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The ever-growing volume of knowledge, for example, in the programming �eld, requires a person
to increase the speed of knowledge processing, to speed up knowledge mastering, and to use it more
e�ciently. One possible solution is to automate the process of knowledge application. But in many
spheres of activity today humanity is accumulating knowledge in an informal way by using linguistic
systems. Mastering the reading, understanding and correct use of the knowledge presented in this form,
requires a long learning curve. Thus, knowledge accumulated in this form cannot be applied directly
and automatically. Moreover, if the person who has mastered it does not use it very often, over time
it will begin to be forgotten and subsequently can be completely lost.

In this work, the application of knowledge is considered as creation of a computer program that
utilizes it, and the automation of the knowledge application is understood as the automatic synthesis
of such programs.

To solve mentioned problems e�ciently the system must not only store the knowledge itself, but
also save the functional connections between individual concepts. In addition, it is necessary that the
system, according to the task speci�cation, is able to automatically construct a software application
that solves it.

The system that allows one to automatically apply knowledge is called the Active Knowledge Base.
This system is based on the theory of structural synthesis of programs. Knowledge in such a system is
represented in the form of computational models, i.e. bipartite graphs in which the vertices in one set
correspond to operations, and in the other - to variables. The edges of the graph determine whether
a variable is the result of an operation or its input. Variables in such models correspond to some
values of the described subject area, and operations are associated with certain program modules at
the execution stage. The input and output parameters of program modules are associated with the
variables of the computational model.

One of the key steps in constructing a software application is building a computation plan based
on the speci�cation of the problem. A computation plan is a partially ordered set of operations, where
the order relation is consistent with information dependencies and is de�ned as

”
to compute F2, you

need to compute F1“.
Within this prototype, knowledge in the form of computational models is stored in a special Sqlite

database, and the system itself is divided into 3 parts. The �rst part is a subsystem for storing
computational models. It adds new computational models to the database and reads them from it.
The second part is a subsystem for constructing computation plans, which is engaged in building
computation plans according to the speci�cation of the problem. The third part is an execution
subsystem. The computation plan is not a complete program that could be executed by the user's
OS. To execute it, one needs a system that interprets the plan. In this work it's done by the execution
subsystem.
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Computational models are described in special �les, where each �le is a description of one entity,
for example, a variable of a computational model or an operation.

To construct a computation plan, a problem speci�cation should be described �rst. It consists of
the name of the computational model, a set of input variables, and a set of output variables. When the
speci�cation is completed, the �le describing it is fed to the subsystem for constructing computation
plans via command line arguments. Having received it, the system launches the construction algorithm,
its result is a �le with a computation plan.

The general operating principle of the execution subsystem is similar to that of the interpreter.
Operations are executed sequentially, as the variables on which they depend are ready. The execution
subsystem supports the initialization of the input variables of the computation plan with the initial
values passed to it; for this, it needs to create a special �le with initialization parameters and send it
to the execution subsystem via command line.

The process of operations execution continues until one of the conditions is met: all operations from
the computation plan have already been calculated, or all output variables of the computation plan
have been calculated. If in the course of calculations all operations from the calculation plan have been
executed, and not all of the output variables have been calculated, then the calculations are completed
with a corresponding warning message sent to the user. Otherwise, when the variables have already
been calculated, and there are still operations in the computation plan, then the plan execution ends
normally, the output variables are saved in accordance with their types, and the user is informed about
the result of the computations through the standard output stream.

Results of the development and implementation of the system called Active Knowledge Base are
presented in the paper.

Key words: Active knowledge, Program synthesis, Active knowledge base, Structural synthesis
of programs, Automatic programs construction, Knowledge base, Knowledge storage, Computational
models.
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Â ñòàòüå ïðåäñòàâëåí ðåçóëüòàò ðàçðàáîòêè ñèñòåìû, êîòîðàÿ ïîçâîëÿåò ñîõðàíÿòü èíôîðìà-
öèþ î ïðîãðàììíûõ ìîäóëÿõ è ñâÿçÿõ ìåæäó íèìè â ôîðìå, ïîäõîäÿùåé äëÿ àâòîìàòè÷åñêî-
ãî ïðèìåíåíèÿ ïðè êîíñòðóèðîâàíèè ïðèêëàäíûõ ïðîãðàìì. Â îñíîâå ñèñòåìû ëåæèò òåîðèÿ
ñòðóêòóðíîãî ñèíòåçà ïðîãðàìì. Çíàíèÿ â òàêîé ñèñòåìå ïðåäñòàâëÿþòñÿ â âèäå âû÷èñëèòåëü-
íûõ ìîäåëåé, à â êà÷åñòâå àòîìàðíîé åäèíèöû çíàíèé ðàññìàòðèâàåòñÿ ïðîãðàììíûé ìîäóëü.
Â ðåçóëüòàòå ïðîâåäåííîãî èññëåäîâàíèÿ áûëà ðàçðàáîòàíà àðõèòåêòóðà ñèñòåìû, ðàçðàáîòàí
àëãîðèòì àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïðèêëàäíûõ ïðîãðàìì è ïðîâåðåíà ðàáîòà ñèñòå-
ìû íà ðÿäå òåñòîâ.

Êëþ÷åâûå ñëîâà: ñòðóêòóðíûé ñèíòåç ïðîãðàìì, àêòèâíûå çíàíèÿ, ñèíòåç ïðîãðàìì, áàçà
àêòèâíûõ çíàíèé, àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïðîãðàìì, áàçà çíàíèé, õðàíåíèå çíàíèé,
âû÷èñëèòåëüíûå ìîäåëè.

