and transitions from T, that is, for 

some transition tT and, first, a subset of positions 

{p1,…,pip}B(P),, corresponding according to S for 

each position from {p1,…,pip} of twos of events and 

energy costs {(ev1,ep1),…, (evip,epip)}B(Ev×Ep), as 

well as multiplicities from {qp1,…,qpip}QpN of 

incidence arcs for pairs “position-transition” 

{(p1,t),…,(pip,t)}  triples of the form 

{({(ev1,ep1,qp1),…, (evip,epip,qpip)}B(Ev×Ep×Qp) 

for which tF({(p1,ev1,ep1,qp1),…, 

(pip,evip,epip,qpip)}), secondly, subsets of positions 

{p1’,…,pip’}B(P) corresponding according to S for 

some transition tT of two actions and energy con-

sumption (ac,et)Ac×Et, a triplet 

(t,ac,et)T×Ac×Et is formed, which, taking into 

account the multiplicities from {qt1,…,qtit}QtN 

incidence arcs for “transition-position” pairs 

{(t,p1’),…,(t,pip’)} defines a complex two of the form 

{(t,ac,et),{(p1’,qt1),…,(pip’,qtip)}}F(t,ac,et); 

 S:(PEv×EpTAc×Et) – correspondence 

to the positions and transitions of its own internal 

events stored from the previous generation of events 

and stored from the previous execution of actions, 

extended by the values of energy consumption, in-

cluded in F, that is, for some tT, pP, evEv, 

epEp, acAc, etEt, (ev, ep)=S(p) and (ac, 

et)=S(t) are executed; 

 M0:PN – initial marking of positions taking 

into account the initial energy consumption of ini-

tialization, M:PN - current marking of positions 

taking into account the current accumulated energy 

consumption, that is, for pP, mpN, is executed 

mp=M(p), the readiness-excitation condition for 

some transition tT has the form: 

(p,ev,ep,qp)F-

1(t)[M(p)=(p,ev’,ep’,qp’)&ev= 

=ev’&epep’&qpqp’], 

(2) 

 

and the activity-triggering for some transition 

tT with the receipt of a new marking M” when 

the given condition of readiness-excitation is ful-

filled is defined as: 

((p,ev,ep,qp)F-

1(t)[M(p)=(p,ev’,ep’,qp’)& 

&M”(p)=(p,ev”,ep”,qp”)&ev’=ev”&

ep’ep”& &qp”=qp’-qp]) & 

&((p,qt)F((t,ac,et))[ac=ac”&etet

”&M(p)= 

=(p,ev’,ep’,qp’)&M”(p)=(p,ev”,ep”,q

p”)&ev’= 

=ev”&ep’=ep”&qp”=qp’+qp]). 

(3) 

For the complete alphabets of events Ev and the 

labeling of energy inputs Ep in the positions P from 

the EPN S(f), as well as for the positions P them-

selves, the extension to the subsets 

{ev1,…,evip}B(Ev) and {ep1,…,epip}B(Ep) due to 

the integration of parallel structures of positions, 

events, energy consumption for the input boolean 

B(P)  over positions P of the form B(P×Ev×Ep). 

Integration is performed at the inputs and outputs of 

actions Ac in transitions T for S(f). This is reflected 

above with respect to the incidence of F for subsets 

of positions B(P)  and transitions T. 

On the basis of the expansion of the alphabets, 

the sets of all words of behavior W, WEvAc, WEvEv, 

WAcAc, WAcEv for S(f) are determined, beginning and 

ending in different parallel events and actions. Let e 

be step zero, then: 

W=WEvAcWEvEvWAcEvWAcAc, 

WEvAc(B(Ev)×Ac)*{e}, 

WEvEv ((B(Ev)×Ac)*{e})×B(Ev),    (4) 

WAcAcAc×((B(Ev)×Ac)*{e}), 

WAcEvAc×((B(Ev)×Ac)*{e})×B(Ev). 

In an EPN with energy consumption properties 

representing DIS, some of its events and actions may 

not be available for external control and monitoring. 

