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The IC designing main task is obtaining a workable crystal layout, which will be used to create a
template for fabrication. It is important to perform a veri�cation cycle of the obtained layout before
transferring the designed solutions to production. The �rst stage of veri�cation (DRC) consists of design
rules layout according to the check. These rules are described by the system of norms, restrictions,
rules and procedures regulating permissible mutual arrangement of topological elements and topological
structures, taking into account design features and possibilities of technological process. There are two
phases in almost any veri�cation procedure: the �rst one is the search of topological elements and
speci�c areas, the second one is the check for design rules compliance directly.

It is necessary to use logical operations on orthogonal rectangles that make up the topology of an
integrated circuit. Such operations as union, intersection, subtraction are performed over layers that
contain orthogonal rectangles (polygons). These operations are subject to stringent execution time
requirements. The traditional bitmap rectangle representation does not allow for a quasi-linear time
dependence on the processed data and requires development of new algorithms and approaches to
polygon representation.

It is proposed to describe the polygon by the coordinates of the polyline nodes (boundary nodes).
Such a representation will be called contour representation, which is de facto standard representation
for the layout at the veri�cation stage. In contour representation any topological layer is described
by enumeration of all contours that form polygon boundaries. Each contour begins with an arbitrary
starting node and ends with a �nite node, which always coincides with the starting node. Such a
representation is compact - the memory cost depends linearly on the number of nodes or edges of the
layer contours. Problem of that kind of representation is that logical operations require information
not about the boundaries, but the inner regions of polygons.

To resolve that issue, the ½sweeping line“ scheme is used. The idea is to exploit three properties of
a polygon. First, any edge of a polygon boundary always separates the interior region of the polygon
from the exterior. Second, any edge of an orthogonal polygon is either vertical or horizontal. Third, if
the plane is dissected by straight lines according to the vertical and horizontal edges into rectangular
fragments, then any such fragment will belong entirely to either the interior or the exterior region of
the polygon.

The procedures for input of polygon contour representations, which are divided into sets of vertical
and horizontal edges, are described. As a result of performing logical operations, polygon edges of the
resulting layer are formed, which, in turn, are converted into contour representations. If we take into
account that we can use algorithm implementations based on the classical interval tree as functions
providing work with half-intervals, then the computational complexity of this procedure in memory
and in time is estimated as O(NlogN), where N � is the number of horizontal edges of layer polygons.

A parallel implementation based on geometric decomposition of input data has been developed
to function e�ectively in a high-performance computing environment. The theoretical study showed
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linear scalability of this implementation on systems with distributed memory, but implementation as
a multithreaded application revealed competition for shared resources. The paper presents the results
of a computational experiment and outlines the ways to eliminate the competition e�ect.

The implementation of algorithms and procedures presented in this work were included in the plug-
in library of functions for working with topological layers, which, in its turn, is a part of the design
rules checking system being developed. This library is implemented in C++, using C++17 standard.
Implementation of parallel schemes to implement logical operations is done using the OpenMP library.

The results of a computational experiment con�rming the nature of the time dependences
determined theoretically are presented.

We propose the structure of a software system for DRC, built with the use of programming
languages C++ and Lua.