Ââåäåíèå. Âî ìíîãèõ ñôåðàõ äåÿòåëüíîñòè ñåãîäíÿ ÷åëîâå÷åñòâî íàêàïëèâàåò çíà-
íèÿ â íåôîðìàëüíîì âèäå ïðè ïîìîùè ÿçûêîâûõ ñèñòåì. Îäíàêî, ÷òîáû îñâîèòü ÷òåíèå,
ïîíèìàíèå è êîððåêòíîå èñïîëüçîâàíèå çíàíèé, ïðåäñòàâëåííûõ â òàêîì âèäå, òðåáóåòñÿ
äëèòåëüíîå îáó÷åíèå. Öåíòðàëüíàÿ ïðîáëåìà òàêîãî ïîäõîäà � çíàíèÿ, íàêîïëåííûå â òà-
êîì âèäå, íå ìîãóò áûòü ïðèìåíåíû íåïîñðåäñòâåííî è àâòîìàòè÷åñêè. Áîëåå òîãî, åñëè
îñâîèâøèé èõ ÷åëîâåê íå áóäåò èìè äîñòàòî÷íî ÷àñòî ïîëüçîâàòüñÿ, òî ñî âðåìåíåì îíè
íà÷íóò çàáûâàòüñÿ è âïîñëåäñòâèè ìîãóò áûòü ïîëíîñòüþ óòðà÷åíû.

Ñ äðóãîé ñòîðîíû, êîãäà íåêîòîðîå ïðèêëàäíîå ðåøåíèå óæå ñîçäàíî, òî çà÷àñòóþ
íåèçâåñòíî, êàêèå èìåííî çíàíèÿ áûëè èñïîëüçîâàíû äëÿ åãî ïîëó÷åíèÿ. Åñëè çíàíèÿ,
èñïîëüçîâàííûå ïðè ñîçäàíèè òàêîãî ðåøåíèÿ, ðàñøèðÿòñÿ, òî àâòîìàòè÷åñêè èçìåíèòü
ýòî ðåøåíèå ñ ó÷åòîì íîâûõ çíàíèé áóäåò óæå çàòðóäíèòåëüíî.

Çàäà÷à àâòîìàòèçàöèè ðàáîòû ñî çíàíèÿìè îñîáåííî àêòóàëüíà â ñôåðå ïðîãðàììèðî-
âàíèÿ. Íàïðèìåð, ïðè ðàçðàáîòêå íîâûõ ïðèêëàäíûõ ðåøåíèé ÷àñòî òðåáóåòñÿ íàéòè ïîä-
õîäÿùèé ïðîãðàììíûé ìîäóëü ñðåäè èìåþùèõñÿ è ïðèìåíèòü åãî. Êîëè÷åñòâî äîñòóïíûõ
äëÿ ïðîãðàììèñòà ìîäóëåé ðàñòåò ñ êàæäûì äíåì, êàê è èõ ñëîæíîñòü. Ñ ðîñòîì ñëîæ-
íîñòè ðåøàåìîé ïðèêëàäíîé çàäà÷è îáû÷íî óâåëè÷èâàåòñÿ êîëè÷åñòâî çàäåéñòâîâàííûõ
â åå ðåøåíèè ìîäóëåé, à ñëåäîâàòåëüíî, çàòðóäíÿåòñÿ ðàáîòà ñ íèìè â ðó÷íîì ðåæèìå.

Â ðàìêàõ ñòàòüè ïîä ïðèìåíåíèåì çíàíèé äëÿ ðåøåíèÿ íåêîòîðîé çàäà÷è ïîíèìàåòñÿ
êîíñòðóèðîâàíèå ïðèêëàäíîé ïðîãðàììû, ðåøàþùåé ïîñòàâëåííóþ çàäà÷ó. Ê ðåøåíèþ
çàäà÷ ïî àâòîìàòèçàöèè ðàáîòû ñî çíàíèÿìè ñëîæèëîñü òðè îñíîâíûõ ïîäõîäà: îíòîëîãè-
÷åñêèé ïîäõîä, ëîãè÷åñêèé ñèíòåç ïðîãðàìì, à òàêæå ñòðóêòóðíûé ñèíòåç ïðîãðàìì.
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Îíòîëîãè÷åñêèé ïîäõîä [1] ïîäðàçóìåâàåò ôîðìàëèçàöèþ çíàíèé â âèäå îíòîëîãèé,
èíñòðóìåíòà, ïîäõîäÿùåãî äëÿ ðàçëè÷íûõ ïðåäìåòíûõ îáëàñòåé, íàïðèìåð, êîìïüþòåðíîé
ëèíãâèñòèêè [2, 3]. Äëÿ ïîñòðîåíèÿ îíòîëîãèé àêòèâíî ðàçâèâàþòñÿ òàêèå ïðîãðàììíûå
ñðåäñòâà, êàê Prot�eg�e [4] è OWL [5]. Îäíàêî â îáùåé ïîñòàíîâêå îíòîëîãè÷åñêèé ïîäõîä
íå îðèåíòèðîâàí íà àâòîìàòèçàöèþ ïðèìåíåíèÿ çíàíèé. Ñóùåñòâåííûå òðóäíîñòè ïðè
ðåàëèçàöèè ñèñòåìû, íàöåëåííîé íà ðåøåíèå ýòîé çàäà÷è, ñîçäàñò òî, ÷òî íå ïî âñÿêîé
îíòîëîãèè âîçìîæíî àâòîìàòè÷åñêîå ïîñòðîåíèå ïðèêëàäíîé ïðîãðàììû [6].

Ëîãè÷åñêèé ñèíòåç ïðîãðàìì [7] ïîäðàçóìåâàåò ôîðìàëèçàöèþ çíàíèé â âèäå àêñèî-
ìàòè÷åñêèõ òåîðèé. Âîçìîæíîñòü àâòîìàòè÷åñêîé îáðàáîòêè çíàíèé, ïðåäñòàâëåííûõ â
òàêîì âèäå, óæå áûëà ïîêàçàíà ðàíåå [8, 9]. Îäíàêî îïèñàíèå êàêîé-ëèáî íåòðèâèàëüíîé
ïðåäìåòíîé îáëàñòè â âèäå àêñèîìàòè÷åñêîé òåîðèè � òðóäíî ðåàëèçóåìàÿ çàäà÷à. Äëÿ
êîíñòðóèðîâàíèÿ ïðèêëàäíîé ïðîãðàììû ýòîò ïîäõîä îïèðàåòñÿ íà ìåòîäû àâòîìàòè÷å-
ñêîãî äîêàçàòåëüñòâà òåîðåì [10, 11]. Â ýòîé ñôåðå ñîçäàíî ìíîæåñòâî ÿçûêîâ ïðîãðàììè-
ðîâàíèÿ, íàïðèìåð, òàêèõ êàê Prolog [12], è ïîäõîä ïðîäîëæàåò àêòèâíî èññëåäîâàòüñÿ.