The subsets of controlled and observable (from the 

point of view of external analysis, without the @ 

symbol) input-output words WExt, WXY, WXX, WYY, 

WYX, beginning and ending for parallel events and 

actions, are defined as before in [41]: 

WExt=WXY WXX WYX WYY, 

WXY (B(X)×Y)*{e}, 

WXX ((B(X)×Y)*{e})×B(X),   (5) 

WYY' Y×((B(X)×Y)*{e}), 

WYX Y×((B(X)×Y)*{e})×B(X). 

The presented primary sets from (1) and the set 

of words (2), (3) allow one to define the complete 

(2) and external (3) partially observable and con-

trolled behavior. When solving problems of testing, 
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it is through external behavior that it becomes possi-

ble to fully or partially establish the correspondence 

between the checked EPN S(f)^ and the reference 

EPN S(f). 

DEVELOPMENT OF A MODEL OF TESTING 

WITH VERIFICATION OF ENERGY INPUTS 

The features of the developed modified model 
of behavioral testing include the selection of exter-
nal, controlled input and observed output characters 
and words in identifiers of subsets of positions, in 
check primitives and fragments, inherited from the 
input model. Such words are defined as vectors of 
adjacent positions/events and transitions/actions 
with the registration of energy consumption in posi-
tions, transitions and token-monitors. 

The class of properties of the EPN, the refer-
ence S(f) and the checked S(f)^, assumed for check 
and taking into account energy consumption, is 
specified as the relations F^ and F, the correspond-
ence between S^ and S for complete events and ac-
tions, as well as the function of marking positions 
M^ and M for checked S(f)^ and reference S(f), that 
is, the class is preserved as in the model before mod-
ification [41]. Since in F^, F, S^, S, the energy con-
sumption Ep of events Ev for P and the energy con-
sumption Et of actions Ac for T are introduced [41], 
the class of properties being tested is extended in 
comparison with a simple Petri net. Consequently, 
the class of implicitly specified errors for the 
checked EPN S(f)^ is also preserved [42], firstly, in 
the structural part – in the differences between the 
incidence relations F^ and F, as well as the corre-
spondences S^ and S, and secondly, the behavioral 
part – in the differences between the labeling func-
tions M0

^, M^ and M0, M. Entering energy costs Ep, 
Et into the properties being checked and, therefore, 
into the class of errors leads to an increase in the 
completeness and accuracy of control S(f)^. 

The formal basis of recognition in the control 
model for external (3) – partially observable and 
controlled behavior is check or recognizing experi-
ments [11], which make it possible to determine the 
correspondence of the checked EPN S(f)^ and the 
reference EPN S(f). 

Internal – unobservable and uncontrollable be-
havior WIn=W\WExt can be recognized indirectly - 
through its manifestation in external behavior, pos-
sibly delayed in event time, as the behavior of inter-
nal states in automata check or recognition experi-
ments. 

In the case of non-redundancy (minimality) of 
the EPN model S(f), it is assumed that each internal 
position with an internal event from Ev\X or an in-
ternal transition with an internal action from Ac\Y 
also has its own specific, possibly postponed in 
event time manifestations in external behavior WExt. 

As a result, it becomes possible to construct 
control or recognition experiments [11] to testing the 
complete behavior (2) of non-redundant EPN S(f) 
provided that internal elements are determined and 
recognized – subsets of positions with internal 
events from Ev\X or transitions with internal actions 
from Ac\Y. 

First of all, in the internal behavior of WIn, one 
can select internal or partially internal one-step be-
havior primitive’s inPr to be checked with one entry 
to the transition and one exit for each of them of the 
form: 

({(p1,ev1,ep1),…,(pip,evip,epip)},(tj ac,et), 

{(p1’,ev1’,ep1’),…, (pip’,evip’,epip’)})inPr 
(6) 

such that 

tjF({(p1,ev1,ep1),…,(pip,evip,epip)}) & 

&{(p1’,ev1’,ep1’),…,(pip’,evip’,epip’)}F(tj,ac,et) 

&& (ev1,…,evipEv\X or ev1’,…,evip’Ev\X or 

acAc\Y) 

(7) 

On the basis of one-step primitives in internal 

behavior, it is possible to single out the basic inter-

nal structures of behavior – chains, trees, hammocks, 

cycles – in the general case – the set of basic Petri 

subnets subS(f)=iIS(f)i from the EPN S(f), in 

which the events and actions of all their internal (not 

bordering on the rest of the EPN S(f)) positions and 

transitions are internal, that is, they belong to the 

sets Ev\X and Ac\Y. 