Key words: CAD, DRC, logical operations, orthogonal rectangles, polygons, sweeping line
modi�ed algorithm, IC, parallel algorithm, OpenMP.
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Â ðàìêàõ ðàçðàáîòêè îòå÷åñòâåííûõ ÑÀÏÐ äëÿ âåðèôèêàöèè íîðì êîíñòðóêòîðñêî-
òåõíîëîãè÷åñêèõ îãðàíè÷åíèé (ÊÒÎ) íåîáõîäèìà ðàçðàáîòêà áèáëèîòåêè âûïîëíåíèÿ ëîãè-
÷åñêèõ îïåðàöèé íàä îðòîãîíàëüíûìè ìíîãîóãîëüíèêàìè, ñîñòàâëÿþùèìè òîïîëîãèþ èíòå-
ãðàëüíîé ñõåìû. Ôóíêöèè áèáëèîòåêè âûïîëíÿþò îïåðàöèè íàä ñëîÿìè. Ïîä ñëîåì ïîíèìàåòñÿ
ìíîæåñòâî îðòîãîíàëüíûõ ïðÿìîóãîëüíèêîâ (ïîëèãîíîâ). Ê ýòèì îïåðàöèÿì ïðåäúÿâëÿþòñÿ
æåñòêèå òðåáîâàíèÿ ïî âðåìåíè âûïîëíåíèÿ. Ñóùåñòâóåò ðåàëèçàöèÿ, ïîñòðîåííàÿ íà îñíîâå
àëãîðèòìà çàìåòàþùåé ïðÿìîé è ïîçâîëÿþùàÿ äîáèòüñÿ âðåìåíè ðàáîòû àëãîðèòìà ïîðÿäêà
O(NlogN).
Äëÿ ýôôåêòèâíîãî ôóíêöèîíèðîâàíèÿ â âûñîêîïðîèçâîäèòåëüíîé âû÷èñëèòåëüíîé ñðåäå ðàç-
ðàáîòàíà ïàðàëëåëüíàÿ ðåàëèçàöèÿ, îñíîâàííàÿ íà ãåîìåòðè÷åñêîé äåêîìïîçèöèè èñõîäíûõ
äàííûõ. Ïðîâåäåííîå òåîðåòè÷åñêîå èññëåäîâàíèå ïîêàçàëî ëèíåéíóþ ìàñøòàáèðîâàííîñòü
äàííîé ðåàëèçàöèè íà ñèñòåìàõ ñ ðàñïðåäåëåííîé ïàìÿòüþ, íî ðåàëèçàöèÿ â âèäå ìíîãîïîòî÷-
íîãî ïðèëîæåíèÿ âûÿâèëà êîíêóðåíöèþ çà ðàçäåëÿåìûé ðåñóðñ. Â ðàáîòå ïðèâîäÿòñÿ ðåçóëü-
òàòû âû÷èñëèòåëüíîãî ýêñïåðèìåíòà è íàìå÷àþòñÿ ïóòè óñòðàíåíèÿ ýôôåêòà êîíêóðåíöèè.
Ïðåäñòàâëåííûå â ðàáîòå ðåàëèçàöèè àëãîðèòìîâ è ïðîöåäóð âîøëè â ñîñòàâ ïîäêëþ÷àåìîé
áèáëèîòåêè ôóíêöèé ðàáîòû ñî ñëîÿìè òîïîëîãè÷åñêîãî îïèñàíèÿ, êîòîðàÿ, â ñâîþ î÷åðåäü,
ÿâëÿåòñÿ ÷àñòüþ ðàçðàáàòûâàåìîé ñèñòåìû âåðèôèêàöèè íîðì ÊÒÎ. Äàííàÿ áèáëèîòåêà ðå-
àëèçîâàíà íà ÿçûêå Ñ++ ñ èñïîëüçîâàíèåì ñòàíäàðòà Ñ++17. Èìïëåìåíòàöèÿ ïàðàëëåëüíûõ
ñõåì ðåàëèçàöèè ëîãè÷åñêèõ îïåðàöèé âûïîëíåíà ñ èñïîëüçîâàíèåì áèáëèîòåêè OpenMP.

Êëþ÷åâûå ñëîâà: ÑÀÏÐ, ïðîâåðêà êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ îãðàíè÷åíèé, ëîãè÷å-
ñêèå îïåðàöèè, ïîëèãîíû, ïàðàëëåëüíàÿ ðåàëèçàöèÿ àëãîðèòìà çàìåòàþùåé ïðÿìîé, OpenMP.