Ñòðóêòóðíûé ñèíòåç ïðîãðàìì [13] ïðåäëàãàåò ôîðìàëèçîâàòü çíàíèÿ â âèäå âû÷èñ-
ëèòåëüíûõ ìîäåëåé. Îäíî èç ïðåèìóùåñòâ òàêîãî ïîäõîäà â òîì, ÷òî êîíñòðóèðîâàíèå
íåêîòîðîãî ïðèêëàäíîãî ðåøåíèÿ ïî âû÷èñëèòåëüíîé ìîäåëè � îòíîñèòåëüíî ïðîñòàÿ çà-
äà÷à. Òàêæå, â ñòðóêòóðíîì ñèíòåçå ïðîãðàìì çàëîæåíà âîçìîæíîñòü îïòèìèçàöèè ñî-
çäàâàåìîãî ïðèêëàäíîãî ðåøåíèÿ [14] íà óðîâíå âûáîðà çíàíèé, èñïîëüçóåìûõ ïðè åãî
êîíñòðóèðîâàíèè. Ïðèìåíèìîñòü ñòðóêòóðíîãî ñèíòåçà ïðîãðàìì äëÿ àâòîìàòèçàöèè ðà-
áîòû ñî çíàíèÿìè óæå èññëåäîâàëàñü â ïðåäûäóùåé ðàáîòå àâòîðà [15].

Íàèáîëåå óäîáíûé ïîäõîä äëÿ ðåøåíèÿ ðàíåå îïèñàííûõ ïðîáëåì � ñòðóêòóðíûé ñèí-
òåç ïðîãðàìì. Ñ òî÷êè çðåíèÿ ïðîáëåì àâòîìàòèçàöèè ðàáîòû ñî çíàíèÿìè ýòîò ïîäõîä
íàèáîëåå öåëîñòíûé è îðèåíòèðîâàííûé íà íèõ. ×òîáû ýôôåêòèâíî ðåøàòü îáîçíà÷åí-
íûå ïðîáëåìû, ñèñòåìà äîëæíà íå òîëüêî õðàíèòü ñàìè çíàíèÿ, íî è ôóíêöèîíàëüíûå
ñâÿçè ìåæäó íèìè. Îñíîâíûå òðåáîâàíèÿ ê òàêîé ñèñòåìå � ýòî âîçìîæíîñòü õðàíåíèÿ
ôîðìàëèçîâàííûõ çíàíèé è âîçìîæíîñòü àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïðèêëàäíûõ
ïðîãðàìì íà èõ îñíîâå.

Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ðàçðàáîòêè è ðåàëèçàöèè ñèñòåìû, íàçûâàåìîé Áàçà
Àêòèâíûõ Çíàíèé (ÁÀÇ), êîòîðàÿ ïîçâîëÿåò ñîõðàíÿòü èíôîðìàöèþ î ïðîãðàììíûõ ìî-
äóëÿõ è ñâÿçÿõ ìåæäó íèìè â ôîðìå, ïîäõîäÿùåé äëÿ àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ
íîâûõ ïðèêëàäíûõ ïðîãðàìì. Ñèíòåç òàêèõ ïðîãðàìì ïî èõ ñïåöèôèêàöèè ïðîèñõîäèò
àâòîìàòè÷åñêè.

1. Òåðìèíû è îïðåäåëåíèÿ. Ïðîáëåìû ôîðìàëèçàöèè è àâòîìàòèçàöèè ïðèìåíåíèÿ
çíàíèé â ðàìêàõ ñòðóêòóðíîãî ñèíòåçà ïðîãðàìì ðåøàþòñÿ ñ ïîìîùüþ ñîõðàíåíèÿ çíà-
íèé î ïðîãðàììíûõ ìîäóëÿõ è ñïîñîáàõ èõ ïðèìåíåíèÿ â âèäå âû÷èñëèòåëüíûõ ìîäåëåé.
Âû÷èñëèòåëüíàÿ ìîäåëü � ýòî äâóäîëüíûé îðèåíòèðîâàííûé ãðàô, ãäå âåðøèíû â îä-
íîé äîëå ñîîòâåòñòâóþò îïåðàöèÿì, à â äðóãîé � ïåðåìåííûì. Äóãà ãðàôà, ñîåäèíÿþùàÿ
îïåðàöèþ ñ ïåðåìåííîé, îïðåäåëÿåò ïåðåìåííóþ êàê ðåçóëüòàò ýòîé îïåðàöèè, à ïðîòèâî-
ïîëîæíî íàïðàâëåííàÿ äóãà îïðåäåëÿåò ïåðåìåííóþ êàê âõîäíîé àðãóìåíò. Ïåðåìåííûå
â ìîäåëè ñîîòâåòñòâóþò êàêèì-ëèáî âåëè÷èíàì îïèñûâàåìîé ïðåäìåòíîé îáëàñòè, à îïå-
ðàöèÿì íà ýòàïå èñïîëíåíèÿ ñîïîñòàâëÿåòñÿ íåêîòîðûé ïðîãðàììíûé ìîäóëü. Âõîäíûì
è âûõîäíûì ïàðàìåòðàì ìîäóëÿ ïðè ýòîì ñòàâÿòñÿ â ñîîòâåòñòâèå ïåðåìåííûå âû÷èñëè-
òåëüíîé ìîäåëè.