Such internal Petri subnets S(f)i can have sets of 

external input positions (base) Pi
inPi and output 

positions (antibase) Pi
outPi. Some subsets of Pi-

in’Pi
in of positions-inputs together with some, pos-

sibly empty, subset of internal positions Pi’Pi from 

S(f)i form the beginning of the path of execution of 

transitions through S(f)i. 

Similarly, some subsets of position-outputs Pi-

out’Pi
out in combination with some possibly empty 

subset of internal positions Pi”Pi from S(f)i form 

the endings of the paths of transitions through S(f)i. 

Any path to be verified internal for S(f)i of per-

forming transitions in the internal alphabets Ev\X 

and Ac\Y from the external input of the path to   

Pi
in’Pi’={(p11,ev11,ep11),…,(p1ip1,ev1ip1,ep1ip1) to its 

external output in Pi
out’Pi”= 

={(pk+11,evk+11,epk+11),…,(pk+1ipk+1,evk+1ipk+1,epk+1ipk+1)

} looks like 

{({(p11,ev11,ep11),…,(p1ip1,ev1ip1,ep1ip1)},((t1,ac1,et1), 

{( ev21,ep21),…,(ev2ip,ep2ip2)},(t2,ac2,et2),…, 

{(evk1,epk1),…,(evkipk1,epkipk1)},(tk,ack,etk),    (8) 

{(pk+11,evk+11,epk+11),…, 

(pk+1ipk+1,evk+1ipk+1,epk+1ipk+1)})}. 
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Then any internal Petri subnet S(f)i, to be 

checked, which makes it possible to specify the set 

of such possible through paths for performing transi-

tions (6), is reduced to a form that determines the 

internal macro-property inpri and contains the indi-

cated beginnings and ends of such paths: 

inpri=(({{(p11,ev11,ep11),…,(p1ip1,ev1ip1,ep1ip1)},

…, {(pg1,evg1,epg1),…,(pgipg,evgipg,epgipg)}},S(f)i, 

{{(p11’,ev11’,ep11’),…, 

(p1ip1’’,ev1ip1’’,ep1ip1’’)}),…, 

{(ph11’,evh11’,eph11’),…,(phiph’,evhiph’,ephiph’)}}) 

(9) 

Condensation of the EPN S(f), as a special re-

duction that subtracts in the macro-position from the 

set P=iIpi all basic Petri subnets S(f)isubS(f) 

from S(f), allows one to obtain a macro-EPN S(f), , 

in which all the usual positions and transitions re-

maining after inclusion in P, are marked with ex-

ternal alphabets, respectively, of controlled events X 

and observable actions Y. 

The energy-loaded part of the testing model is 

based on checking the static part of F^. That is, 

checking the functions M^, values of energy con-

sumption Ep^ and Et^, values of energy consumption 

in the monitor tokens is performed when checking 

F^ [41]. 

The check taking into account the unobservable 

and uncontrollable behavior WIn, the energy con-

sumption Ep^ and Et^ modifies the component model 

of behavioral control in the input representation [40] 

for the tested EPN S(f)^. The modified control model 

for S(f)^ is: 

CS=(W’^, {Pr, inPr, mPr}, {Ci, inCi}, {Cp, 

inCp}, Sgca, Cеc), 
(10) 

hear: 

 W’^, Pr, mPr, Ci, Cp, Sgca, Cеc  –  sets of corre-

spondingly registered fragments of behavior, 

checked properties, three levels of migration of to-

ken-monitors, identifiers of positions/transitions, 

check primitives, signatures of operations of trans-

formations of check analysis, strategy check analyz-

es are defined in [41], they have not changed or have 

undergone some extensions and refinements pre-

sented here below; 