Ââåäåíèå. Îñíîâíàÿ çàäà÷à ïðîåêòèðîâàíèÿ èíòåãðàëüíîé ñõåìû [1�4] çàêëþ÷àåòñÿ
â ïîëó÷åíèè òîïîëîãèè ðàáîòîñïîñîáíîãî êðèñòàëëà, ïî êîòîðîé áóäåò ñîçäàâàòüñÿ øàá-
ëîí äëÿ ôàáðè÷íîãî èçãîòîâëåíèÿ. Ïåðåä ïåðåäà÷åé ñïðîåêòèðîâàííûõ ðåøåíèé â ïðî-
èçâîäñòâî [5, 6] âàæíî âûïîëíèòü öèêë âåðèôèêàöèè ïîëó÷åííîé òîïîëîãèè [7, 8]. Íà-
÷àëüíûé ýòàï âåðèôèêàöèè çàêëþ÷àåòñÿ â ïðîâåðêå ïðîåêòà òîïîëîãèè èíòåãðàëüíîé ñõå-
ìû íà ñîîòâåòñòâèå íîðìàì êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ îãðàíè÷åíèé (ÊÒÎ), êîòî-
ðûå îïèñûâàþòñÿ ñèñòåìîé íîðì, îãðàíè÷åíèé, ïðàâèë è ïðîöåäóð, ðåãëàìåíòèðóþùèõ
äîïóñòèìîå âçàèìíîå ðàñïîëîæåíèå òîïîëîãè÷åñêèõ ýëåìåíòîâ è òîïîëîãè÷åñêèõ ñòðóê-
òóð ñ ó÷åòîì êîíñòðóêòèâíûõ îñîáåííîñòåé è âîçìîæíîñòåé òåõíîëîãè÷åñêîãî ïðîöåññà.
Ñòðóêòóðà ïðîöåññîâ âåðèôèêàöèè òîïîëîãèè âêëþ÷àåò äâå îñíîâíûå ôàçû: íà ïåðâîé
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Ðèñ. 1. Ïðèìåðû îðòîãîíàëüíûõ ïîëèãîíîâ

ïðîèñõîäèò ïîèñê ýëåìåíòîâ òîïîëîãèè è ñïåöèôè÷åñêèõ îáëàñòåé, íà âòîðîé îñóùåñòâ-
ëÿåòñÿ íåïîñðåäñòâåííî ïðîâåðêà ñîîòâåòñòâèÿ ïðàâèëàì ïðîåêòèðîâàíèÿ. Ïîäàâëÿþùåå
áîëüøèíñòâî ïîèñêîâûõ è ïðîâåðî÷íûõ ïðîöåäóð ôîðìóëèðóþòñÿ â òåðìèíàõ ëîãè÷åñêèõ
îïåðàöèé (îáúåäèíåíèå, ïåðåñå÷åíèå, âû÷èòàíèå) íàä ìíîæåñòâàìè, ñîäåðæàùèìè îðòîãî-
íàëüíûå ìíîãîóãîëüíèêè (ïîëèãîíû). Ê àëãîðèòìàì, ðåàëèçóþùèì ëîãè÷åñêèå îïåðàöèè,
ïðåäúÿâëÿþòñÿ æåñòêèå òðåáîâàíèÿ ïî âû÷èñëèòåëüíûì èçäåðæêàì, êîòîðûå ïî âðåìåíè
è ïî ïàìÿòè íå äîëæíû ïðåâûøàòü êâàçèëèíåéíûå îöåíêè.

Íà ïðàêòèêå ðàçìåð âõîäíûõ äàííûõ èñ÷èñëÿåòñÿ â äåñÿòêàõ è ñîòíÿõ ìèëëèîíîâ ïî-
ëèãîíîâ è áîëåå. Ïðè äàííûõ ïîðÿäêàõ âðåìÿ ðàáîòû àëãîðèòìîâ â ðàìêàõ ïðîâåðî÷íûõ
ïðîöåäóð çíà÷èòåëüíî äàæå ñ ó÷åòîì êâàçèëèíåéíûõ èçäåðæåê. Ñëåäóåò îòìåòèòü, ÷òî, åñ-
ëè â ðåçóëüòàòå àâòîìàòè÷åñêîé ïðîâåðêè íàéäåíû ïðîáëåìû, ýòî îçíà÷àåò íåîáõîäèìîñòü
âíåñåíèÿ èçìåíåíèé â ñèíòåçèðîâàííóþ òîïîëîãèþ è ïðåäïîëàãàåò öèêë ðàçðàáîòêè ñ ïî-
âòîðíîé ïðîâåðêîé äî òåõ ïîð, ïîêà íå áóäåò ïîëó÷åíî êîððåêòíîå ðåøåíèå. Â ðåçóëüòàòå
âîçðàñòàåò çíà÷èìîñòü òðåáîâàíèé ïî ñîêðàùåíèþ âðåìåííûõ èçäåðæåê ê ïðîãðàììíî-
òåõíè÷åñêèì ñðåäñòâàì âåðèôèêàöèè, ÷òî îáóñëàâëèâàåò èñïîëüçîâàíèå âûñîêîïðîèçâî-
äèòåëüíîé âû÷èñëèòåëüíîé áàçû è ýôôåêòèâíûõ ïàðàëëåëüíûõ ðåàëèçàöèé àëãîðèòìîâ
íà äàííîì ýòàïå ïðîåêòèðîâàíèÿ èçäåëèé ìèêðîýëåêòðîíèêè.