Îäèí èç êëþ÷åâûõ ýòàïîâ ïî ñîçäàíèþ ïðèêëàäíîé ïðîãðàììû � ïîñòðîåíèå ïëàíà
âû÷èñëåíèé ïî ñïåöèôèêàöèè çàäà÷è. Ïëàí âû÷èñëåíèé � ýòî ÷àñòè÷íî óïîðÿäî÷åííîå
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Ðèñ. 1. Ñòðóêòóðèðîâàííàÿ îïåðàöèÿ F1, ññûëàþùàÿñÿ íà âû÷èñëèòåëüíóþ ìîäåëü � 2

ìíîæåñòâî îïåðàöèé, ãäå îòíîøåíèå ïîðÿäêà ñîãëàñîâàíî ñ èíôîðìàöèîííûìè çàâèñèìî-
ñòÿìè è îïðåäåëÿåòñÿ êàê

”
äëÿ âû÷èñëåíèÿ F2 òðåáóåòñÿ âû÷èñëèòü F1“. Ñïåöèôèêàöèÿ

çàäà÷è ñîñòîèò èç âû÷èñëèòåëüíîé ìîäåëè, íà êîòîðîé îíà ñòàâèòñÿ, ìíîæåñòâà âõîäíûõ
ïåðåìåííûõ äëÿ ïðèêëàäíîé ïðîãðàììû è ìíîæåñòâà ïåðåìåííûõ, êîòîðûå íåîáõîäèìî
âû÷èñëèòü.

Ïî îäíîé è òîé æå ñïåöèôèêàöèè ìîæåò áûòü ïîñòðîåíî íåñêîëüêî ðàçëè÷íûõ ïî
íåôóíêöèîíàëüíûì ñâîéñòâàì ïëàíîâ âû÷èñëåíèé, ïðè ýòîì íå âñÿêèé èç ýòèõ ïëàíîâ
áóäåò óäîâëåòâîðèòåëåí ñ òî÷êè çðåíèÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ. Â ýòîì ñëó÷àå ïî-
ÿâëÿåòñÿ íåîáõîäèìîñòü óïîðÿäî÷èâàíèÿ ïîñòðîåííûõ ïëàíîâ âû÷èñëåíèé ñ òî÷êè çðåíèÿ
èõ ïðàêòè÷íîñòè. Äëÿ ýòîãî ñòàâèòñÿ îïòèìèçàöèîííàÿ çàäà÷à è ââîäèòñÿ ïîíÿòèå êðè-
òåðèÿ îïòèìèçàöèè, ïî êîòîðîìó è áóäåò îñóùåñòâëÿòüñÿ òàêîå óïîðÿäî÷èâàíèå. Îñíîâîé
äëÿ êðèòåðèÿ îïòèìèçàöèè ìîãóò áûòü, íàïðèìåð, íåôóíêöèîíàëüíûå ñâîéñòâà ìîäóëåé.

Åñëè ó îïåðàöèè îïðåäåëåíû êàêèå-ëèáî âõîäíûå ïåðåìåííûå, òî áóäåì ãîâîðèòü, ÷òî
èìååò ìåñòî èíôîðìàöèîííàÿ çàâèñèìîñòü îïåðàöèè îò ýòèõ ïåðåìåííûõ. À åñëè ïåðåìåí-
íàÿ ÿâëÿåòñÿ âûõîäíîé ïåðåìåííîé êàêîé-ëèáî îïåðàöèè, òî áóäåì ãîâîðèòü, ÷òî èìååò
ìåñòî èíôîðìàöèîííàÿ çàâèñèìîñòü ïåðåìåííîé îò ýòîé îïåðàöèè. Èíôîðìàöèîííàÿ çà-
âèñèìîñòü îïåðàöèè îò ïåðåìåííîé ñ÷èòàåòñÿ ðàçðåøåííîé, åñëè ó ýòîé ïåðåìåííîé óæå
èìååòñÿ êàêîå-ëèáî çíà÷åíèå. Çàâèñèìîñòü ïåðåìåííîé îò îïåðàöèè ðàçðåøàåòñÿ ïóòåì
èñïîëíåíèÿ ýòîé îïåðàöèè.

Ïðèìåðû âû÷èñëèòåëüíûõ ìîäåëåé ïîêàçàíû íà ðèñ. 1 è ðèñ. 2. Êâàäðàòàìè íà íèõ
èçîáðàæàþòñÿ îïåðàöèè, à êðóãàìè ïåðåìåííûå. Ñòðåëêàìè ïîêàçàíû èíôîðìàöèîííûå
çàâèñèìîñòè. Äëÿ ïðèìåíåíèÿ çíàíèé èç îäíîé âû÷èñëèòåëüíîé ìîäåëè â ðàìêàõ äðóãîé
ìîäåëè â ñòðóêòóðíîì ñèíòåçå ïðèìåíÿþòñÿ ñòðóêòóðèðîâàííûå îïåðàöèè. Íàïðèìåð, íà
ðèñ. 1 îïåðàöèÿ F1 ÿâëÿåòñÿ ñòðóêòóðèðîâàííîé è ññûëàåòñÿ íà ìîäåëü � 2. Óñëîâíûå
ïåðåõîäû âíóòðè âû÷èñëèòåëüíîé ìîäåëè îïèñûâàþòñÿ îïåðàöèÿìè âåòâëåíèÿ (ðèñ. 2).

2. Ïðîòîòèï áàçû àêòèâíûõ çíàíèé. Â ðàìêàõ èññëåäîâàíèÿ ñòðóêòóðíîãî ñèíòåçà
ïðîãðàìì â ëàáîðàòîðèè ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì ÈÂÌèÌÃ ÑÎ ÐÀÍ áûë ðàç-
ðàáîòàí ïðîòîòèï áàçû àêòèâíûõ çíàíèé äëÿ îïåðàöèîííûõ ñèñòåì èç ñåìåéñòâ Linux è
Windows. Â ðàìêàõ ýòîãî ïðîòîòèïà, çíàíèÿ â âèäå âû÷èñëèòåëüíûõ ìîäåëåé ñîõðàíÿþò-
ñÿ â ñïåöèàëüíóþ Sqlite áàçó äàííûõ, à ñàìà ñèñòåìà ðàçáèòà íà 3 ÷àñòè. Ïåðâàÿ ÷àñòü �
ïîäñèñòåìà õðàíåíèÿ âû÷èñëèòåëüíûõ ìîäåëåé, îíà îñóùåñòâëÿåò äîáàâëåíèå íîâûõ âû-
÷èñëèòåëüíûõ ìîäåëåé â áàçó äàííûõ è ÷òåíèå ìîäåëåé èç íåå. Âòîðàÿ ÷àñòü � ïîäñèñòåìà
ïîñòðîåíèÿ ïëàíîâ âû÷èñëåíèé, êîòîðàÿ çàíèìàåòñÿ ïîñòðîåíèåì ïëàíîâ âû÷èñëåíèé ïî
ñïåöèôèêàöèè çàäà÷è. Òðåòüÿ ÷àñòü � ïîäñèñòåìà èñïîëíåíèÿ ïëàíîâ âû÷èñëåíèé. Ïëàí
âû÷èñëåíèé íå ÿâëÿåòñÿ ïîëíîöåííîé ïðîãðàììîé, êîòîðóþ áû ìîãëà èñïîëíèòü ÎÑ ïîëü-
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Ðèñ. 2. Îïåðàöèÿ âåòâëåíèÿ B ññûëàåòñÿ íà ìîäåëü, ðåàëèçóþùóþ âû÷èñëåíèå óñëîâèÿ âåòâëåíèÿ