 Pr={pr1u, pr2u,…, prku’}={PrXPrY}  is a set of 

external checked properties of the form: 

Pr(F:(B(P×X×Ep)T×Y×Et)B(P)))

S: (PX×EpTY×Et)); 
(11) 

 inPr=iIinpri – a set of internal verifiable 

macroproperties - verifiable properties of macro po-

sitions P of condensation S(f) based on internal 

basic Petri subnets S(f)isubS(f) from S(f); 

 Ci={ci1ti, ci2ti,…, cikti} – sets of identifiers of 

positions/transitions for the macro-EPN S(f). 

 inCi={inci1ti, inci2ti,…, incikti} - sets of ma-

croidentifiers of macro positions P with encapsu-

lated relation F and correspondence S in these macro 

positions. Macro identifiers depend on the macro 

EPN S(f) and allow one to identify subsets of the 

reference macro positions P in the recorded behav-

ior W^ for S(f).. Thus, macro identifiers allow iden-

tifying internal behavior encapsulated in macro posi-

tions.  

The identifiers incijkpp
, incijkp


p, incijktt

, 

cijkt


tCi, as previously presented, are defined as 

twos of the form: 

incijkpp
=(pjtikp, Wjtikpp

’),  

Wjtikpp
’=jtikip=1

kpwjtikipp
’ Wj’, 

incijkp


p=(Wjtikp


p’, pjtikp,), 

Wjtikp


p’=jtikip=1
kpwjtikipp

’ Wj’, 

(12) 

here cijkpp
, cijkp


p are respectively the initial 

(for p) and final (for p) identifiers of the 

reference condensation positions S(f), uniquely 

incident to the corresponding macro positions pjtikp. 

On the set inСi, the relations {, ,  } of 

compatibility, incompatibility, indeterminacy and 

precedence are also valid, taking into account the 

incidence of macro-positions; 

 Cp={cp1, cp2,…, cpk’}(PrCi)(CiPr)) – a 

set of external check primitives for checking exter-

nal checked properties of Pr in the macro EPN 

S(f)^ for compliance with the reference macro-EPN 

S(f). The set of external check primitives is defined 

on the basis of external properties Pr of the form 

prjpp, prjpt, prjtp, prjttPr, , and identifiers Ci of the 

form cijkpp
, cijkp


p, cijkpt

, cijkp


tCi. For example, 

the check primitives cpjkppp
, cpjkp


pp, cpjktpt

, 

cpjkt


pt, cpjkptp
, cpjkt


tp, cpjkttt

, cpjkt


ttCp 

look like twos [41]: 

cpjkppp
=(prjppcijkpp

), 

cpjkp


pp=(cijkp


pprjpp), cpjktpt
=(prjptcijktt

), 

cpjkp


pt=(cijkp


pprjpt), 

cpjkptp
=(prjtpcijkpp

), cpjkt


tp=(cijkt


tprjtp), 

cpjkttt
=(prjttcijtktt

), cpjkt


tt=(cijkt


tprjtt), 

(13) 

here “” is the designation of the DeMorgan semi-

convolution (concatenation while keeping the com-

mon boundary element), taking into account the in-

cidence of adjacent passages identified in the "" 

operation, respectively, to transitions or positions. 

For newly defined control cp<
jkppp

, cp<
jkp


pp, 

cp<
jktpt

, cp<
jkt


pt, cp<
jkptp

, cp<
jkt


tp, cp<
jkttt

, 

cp<
jkt


ttCp this kind of twos is inherent: 
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cp<
jkppp