1. Ñëîè èíòåãðàëüíîé ñõåìû è ïîñëåäîâàòåëüíàÿ ñõåìà ðåàëèçàöèè ëîãè-

÷åñêèõ îïåðàöèé. Ðàññìîòðèì ïîñëåäîâàòåëüíóþ ñõåìó ðàáîòû àëãîðèòìîâ, ôîðìèðó-
þùèõ ðåçóëüòàò ðàáîòû ëîãè÷åñêèõ îïåðàöèé íàä ñëîÿìè èíòåãðàëüíîé ñõåìû [9]. Â êà-
÷åñòâå âõîäíûõ äàííûõ äëÿ ëîãè÷åñêèõ îïåðàöèé âûñòóïàþò òîïîëîãè÷åñêèå ñëîè. Ïîä
òîïîëîãè÷åñêèì ñëîåì ïîíèìàåòñÿ ìíîæåñòâî ïîïàðíî íåïåðåñåêàþùèõñÿ ïëîñêèõ îðòî-
ãîíàëüíûõ ìíîãîóãîëüíèêîâ (ïîëèãîíîâ). Êàæäûé ïîëèãîí õàðàêòåðèçóåòñÿ âíóòðåííåé
îáëàñòüþ ñî ñâîåé ãðàíèöåé, êîòîðàÿ ïðåäñòàâëÿåòñÿ â âèäå îðòîãîíàëüíîé ëîìàíîé, ñî-
ñòîÿùåé òîëüêî èç ïðÿìûõ îòðåçêîâ, ïàðàëëåëüíûõ îäíîé èç îñåé ïëîñêîñòè êðèñòàëëà
(êîíòóðíîå ïðåäñòàâëåíèå). Íà ðèñ. 1 ïðèâåäåíû ïðèìåðû îðòîãîíàëüíûõ ïîëèãîíîâ ñ
ãðàíèöàìè è âíóòðåííèìè îáëàñòÿìè.

Â êà÷åñòâå áàçîâûõ ëîãè÷åñêèõ îïåðàöèé âûäåëÿþò îïåðàöèè: îáúåäèíåíèå (îáîçíà÷à-
þò OR), ïåðåñå÷åíèå (îáîçíà÷àþò AND), âû÷èòàíèå (îáîçíà÷àþò NOT) è èñêëþ÷àþùåå
½ÈËÈ“ (îáîçíà÷àþò XOR). Ðåçóëüòàòîì îïåðàöèè îáúåäèíåíèÿ ÿâëÿåòñÿ íîâûé ñëîé, êîòî-
ðûé âêëþ÷àåò â ñåáÿ ïîëèãîíû, îïèñûâàþùèå îáëàñòè, îòíîñÿùèåñÿ ê ïîëèãîíàì ïåðâîãî
è/èëè âòîðîãî ñëîåâ. Ðåçóëüòàòîì îïåðàöèè ïåðåñå÷åíèÿ ÿâëÿåòñÿ íîâûé ñëîé, êîòîðûé
âêëþ÷àåò â ñåáÿ ïîëèãîíû, îïèñûâàþùèå îáëàñòè, îòíîñÿùèåñÿ îäíîâðåìåííî ê ïîëèãîíàì
ïåðâîãî è âòîðîãî ñëîåâ. Ðåçóëüòàòîì îïåðàöèè âû÷èòàíèÿ ÿâëÿåòñÿ íîâûé ñëîé, êîòîðûé
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Ðèñ. 2. Ïðèìåðû ðåçóëüòàòîâ ðàáîòû ëîãè÷åñêèõ îïåðàöèé íàä ñëîÿìè

Ðèñ. 3. Ñõåìà ðàáîòû àëãîðèòìà âû÷èñëåíèÿ âíóòðåííèõ îáëàñòåé ñëîÿ

âêëþ÷àåò â ñåáÿ ïîëèãîíû, îïèñûâàþùèå îáëàñòè ïîëèãîíà ïåðâîãî ñëîÿ, çà èñêëþ÷å-
íèåì ñîâïàäàþùèõ îáëàñòåé âòîðîãî ñëîÿ. Ðåçóëüòàòîì îïåðàöèè èñêëþ÷àþùåãî ½ÈËÈ“
ÿâëÿåòñÿ íîâûé ñëîé, êîòîðûé âêëþ÷àåò â ñåáÿ ïîëèãîíû, îïèñûâàþùèå îáëàñòè ïîëèãî-
íà ïåðâîãî èëè âòîðîãî ñëîåâ, çà èñêëþ÷åíèåì ñîâïàäàþùèõ îáëàñòåé ïåðâîãî è âòîðîãî
ñëîÿ. Íà ðèñ. 2 ïðèâåäåíû ïðèìåðû ðåçóëüòàòîâ ðàáîòû ëîãè÷åñêèõ îïåðàöèé íàä ñëîÿìè.