Ðèñ. 3. Ñõåìà âçàèìîäåéñòâèÿ ñ ïîäñèñòåìîé õðàíåíèÿ (a), ïîäñèñòåìîé ïîñòðîåíèÿ ïëàíîâ (á),

ïîäñèñòåìîé èñïîëíåíèÿ (â)

çîâàòåëÿ. Äëÿ åãî èñïîëíåíèÿ íåîáõîäèìà ñèñòåìà, êîòîðàÿ åãî èíòåðïðåòèðóåò. Â ÁÀÇå
ýòèì çàíèìàåòñÿ ïîäñèñòåìà èñïîëíåíèÿ. Ñõåìà âçàèìîäåéñòâèÿ ñ ñèñòåìîé ïðåäñòàâëåíà
íà ðèñ. 3.

Äëÿ îïèñàíèÿ âû÷èñëèòåëüíûõ ìîäåëåé èñïîëüçóåòñÿ ñïåöèàëüíûé ôîðìàò, ðàçðàáî-
òàííûé àâòîðîì â ðàìêàõ ïðåäûäóùèõ èññëåäîâàíèé ñòðóêòóðíîãî ñèíòåçà ïðîãðàìì [15].
Â íåì îïèñàíèå ïðîèñõîäèò ïóòåì ñîñòàâëåíèÿ ini-ôàéëîâ, ãäå êàæäûé ôàéë � ýòî êàêàÿ-
òî ñóùíîñòü, íàïðèìåð, ïåðåìåííàÿ âû÷èñëèòåëüíîé ìîäåëè èëè îïåðàöèÿ.

Âû÷èñëèòåëüíàÿ ìîäåëü îïèñûâàåòñÿ óíèêàëüíûì íàçâàíèåì è åå îïèñàíèåì. Ïåðåìåí-
íàÿ, ïîìèìî íàçâàíèÿ è îïèñàíèÿ, òàêæå èìååò òèï, îïðåäåëÿþùèé ñïîñîá åå õðàíåíèÿ, è
îòíîñèòñÿ ê íåêîòîðîé âû÷èñëèòåëüíîé ìîäåëè. Îïåðàöèÿ èìååò íàçâàíèå, îïèñàíèå, òèï,
ïðèâÿçûâàåòñÿ ê âû÷èñëèòåëüíîé ìîäåëè, íî êðîìå ýòèõ ïàðàìåòðîâ ó îïåðàöèè òàêæå
çàäàþòñÿ åå âõîäíûå è âûõîäíûå àðãóìåíòû. Ó îïåðàöèé è ïåðåìåííûõ òàêæå ìîãóò áûòü
äîïîëíèòåëüíûå ïàðàìåòðû. Íàïðèìåð, ó íåêîòîðûõ òèïîâ îïåðàöèé çàäàåòñÿ äîïîëíè-
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òåëüíûé ïàðàìåòð, îïðåäåëÿþùèé, êàê áóäåò çàïóñêàòüñÿ ïðîãðàììíûé ìîäóëü. Îäèí èç
òàêèõ òèïîâ îïåðàöèé � êîìàíäà êîìàíäíîé ñòðîêè îïåðàöèîííîé ñèñòåìû.

Îïèñàíèå ñòðóêòóðèðîâàííûõ îïåðàöèé ñîäåðæèò òàêèå ïàðàìåòðû, êàê èìÿ âëîæåí-
íîé âû÷èñëèòåëüíîé ìîäåëè è ïðèâÿçêà ïåðåìåííûõ âíåøíåé âû÷èñëèòåëüíîé ìîäåëè
ê ïåðåìåííûì âëîæåííîé. Îïåðàöèè âåòâëåíèÿ îïèñûâàþòñÿ ïîõîæèì îáðàçîì, íî äî-
ïîëíèòåëüíî íåîáõîäèìî óêàçûâàòü, âû÷èñëåíèå êàêèõ îïåðàöèé äîëæíî ïîñëåäîâàòü â
çàâèñèìîñòè îò ðåçóëüòàòà óñëîâèÿ.

Ïîäñèñòåìà ïîñòðîåíèÿ ïëàíîâ âû÷èñëåíèé îòâå÷àåò çà èõ êîíñòðóèðîâàíèå. Äëÿ íà-
÷àëà íóæíî ñîñòàâèòü ñïåöèôèêàöèþ çàäà÷è, êîòîðàÿ ñîñòîèò èç èìåíè âû÷èñëèòåëüíîé
ìîäåëè, ìíîæåñòâà âõîäíûõ ïåðåìåííûõ è ìíîæåñòâà âûõîäíûõ ïåðåìåííûõ, ïðè÷åì âñå
ïåðåìåííûå äîëæíû ïðèíàäëåæàòü òîé âû÷èñëèòåëüíîé ìîäåëè, íà êîòîðîé ñòàâèòñÿ çà-
äà÷à. Êîãäà ñïåöèôèêàöèÿ ñîñòàâëåíà, ôàéë, åå îïèñûâàþùèé, ïîäàåòñÿ â ïîäñèñòåìó ïî-
ñòðîåíèÿ ÷åðåç àðãóìåíòû êîìàíäíîé ñòðîêè. Ïîëó÷èâ åãî, ñèñòåìà çàïóñêàåò àëãîðèòì
ïîñòðîåíèÿ ïëàíà âû÷èñëåíèé, ðåçóëüòàò ðàáîòû êîòîðîãî � ôàéë ñ ïëàíîì âû÷èñëåíèé.