=(prjppcijkpp
), 

cp>
jkp


pp=(cijkp


pprjpp), 

cp<
jktpt

=(prjptcijktt
), 

cp>
jkp


pt=(cijkp


pprjpt), 

cp<
jkptp

=(prjtpcijkpp
), 

cp>
jkt


tp=(cijkt


tprjtp), 

cp<
jkttt

=(prjttcijtktt
), 

cp>
jkt


tt=(cijkt


tprjtt), 

(14) 

but here “” is a designation of a vector-multiple 

inclusion, taking into account the incidence of adja-

cent initial or final, identified in the operation "", 
respectively, transitions or positions; 

 inCp={incp1cp, incp2cp,…, incpkcp}  –  a  set  of  
atomic external control macro-primitives for check-
ing the internal macro-properties of inPr in the mac-

ro-EPN S(f)' for compliance with the reference 

macro-EPN S(f) with encapsulated by the relation 
F and the correspondence S in the internal macro-

positions P. The set of external check macro-
primitives is determined based on the type of inter-

nal macro-properties of the form inprjppinPr and 

macro-identifiers incijkpp
, incijkp


pinCi with en-

capsulated relation F and corresponding S in these 
macro positions. So, for example, the check macro-

primitives incpjkppp
, incpjkp


ppinCp and 

incp<
jkppp

, incp<
jkp


ppinCp have the form of twos: 

incpjkppp
=(inprjppincijkpp

),  

incpjkp


pp=(incijkp


pinprjpp),  

incp<
jkppp

=(inprjppincijkpp
),  

incp>
jkp


pp=(incijkp


pinprjpp). 

(15) 

Earlier in [41, 42], it was noted that the assem-
bly of adjacent primitives into control fragments, 
performed passively in the online testing or actively 
in the offline testing, makes it possible to check the 
behavioral DIS. It was also noted in [41, 42] that in 
the label hierarchy mpri={(rooti, {(nodei1, {leafi11, 
leafi12,…, leafi1L1,}), (nodei2, {leafi21, leafi22,…, 
leafi2L1,}),…, (nodeiN1, {leafiN11, leafiN12,…, 
leafi2N1L1,})})} for end (leaf) and nodal labels is de-
fined: 

Leafi={leafi11,leafi12,…,leafi1L1,} 

{leafi21,leafi22,…,leafi2L1,}… 

{leafiN11,leafiN12,…, leafi2N1L1,} 

Nodei={nodei1}{nodei2}…{nodeiN1}. 

(16) 

The current leaf label leafij(p)Leafi of an arbi-

trary position pP, as well as the current leaf label 

leafij(t)Leafi of an arbitrary transition tT for the 

corresponding state S(f) is defined as: 

leafij(p)=M(p)=pr2(К(p,ev’,ep’ep, 

leafij(t)=pr2(К(t,ac’,et’et. 
(17) 

The initial label leafij(p)0Leafi0 of an arbitrary 

position pP in the initial state of S(f)i is defined as 

leafij(p)0=M0(p). 

The node label nodeijNode of an arbitrary top-

ological element, the root label rooti of an arbitrary 

hierarchy, the label, of the entire S(f) in their initial 

or current state determines the accumulation of en-

ergy consumption based on the energy consumption 

of the lowest labels in the hierarchy [41]: 

nodeij=leafij1+leafij2+…+leafijLj, 

rooti=nodei1+nodei2+…+nodeiNi  

PNEnergy=root1+root2+…+rootR . 

(18) 

The development of an energy-loaded model 

makes it possible to determine the conditions of be-

havioral working and test control taking into account 

energy consumption with partial controllability and 

observability of events and actions of the S(f) model. 

Together with energy-loaded identifiers, primi-

tives, fragments of the modified testing model, as in 

[41], in behavioral check procedures [42] based on 

Petri nets S(f), binding, previously checked frag-

ments are used, if necessary, to form connectivity 

when assembling non-adjacent primitives and frag-

ments. 

ESTIMATES OF THE DIMENSION OF THE 

CONTROL MODEL 

The dimension of the model is estimated using 

the representation of the Petri net digraph S(f) by list 

structures. Let |P|=np, |T|=nt, |M|=nm, n=np+nt+2nm 

(here 2nm are two fields with the index of the ener-

gy-loaded type label and their number|Ev|=ne, 

|X|=nx, |Ac|=na, |Y|=ny, where XEv and YAc. A 

representation for transmission requires no more 

than nt conditional memory cells, each of which con-

tains no more than 2np+1t+1a+2Addr  or 2np+4 condi-

tional fields, requires no more than np conditional 

memory cells for a position, each of which contains 

no more than 2nt+1p+1e+2Addr or 2nt+4 conditional 

fields for position. Here ip is a field with a position 

index, it is a field with a transition index, 2im are two 

fields with an index (energy load) and the number of 

label instances, ie is a field with an event index, ia is 

a field with an action index, 2iAddr are two fields with 

the address of the next and previous cells in the list 

for a position or jump.  