Ïðîöåññ âû÷èñëåíèÿ ëîãè÷åñêèõ îïåðàöèé îñíîâàí íà ñõåìå âû÷èñëåíèÿ âíóòðåííèõ
îáëàñòåé ïîëèãîíîâ ñëîÿ ïî êîíòóðíîìó ïðåäñòàâëåíèþ. Äàííûé ïðîöåññ âûãëÿäèò ñëåäó-
þùèì îáðàçîì. Ðàññìîòðèì òîëüêî ãîðèçîíòàëüíûå ðåáðà ïîëèãîíîâ îäíîãî ñëîÿ. Âû÷èñ-
ëèì îãðàíè÷èâàþùèé ïðÿìîóãîëüíèê, âêëþ÷àþùèé âñå ãîðèçîíòàëüíûå ðåáðà. Ðàçðåæåì
îãðàíè÷èâàþùèé ïðÿìîóãîëüíèê íà ãîðèçîíòàëüíûå ïîëîñû òàê, ÷òîáû ðàçðåçû ïðîõîäè-
ëè ñòðîãî ïî âñåì ãîðèçîíòàëüíûì ðåáðàì. Óïîðÿäî÷èì (ïðîíóìåðóåì) ðàçðåçû ïî ïîðÿä-
êó èõ ðàçìåùåíèÿ íà ïëîñêîñòè ½ñíèçó ââåðõ“. Òàê êàê ëþáîå ðåáðî ãðàíèöû ïîëèãîíà
âñåãäà îòäåëÿåò âíóòðåííþþ îáëàñòü ìíîãîóãîëüíèêà îò âíåøíåé, òî ñìåíà âíóòðåííèõ
îáëàñòåé ïîëèãîíà íà âíåøíèå è, íàîáîðîò, âíåøíèõ íà âíóòðåííèå ïðîèñõîäèò ñòðîãî íà
ðàçðåçàõ. Òîãäà ñõåìà âû÷èñëåíèÿ âíóòðåííèõ îáëàñòåé ôàêòè÷åñêè çàêëþ÷àåòñÿ â ïî-
ñëåäîâàòåëüíîì ïåðåáîðå ðàçðåçîâ ½ñíèçó ââåðõ“. Äëÿ êàæäîãî i-ãî ðàçðåçà ïðîèñõîäèò
âû÷èñëåíèå ðåçóëüòàòà îïåðàöèè Ii = Bi XOR Ii−1, ãäå Ii � èíòåðâàëû, îïðåäåëÿþùèå
âíóòðåííèå îáëàñòè ïîëèãîíîâ ñëîÿ íàä i-ì ðàçðåçîì; Bi � èíòåðâàëû, ñîîòâåòñòâóþùèå
ãîðèçîíòàëüíûì ðåáðàì, ïîïàâøèå â i-é ðàçðåç. Íà ðèñ. 3 ïðèâåäåíà èëëþñòðàöèÿ ðàáîòû
àëãîðèòìà.

Âû÷èñëèòåëüíàÿ ñëîæíîñòü ïðåäñòàâëåííîé ñõåìû îöåíèâàåòñÿ êàê O(N log N) êàê ïî
âðåìåíè ðàáîòû, òàê è ïî ïèêîâîìó ïîòðåáëåíèþ ïàìÿòè.