Àëãîðèòì ïîñòðîåíèÿ ïëàíîâ âû÷èñëåíèé ñîñòîèò èç ÷åòûðåõ øàãîâ.
Íà ïåðâîì øàãå ñòðîèòñÿ ãðàô îïåðàöèé, äëÿ êîòîðûõ ëèáî óæå ðàçðåøåíû èíôîðìà-

öèîííûå çàâèñèìîñòè, ëèáî ìîãóò áûòü ðàçðåøåíû ïóòåì èñïîëíåíèÿ îïåðàöèé èç ýòîãî
ãðàôà.

Íà âòîðîì øàãå ïðîèñõîäèò îòáðàñûâàíèå îïåðàöèé, íå çàäåéñòâîâàííûõ â âû÷èñëåíèè
âûõîäíûõ ïåðåìåííûõ çàäà÷è. Äëÿ ýòîãî ïðèìåíÿåòñÿ îáõîä ãðàôà îïåðàöèé ñ ïðåäûäó-
ùåãî øàãà, îäíàêî òåïåðü îí èäåò â ñòîðîíó ïðîòèâ èíôîðìàöèîííûõ çàâèñèìîñòåé, à â
êà÷åñòâå ñòàðòîâûõ âåðøèí áåðóòñÿ âûõîäíûå ïåðåìåííûå çàäà÷è.

Òðåòèé øàã îñóùåñòâëÿåò ïëàíèðîâàíèå äëÿ ñòðóêòóðèðîâàííûõ îïåðàöèé è îïåðàöèé
âåòâëåíèÿ.

Íà ïîñëåäíåì øàãå äëÿ êàæäîé âûõîäíîé ïåðåìåííîé èç ñïåöèôèêàöèè ñòðîèòñÿ ïî-
ñëåäîâàòåëüíîñòü îïåðàöèé, êîòîðûå íåîáõîäèìî âû÷èñëèòü, ÷òîáû ïîëó÷èòü ýòó ïåðåìåí-
íóþ. Åñëè äëÿ ïåðåìåííîé â ýòîé ìîäåëè ñóùåñòâóåò íåñêîëüêî àëüòåðíàòèâíûõ ïîñëåäî-
âàòåëüíîñòåé îïåðàöèé, åå âû÷èñëÿþùèõ, òî ñðåäè íèõ âûáèðàåòñÿ äîñòàòî÷íî õîðîøàÿ
ïîñëåäîâàòåëüíîñòü ñ òî÷êè çðåíèÿ èñïîëüçóåìîãî êðèòåðèÿ. Èñïîëüçóåìûé â àëãîðèò-
ìå êðèòåðèé ìîæíî èçìåíèòü, íî òàê êàê îí ÿâëÿåòñÿ íåîòúåìëåìîé ÷àñòüþ àëãîðèòìà
ïîñòðîåíèÿ ïëàíîâ âû÷èñëåíèé, òî ïîñëå åãî èçìåíåíèÿ òðåáóåòñÿ ïåðåêîìïèëÿöèÿ ýòîé
ïîäñèñòåìû.

Êîãäà âû÷èñëåíèå êàæäîé âûõîäíîé ïåðåìåííîé áûëî ñïëàíèðîâàíî, ðàáîòà àëãîðèòìà
îñòàíàâëèâàåòñÿ, âîçâðàùàÿ ïîñòðîåííûé ïëàí âû÷èñëåíèé.

Îáùèé ïðèíöèï ðàáîòû ïîäñèñòåìû èñïîëíåíèÿ ñõîæ ñ ðàáîòîé èíòåðïðåòàòîðà. Èñ-
ïîëíåíèå îïåðàöèé ïðîèñõîäèò ïîñëåäîâàòåëüíî, ïî ìåðå ãîòîâíîñòè ïåðåìåííûõ, îò êîòî-
ðûõ îíè çàâèñÿò. Ïîäñèñòåìà èñïîëíåíèÿ ïîääåðæèâàåò èíèöèàëèçàöèþ âõîäíûõ ïåðåìåí-
íûõ ïëàíà âû÷èñëåíèé ïåðåäàííûìè åé íà÷àëüíûìè çíà÷åíèÿìè, äëÿ ýòîãî åé íåîáõîäèìî
îïèñàòü è ïåðåäàòü ñïåöèàëüíûé ôàéë ñ ïàðàìåòðàìè èíèöèàëèçàöèè.

Â çàâèñèìîñòè îò òèïà ïåðåìåííîé åå çíà÷åíèå ìîæåò õðàíèòüñÿ â ðàçëè÷íûõ ìåñòàõ,
íàïðèìåð, â ôàéëå. Ïîýòîìó ïåðåä èñïîëíåíèåì îïåðàöèè ñíà÷àëà ïðîèñõîäèò çàãðóçêà
ïåðåìåííûõ, ñâÿçàííûõ ñ åå âõîäíûìè àðãóìåíòàìè, à òàêæå ïîäãîòîâêà âûõîäíûõ àðãó-
ìåíòîâ ê ïðèåìó äàííûõ, åñëè òàêîâàÿ íåîáõîäèìà. Ïîñëå ýòîãî ïðîèñõîäèò âû÷èñëåíèå
ñàìîé îïåðàöèè, è ïîäñèñòåìà ñîõðàíÿåò åå âûõîäíûå àðãóìåíòû â ñîîòâåòñòâóþùèå ïå-
ðåìåííûå.
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Èñïîëíåíèå ñòðóêòóðèðîâàííûõ îïåðàöèé ïðîèñõîäèò èíà÷å. Âû÷èñëèòåëüíóþ ìîäåëü,
íà êîòîðóþ ññûëàåòñÿ ñòðóêòóðèðîâàííàÿ îïåðàöèÿ, áóäåì íàçûâàòü âëîæåííîé ìîäåëüþ.
Ïîñëå çàãðóçêè âõîäíûõ àðãóìåíòîâ èõ çíà÷åíèÿ êîïèðóþòñÿ â ïåðåìåííûå âëîæåííîé
ìîäåëè, óêàçàííîé â ýòîé îïåðàöèè, à çàòåì óæå çàïóñêàåòñÿ ïëàí âû÷èñëåíèé äëÿ ýòîé
ìîäåëè. Ïðè çàâåðøåíèè èñïîëíåíèÿ ïëàíà âû÷èñëåíèé çíà÷åíèÿ ïåðåìåííûõ âëîæåííîé
ìîäåëè êîïèðóþòñÿ â ïåðåìåííûå îñíîâíîé ìîäåëè. Èñïîëíåíèå îïåðàöèè âåòâëåíèÿ îòëè-
÷àåòñÿ îò èñïîëíåíèÿ ñòðóêòóðèðîâàííûõ îïåðàöèé òåì, ÷òî, ïîñëå âû÷èñëåíèÿ ðåçóëüòàòà
åå óñëîâèÿ, ïîäñèñòåìà èñïîëíåíèÿ â êà÷åñòâå ñëåäóþùåé îïåðàöèè ê èñïîëíåíèþ áåðåò
òó, êîòîðàÿ ñîîòâåòñòâóåò ýòîìó ðåçóëüòàòó.