The upper bound for the number of conditional 

fields is: 

cS(f)=nt(2np+1t+1a+2m+2Addr)+np(2nt+1p+1e+ 

+2m+2Addr)= 

=4npnt+(2m+2Addr)(nt+np)+1tnt+1ant+1pnp+1enp 

4npnt+6(nt+np). 

(19) 
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The modified graph of reachable states (autom-

ata AS(f), representing the operation of the Petri net 

S(f), multiple for positions and parallel for transi-

tions, in the limiting case for each input or output set 

of positions of some transition contains nt adjacent 

transitions, including itself, with their input-output 

sets with at most np positions, that is, together - 

2ntnp, similarly for each input or output set of transi-

tions of a certain position contains np adjacent posi-

tions, including itself, with their input-output sets 

with at most nt transitions, that is together - 2ntnp. 

In the limiting case, for each set of parallel transi-

tions (multi-transitions) and multiple positions (mul-

ti-positions), the automata AS(f) contains, respective-

ly, 2nt adjacent multi-transitions and 2np adjacent 

multi-positions with their sets (with at most np posi-

tions and nt transitions), that is: 

2np(2
nt)-1=np2

nt+1-1, 

2nt(2
np)-1=nt2

np+1-1. 
(20) 

In the limiting case, for all transitions and posi-

tions, multi-transitions and multi-positions, the 

number of conditional cells and the maximum length 

when searching in them is determined as the sum of 

two corresponding terms: 

cellAS(f)=2ntnp(nt)+2npnt(np)=2npnt(np+nt), 

cellAS(f)multi= np2
nt+1-1+ nt2

np+1-1= 

=np2
nt+1+ nt2

np+1-2. 

(21) 

Accordingly, the longest search for all fields for 

one transition follows from cAS(f), taking into account 

the verification of all fields, including actions, is 

equal to 12np(nt). The longest search for all fields for 

one position follows from cAS(f), taking into account 

all fields, including conditions, is 12nt(np). Taking 

into account the presented index and address fields 

of positions/transitions, index fields of labels, events 

and actions, the last formulas of the limiting case for 

the number of conditional cells and the maximum 

length when searching in them take the form: 

cAS(f)= dAS(f)= 

2*6ntnp(nt)+2*6npnt(np)=12npnt(np+nt), 

cAS(f)multi= dAS(f)multi= 6nt(np2
nt+1-1)+ 

+6np(nt2
np+1-1)= 

=3nt(np2
nt+2-2)+3np(nt2

np+2-2). 

(22) 

The presentation of the Rabin-Scott multilevel 

automaton RSS(f) – a special graph of reachable states 

for determining the set of identifiers – is limited by 

the number of identifiable positions / transitions and 

the presence of final categorical vertices that fix the 

formation of identifiers of positions / transitions. 

Without taking into account the limited number of 

subsets of positions, the upper bound on the number 

of fields in conditional cells of all levels for branch-

ing can be determined not more than (2np+1)*(2nt-

1). Then, in the general case, the upper bound on the 

number of fields in conventional cells of all levels is 

determined by no more than: 

cRSS(f)p-n=min((2np+1)*min((2np-1), nt), 

(2np+1)**(2nt-1))= 

=(2np+1)*min(min((2np-1), nt), 

(2nt-1)). 

(23) 

The number of fields in conditional cells of 

branch-arcs is not more than: 

cRSS(f)t-n= i=0
np(3np*nt

i).  (24) 

The total assessment of the fields does not ex-

ceed 

cRSS(f)pet-n= (2np+1)*min(min((2np-1), nt), 

(2nt-1))+i=0
np(3np*nt

i). 
(25) 

In the Rabin-Scott automaton RSS(f), as a result 

of the reappearance of subsets/vectors of positions, 

converging branches (hammocks) and feedback 

loops are possible. 