2. Îáùàÿ ñõåìà ðàáîòû àëãîðèòìà ëîãè÷åñêèõ îïåðàöèé íàä ñëîÿìè. Ñõå-
ìà âû÷èñëåíèÿ ðåçóëüòàòà ëîãè÷åñêîé îïåðàöèè íàä ñëîÿìè ìîæåò áûòü îïèñàíà â âèäå
ñëåäóþùåãî àëãîðèòìà [9]:
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1. Èñõîäíûå äàííûå: êîíòóðíîå ïðåäñòàâëåíèå ñëîÿ 1 è ñëîÿ 2;
2. Èçâëå÷ü H1 è H2 � ìíîæåñòâà ãîðèçîíòàëüíûõ ðåáåð ñëîÿ 1 è ñëîÿ 2;
3. Óïîðÿäî÷èòü ýëåìåíòû ìíîæåñòâ H1 è H2 ïî çíà÷åíèþ êîîðäèíàò Y ;
4. Âû÷èñëèòü âíóòðåííèå îáëàñòè ïîëèãîíîâ ïî âåðòèêàëüíîé êîîðäèíàòå, ïîëó÷èòü

ìíîæåñòâî ãîðèçîíòàëüíûõ ðåáåð H;
5. Èçâëå÷ü V1 è V2 � ìíîæåñòâà âåðòèêàëüíûõ ðåáåð ñëîÿ 1 è ñëîÿ 2;
6. Óïîðÿäî÷èòü ýëåìåíòû ìíîæåñòâ V1 è V2 ïî çíà÷åíèþ êîîðäèíàò X;
7. Âû÷èñëèòü âíóòðåííèå îáëàñòè ïîëèãîíîâ ïî ãîðèçîíòàëüíîé êîîðäèíàòå, ïîëó÷èòü

ìíîæåñòâî âåðòèêàëüíûõ ðåáåð V ;
8. Ïîñòðîèòü ðåáåðíûé ãðàô ïî ýëåìåíòàì èç H è V ;
9. Íàéòè âñå ïðîñòûå öèêëû îáõîäîì â ãëóáèíó ðåáåðíîãî ãðàôà;
10. Ñîõðàíèòü âñå íàéäåííûå öèêëû â êîíòóðíîå ïðåäñòàâëåíèå èòîãîâîãî ñëîÿ.
Àêêóìóëèðóÿ èíôîðìàöèþ ïî ñëîæíîñòè ðàáîòû îòäåëüíûõ øàãîâ ðàáîòû àëãîðèòìà,

ìîæíî îòìåòèòü, ÷òî îáùàÿ âû÷èñëèòåëüíàÿ ñëîæíîñòü ïðåäñòàâëåííîé ñõåìû ðàñ÷åòà
ðåçóëüòàòà ëîãè÷åñêèõ îïåðàöèé íàä ñëîÿìè â êîíòóðíîì ïðåäñòàâëåíèè çàâèñèò òîëüêî
îò ÷èñëà ðåáåð ïîëèãîíîâ ñëîÿ è îöåíèâàåòñÿ êàê O(NlogN) ïî âðåìåíè ðàáîòû è ïî
ïîòðåáëåíèþ ïàìÿòè.

3. Ïàðàëëåëüíàÿ ñõåìà ðåàëèçàöèè ëîãè÷åñêèõ îïåðàöèé. Ïðåäñòàâëåííàÿ âû-
øå ñõåìà âû÷èñëåíèÿ âíóòðåííèõ îáëàñòåé ïîëèãîíîâ ñëîÿ îñíîâàíà íà ïîñëåäîâàòåëüíîì
ïåðåáîðå ðàçðåçîâ ñòðîãî ½ñíèçó ââåðõ“ (èëè ½ñëåâà íàïðàâî“) è íå ïîçâîëÿåò íà÷àòü âû-
÷èñëåíèå âíóòðåííèõ îáëàñòåé ñ ïðîèçâîëüíîãî ðàçðåçà. Äåëî â òîì, ÷òî äëÿ òîãî, ÷òîáû
êîððåêòíî âû÷èñëèòü âíóòðåííèå îáëàñòè íàä i-ì ðàçðåçîì Ii , íåîáõîäèìî çíàòü èíòåð-
âàëû ðàçìåùåíèÿ âíóòðåííèõ îáëàñòåé ïîä i-ì ðàçðåçîì, ÷òî ýêâèâàëåíòíî èíòåðâàëàì
ðàçìåùåíèÿ âíóòðåííèõ îáëàñòåé íàä (i-1)-ì ðàçðåçîì Ii−1.