Ïðîöåññ èñïîëíåíèÿ îïåðàöèé ïðîäîëæàåòñÿ, ïîêà íå áóäåò âûïîëíåíî îäíî èç óñëî-
âèé: óæå âû÷èñëåíû âñå îïåðàöèè èç ïëàíà âû÷èñëåíèé, âñå âûõîäíûå ïåðåìåííûå ïëàíà
âû÷èñëåíèé âû÷èñëåíû. Åñëè â ïðîöåññå âû÷èñëåíèé áûëè èñïîëíåíû âñå îïåðàöèè èç ïëà-
íà âû÷èñëåíèé, à âûõîäíûå ïåðåìåííûå âû÷èñëåíû íå âñå, òî âû÷èñëåíèÿ çàâåðøàþòñÿ
ñ îòïðàâêîé ñîîòâåòñòâóþùåãî ïðåäóïðåæäàþùåãî ñîîáùåíèÿ ïîëüçîâàòåëþ. Â ïðîòèâ-
íîì ñëó÷àå, êîãäà ïåðåìåííûå óæå âû÷èñëåíû, à â ïëàíå âû÷èñëåíèé åùå åñòü îïåðàöèè,
òî èñïîëíåíèå ïëàíà çàâåðøàåòñÿ øòàòíî, âûõîäíûå ïåðåìåííûå ñîõðàíÿþòñÿ â ñîîòâåò-
ñòâèè ñ èõ òèïàìè, à â ïîòîê ñòàíäàðòíîãî âûâîäà ïîëüçîâàòåëþ ñîîáùàåòñÿ î ðåçóëüòàòå
âû÷èñëåíèé.

Ðàçðàáîòàííàÿ ñèñòåìà ïîçâîëÿåò îñóùåñòâëÿòü õðàíåíèå è àâòîìàòè÷åñêîå ïðèìåíå-
íèå çíàíèé, ôîðìàëèçîâàííûõ â âèäå âû÷èñëèòåëüíûõ ìîäåëåé ñî ñòðóêòóðèðîâàííûìè
îïåðàöèÿìè è îïåðàöèÿìè âåòâëåíèÿ.

3. Òåñòèðîâàíèå. Äëÿ ïðîâåðêè ðàáîòû ðàçðàáîòàííîé ñèñòåìû ñ îïåðàöèÿìè, ññû-
ëàþùèìèñÿ íà äðóãèå âû÷èñëèòåëüíûå ìîäåëè, áûëî ðàçðàáîòàíî äâà íàáîðà òåñòîâ.

Ïåðâûé íàáîð òåñòîâ ïîäðàçóìåâàåò îïèñàíèå íåêîòîðîé çàäà÷è â âèäå âû÷èñëèòåëü-
íûõ ìîäåëåé ñî ñòðóêòóðèðîâàííûìè îïåðàöèÿìè, ñèíòåç ïî íèì ïðèêëàäíîé ïðîãðàììû,
è, ïîñëå ýòîãî, èñïîëíåíèå ïîëó÷åííîãî ïëàíà äëÿ ñîîòíåñåíèÿ ðåçóëüòàòà âû÷èñëåíèé
ñ îæèäàåìûì ðåçóëüòàòîì. Äëÿ ýòîãî òåñòà áûëè ðàçðàáîòàíû òðè âû÷èñëèòåëüíûõ ìî-
äåëè: ìîäåëü � 1, � 2 è � 3. Ìîäåëü � 1 ñîñòîèò òîëüêî èç îäíîé îïåðàöèè, êîòîðàÿ
ÿâëÿåòñÿ ñòðóêòóðèðîâàííîé îïåðàöèåé è ðåàëèçóåòñÿ ìîäåëüþ � 2. Ìîäåëü � 2 ñîñòîèò
èç òðåõ îïåðàöèé, ïðè÷åì îïåðàöèÿ G2 ñòðóêòóðèðîâàííàÿ è ðåàëèçóåòñÿ ìîäåëüþ � 3.
Ïîëíàÿ ñõåìà ñâÿçåé ìåæäó âû÷èñëèòåëüíûìè ìîäåëÿìè ïðåäñòàâëåíà íà ðèñ. 4. Ìîäåëè
áûëè îïèñàíû è ïåðåäàíû â ïîäñèñòåìó õðàíåíèÿ. Çàòåì áûëà îïèñàíà çàäà÷à âû÷èñëå-
íèÿ ïåðåìåííîé b èç ïåðåìåííîé a è ïåðåäàíà â ÁÀÇó. Ïîëó÷åííûé ïëàí âû÷èñëåíèé áûë
ïåðåäàí â ïîäñèñòåìó èñïîëíåíèÿ.

Íàáëþäàåìûé ïðè èñïîëíåíèè ïëàíà âû÷èñëåíèé ïîðÿäîê âûçîâà îïåðàöèé ïðåäñòàâ-
ëåí íà ðèñ. 5 è ñîîòâåòñòâóåò òðåáóåìîìó ïîðÿäêó.