The estimate of the maximum number of condi-

tional cells for the checked properties and identifiers 

is determined by the length of the linear indivisible 

sections of the reference behavior has the form no 

more than: 

cPrS(f)
max=2(2np+1+nt)*nt, 

cCiS(f)
max=2(2np+1+nt)*nt. 

(26) 

The estimate of the number of conditional cells 

for any of the control primitives is determined by the 

sums of the estimates of the number of conditional 

cells for the checked property and identifier that 

make it up.  

For simple and multiple checked properties and 

identifiers, the estimate of the maximum number of 

conditional cells of the check primitive is not more 

than: 

ccpS(f)
max=2((2np+1)*(nt+1)+2nt), 

cCpS(f)
max=4(2np+1+nt)*nt. 

(27) 

These estimates represent the limits of applica-

bility of the abstract energy-loaded model of behav-

ioral control. The polynomial lowering of the esti-

mates can be performed by applying the network 

and hierarchical decomposition of the input Petri net 

model S(f). 

CONCLUSION 

The paper presents the development of a DIS 

behavioral model of testing based on extended Petri 

nets, which has features of properties of analyzing 

energy consumption, partial control over events and 

observability of actions. 
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By defining the conditions for behavioral con-

trol based on Petri nets, taking into account the en-

ergy consumption and the recognition of hidden 

events and actions, the modified model of testing 

allows you in addition to normal behavioral check to 

find distribute-combine and save energy consump-

tion indicators for vertices, topological elements and 

subnets, for the entire Petri net.  

This circumstance provides a basis for con-

structing behavioral check procedures for compo-

nents of distributed information systems with in-

complete controllability and observability, extended 

by both detailed and total verification of their energy 

consumption, which allows increasing the complete-

ness and accuracy of testing in general. 
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АНОТАЦІЯ 

Введення додаткових нових енерговитратних властивостей для позицій і переходів у властивості, які перевіряються в 

розширеної еталонної мережі Петрі, для яких визначаються відхилення мережі Петрі і розробляється модель контролю, дає нові 
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можливості діагностування. Зберігаючи клас перевіряються властивостей в складі відхилень відносин інцидентності, відповідностей і 

функцій розмітки позицій і переходів для перевіряємої і еталонної мереж Петрі, нові властивості дозволяють фіксувати появу 

критичних температурних режимів, які є наслідком помилок або безпосередньо ведуть до їх появи. Така різнобічність контролю 

сприяє підвищенню його повноти, точності і оперативності. Енерго-навантажена модель контролю заснована на базовій перевірці 

відношень інцидентності, відповідностей і функцій розмітки. Перевірка функцій розмітки при формуванні подій в позиціях, виконанні 

дій в переходах, а також запропонована перевірка показників енерговитрат, що накопичуються в фішках-моніторах, виконується при 

зазначеної перевірці відношень інцидентності, відповідностей і функцій розмітки. До особливостей моделі контролю відноситься 

введення узагальнених енерго-навантажених фішок-реєстраторів мереж Петрі, які накопичують інформацію про енерговитрати в 

поведінці елементів трьох рівнів - позицій/переходів, топологічних компонентів і підмереж, всієї мережі Петрі в процесі її 

функціонування. Модель контролю також відрізняється розпізнаванням еталонної енерго-навантаженої поведінки при перевірці 

мережі Петрі на основі поведінкової ідентифікації і ототожнення підмножин позицій і переходів, детермінізації поведінки, 

застосуванням контрольних примітивів і транзакцій. Поведінкова модель контролю визначає формальні умови для процедур 

поведінкового контролю, що включає аналіз коректності енергоспоживання. Розмірність моделі контролю оцінена за допомогою 

представлення графів мережі Петрі, спеціальних графів досяжних станів, в тому числі автоматів Рабина-Скотт, за допомогою 

спискових структур. Наведені оцінки визначають межі застосування формальної моделі контролю. 

Ключові слова: Інформаційна система; eнергетична поведінка; тестування поведінки; мережа Петрі; ідентифікатор; 

примітив перевірки 
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