Äëÿ âû÷èñëåíèÿ âíóòðåííèõ îáëàñòåé íàä (i-1)-ì ðàçðåçîì âîñïîëüçóåìñÿ ñâîéñòâîì
ãðàíèöû ïîëèãîíà, êîòîðàÿ âñåãäà îòäåëÿåò âíóòðåííþþ îáëàñòü ìíîãîóãîëüíèêà îò âíåø-
íåé. Îäíàêî, ïðè ýòîì áóäåì ðàññìàòðèâàòü òîëüêî âåðòèêàëüíûå ðåáðà, ïåðåñåêàþùèå
ãîðèçîíòàëüíóþ ïðÿìóþ, ðàñïîëîæåííóþ ìåæäó (i-1)-ì è i-ì ðàçðåçàìè (ñì. ðèñ. 4). Åñ-
ëè óïîðÿäî÷èòü (ïðîíóìåðîâàòü, íà÷èíàÿ ñ 1) âñå òàêèå âåðòèêàëüíûå ðåáðà ïî ïîðÿäêó
èõ ðàçìåùåíèÿ íà ïëîñêîñòè ½ñëåâà íàïðàâî“ (ïî âîçðàñòàíèþ êîîðäèíàòû X), òî êàæ-
äîå íå÷åòíîå ðåáðî ñëóæèò èíäèêàòîðîì ½ïåðåêëþ÷åíèÿ“ âíåøíèõ îáëàñòåé ïîëèãîíà íà
âíóòðåííèå, à êàæäîå ÷åòíîå ðåáðî îòìå÷àåò ôàêò ½ïåðåêëþ÷åíèÿ“ âíóòðåííèõ îáëàñòåé
íà âíåøíèå, ÷òî äàåò âîçìîæíîñòü ïîñòðîèòü ïðîñòóþ ñõåìó âû÷èñëåíèÿ èñêîìûõ èíòåð-
âàëîâ ðàçìåùåíèÿ âíóòðåííèõ îáëàñòåé íàä (i-1)-ì ðàçðåçîì Ii−1.

Òàêèì îáðàçîì, äëÿ îáåñïå÷åíèÿ ãåîìåòðè÷åñêîé äåêîìïîçèöèè èñõîäíûõ äàííûõ íà
çàäàííîå êîëè÷åñòâî ÷àñòåé äëÿ ïàðàëëåëüíîãî íåçàâèñèìîãî ðàñ÷åòà íåîáõîäèìî: 1) îïðå-
äåëèòü ðàçðåçû, ïî êîòîðûì áóäåò îñóùåñòâëÿòüñÿ ðàçðåçàíèå âñåé ãåîìåòðèè íà ÷àñòè;
2) îñóùåñòâèòü äåêîìïîçèöèþ ãîðèçîíòàëüíûõ ðåáåð ïî ÷àñòÿì; 3) èäåíòèôèöèðîâàòü
ñïèñêè âåðòèêàëüíûõ ðåáåð, ïåðåñåêàþùèõ ñîîòâåòñòâóþùèå ðàçðåçû. Îïðåäåëÿòü ìåñòà
ðàçðåçîâ ïðåäëàãàåòñÿ ïî ãåîìåòðè÷åñêîìó ïðèíöèïó � ïðÿìîóãîëüíèê, îãðàíè÷èâàþùèé
ïîëèãîíû ñëîÿ, ðàçðåçàåòñÿ íà çàäàííîå ÷èñëî ïîëîñ ðàâíîé øèðèíû.

Â îñíîâó ïðîöåäóð äåêîìïîçèöèè ãîðèçîíòàëüíûõ ðåáåð ïî ÷àñòÿì ïðåäëàãàåòñÿ ïî-
ëîæèòü ïàðàëëåëüíóþ ñõåìó � êàæäûé ïðîöåññ íåçàâèñèìî îáðàáàòûâàåò ñâîþ ÷àñòü
ìàññèâà âåðòèêàëüíûõ ðåáåð è ðàñïðåäåëÿåò èõ ïî íåçàâèñèìûì ñïèñêàì, êîòîðûå ïðîàñ-
ñîöèèðîâàíû ñîîòâåòñòâóþùèì ÷àñòÿì äåêîìïîçèöèè. Äàëåå, ïîñëå ôàçû ïàðàëëåëüíîãî
ðàñ÷åòà, ñïèñêè ïåðåðàñïðåäåëÿþòñÿ ïî ½ñâîèì“ ÷àñòÿì äàííûõ. Ïî àíàëîãèè ñ ïðîöåññîì
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Ðèñ. 4. Ðàñïðåäåëåíèå ãîðèçîíòàëüíûõ ðåáåð ïî äâóì ÷àñòÿì (ñëåâà), îïðåäåëåíèå âåðòèêàëüíûõ ðåáåð è