Âòîðîé íàáîð òåñòîâ ïîäðàçóìåâàåò îïèñàíèå íåêîòîðîé çàäà÷è â âèäå âû÷èñëèòåëü-
íûõ ìîäåëåé ñ îïåðàöèÿìè âåòâëåíèÿ è èñïîëíåíèå ïëàíà âû÷èñëåíèé äëÿ ýòîé çàäà÷è.
Ïðè ýòîì íóæíî óáåäèòüñÿ, ÷òî ïîðÿäîê âû÷èñëåíèé ñîâïàäàåò ñ îæèäàåìûì. Äëÿ ýòîãî
íà ïîñëåäíåì øàãå òåñòèðîâàíèÿ èñïîëíåíèå ïðîãðàììû íóæíî ïðîèçâåñòè äâà ðàçà ïî
ðàçíûì ïóòÿì â âû÷èñëèòåëüíîé ìîäåëè.

Â ðàìêàõ òåñòà áûëà ðàçðàáîòàíà îñíîâíàÿ âû÷èñëèòåëüíàÿ ìîäåëü, íàçâàííàÿ Ìîäåëü
� 1 íà ðèñ. 6, à òàêæå âñïîìîãàòåëüíàÿ âû÷èñëèòåëüíàÿ ìîäåëü, íàçâàííàÿ Ìîäåëü � 2
íà ðèñ. 6. Îñíîâíàÿ ìîäåëü ñîäåðæèò îïåðàöèþ âåòâëåíèÿ B è ïåðåìåííóþ r, îò êîòîðîé
çàâèñèò âûáîð ïóòè âû÷èñëåíèé. Óñëîâèå âåòâëåíèÿ â îïåðàöèè B ðåàëèçóåòñÿ âñïîìî-
ãàòåëüíîé ìîäåëüþ è ñîñòîèò èç ëîãè÷åñêîãî óìíîæåíèÿ åãî àðãóìåíòîâ. Ïîëíàÿ ñõåìà
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Ðèñ. 4. Âû÷èñëèòåëüíûå ìîäåëè äëÿ òåñòèðîâàíèÿ ñòðóêòóðèðîâàííûõ îïåðàöèé

Ðèñ. 5. Ïîðÿäîê âûçîâà îïåðàöèé â òåñòå � 1

ñâÿçåé ìåæäó âû÷èñëèòåëüíûìè ìîäåëÿìè ïðåäñòàâëåíà íà ðèñ. 6. Ìîäåëè áûëè îïèñàíû
è ïåðåäàíû â ïîäñèñòåìó õðàíåíèÿ. Çàòåì áûëà îïèñàíà è ïåðåäàíà â ÁÀÇó çàäà÷à âû÷èñ-
ëåíèÿ ïåðåìåííîé y èç ïåðåìåííûõ x1 è x2. Ïîëó÷åííûé ïëàí âû÷èñëåíèé áûë ïåðåäàí â
ïîäñèñòåìó èñïîëíåíèÿ.

Íàáëþäàåìûé ïðè èñïîëíåíèè ïëàíà âû÷èñëåíèé ïîðÿäîê âûçîâà îïåðàöèé ïðåäñòàâ-
ëåí íà ðèñ. 7 è ñîîòâåòñòâóåò òðåáóåìîìó ïîðÿäêó.

Çàêëþ÷åíèå. Â ñòàòüå ïðåäñòàâëåíà ñèñòåìà õðàíåíèÿ çíàíèé â ôîðìàëüíîì âèäå è
èõ àâòîìàòè÷åñêîãî ïðèìåíåíèÿ. Ðàçðàáîòàíà ñèñòåìà, ñîõðàíÿþùàÿ èíôîðìàöèþ î ïîä-
ïðîãðàììàõ è î ñâÿçÿõ ìåæäó íèìè â ôîðìå, ïîäõîäÿùåé äëÿ àâòîìàòè÷åñêîãî êîíñòðó-
èðîâàíèÿ íîâûõ ïðèêëàäíûõ ïðîãðàìì. Ðàçðàáîòàííàÿ ñèñòåìà ïîçâîëÿåò ïðîèçâîäèòü
àâòîìàòè÷åñêèé ñèíòåç ïðèêëàäíûõ ïðîãðàìì ïî ñïåöèôèêàöèè çàäà÷è, à òàêæå ïîääåð-
æèâàåò ïðèìåíåíèå çíàíèé èç îäíîé âû÷èñëèòåëüíîé ìîäåëè â ðàìêàõ äðóãîé ìîäåëè.
Ðàçðàáîòàíà âîçìîæíîñòü îïèñàíèÿ óñëîâíûõ ïåðåõîäîâ â ðàìêàõ âû÷èñëèòåëüíîé ìîäå-
ëè. Ðåàëèçîâàíà ñèñòåìà äëÿ íàêîïëåíèÿ è àâòîìàòè÷åñêîãî ïðèìåíåíèÿ çíàíèé â âèäå
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Ðèñ. 6. Âû÷èñëèòåëüíûå ìîäåëè äëÿ òåñòèðîâàíèÿ îïåðàöèé âåòâëåíèÿ

Ðèñ. 7. Ïîðÿäîê âûçîâà îïåðàöèé â òåñòå � 2

âû÷èñëèòåëüíûõ ìîäåëåé, è áûëî ïðîâåäåíî åå òåñòèðîâàíèå íà ðàçëè÷íûõ âû÷èñëèòåëü-
íûõ ìîäåëÿõ, ÷òî ïîêàçàëî ïðèìåíèìîñòü ïîäõîäà è ñèñòåìû íà ðÿäå òåñòîâ.

Â äàëüíåéøèõ èññëåäîâàíèÿõ ïëàíèðóåòñÿ äîáàâëåíèå ïîääåðæêè äðóãèõ âèäîâ âû-
÷èñëèòåëüíûõ ìîäåëåé: ðåêóðñèâíûõ âû÷èñëèòåëüíûõ ìîäåëåé, âû÷èñëèòåëüíûõ ìîäåëåé
ñ ìàññèâàìè, à òàêæå âû÷èñëèòåëüíûõ ìîäåëåé ñ î÷åðåäÿìè.
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