âû÷èñëåíèå âíóòðåííèõ îáëàñòåé ïîä ðàçðåçîì (ñïðàâà)

äåêîìïîçèöèè ìîæåò áûòü îðãàíèçîâàíà ïàðàëëåëüíàÿ ñõåìà âû÷èñëåíèÿ ñïèñêîâ âåðòè-
êàëüíûõ ðåáåð, ïåðåñåêàþùèõ ñîîòâåòñòâóþùèå ðàçðåçû.

Â ðåçóëüòàòå îïèñàííîé âûøå ïðîöåäóðû áóäóò ïîäãîòîâëåíû äàííûå äëÿ íåçàâèñèìî-
ãî ïàðàëëåëüíîãî âû÷èñëåíèÿ âíóòðåííèõ îáëàñòåé â ðàìêàõ êàæäîé èç ÷àñòåé. Â òàêîì
ñëó÷àå îöåíêà óñêîðåíèÿ ïðåäëîæåííîé ïàðàëëåëüíîé ñõåìû âû÷èñëåíèÿ äàííûõ ñ ó÷åòîì
ôàçû ïîäãîòîâêè äàííûõ è ôàçû âû÷èñëåíèÿ îöåíèâàåòñÿ êàê N/P , ãäå N � ÷èñëî ðåáåð;
P � ÷èñëî ïðîöåññîâ/ïðîöåññîðîâ.

4. Ïðîãðàììíîå îáåñïå÷åíèå ñèñòåìû âåðèôèêàöèè ÊÒÎ. Ïðåäñòàâëåííûå
â ðàáîòå ðåàëèçàöèè àëãîðèòìîâ è ïðîöåäóð âîøëè â ñîñòàâ ïîäêëþ÷àåìîé áèáëèîòåêè
ôóíêöèé ðàáîòû ñî ñëîÿìè òîïîëîãè÷åñêîãî îïèñàíèÿ, êîòîðàÿ, â ñâîþ î÷åðåäü, ÿâëÿåòñÿ
÷àñòüþ ðàçðàáàòûâàåìîé ñèñòåìû âåðèôèêàöèè íîðì ÊÒÎ [9]. Äàííàÿ áèáëèîòåêà ðåàëè-
çîâàíà íà ÿçûêå Ñ++, ñ èñïîëüçîâàíèåì ñòàíäàðòà Ñ++17. Èìïëåìåíòàöèÿ ïàðàëëåëüíûõ
ñõåì ðåàëèçàöèè ëîãè÷åñêèõ îïåðàöèé âûïîëíåíà ñ èñïîëüçîâàíèåì áèáëèîòåêè OpenMP.

Îáùàÿ àðõèòåêòóðà ñèñòåìû âåðèôèêàöèè ÊÒÎ òîïîëîãèè ìèêðîñõåì ïðèâåäåíà íà
ðèñ. 5. Â ñîîòâåòñòâèè ñ àðõèòåêòóðîé, ñèñòåìà âåðèôèêàöèè ÊÒÎ âêëþ÷àåò ñëåäóþùèå
êîìïîíåíòû: èíòåðïðåòàòîð ÿçûêà Lua � ïîçâîëÿåò âûïîëíÿòü ïðîãðàììó àâòîìàòè÷å-
ñêîé ïðîâåðêè ïðàâèë ÊÒÎ; áèáëèîòåêà ôóíêöèé äëÿ ðàáîòû ñî ñëîÿìè â ñîñòàâå ñî-
äåðæèò ôóíêöèè âûïîëíåíèÿ ëîãè÷åñêèõ îïåðàöèé; áëîê ðàáîòû ñ ôàéëàìè GDSII; áëîê
ðàáîòû ñ áàçîé äàííûõ ñëîåâ â ñîñòàâå; áëîê ðàáîòû ñ îò÷åòàìè.

Ñëåäóåò îòìåòèòü, ÷òî âõîäíûìè äàííûìè ñèñòåìû âåðèôèêàöèè ÊÒÎ ÿâëÿþòñÿ
GDSII ôàéë òîïîëîãèè èíòåãðàëüíîé ñõåìû è ñêðèïò âåðèôèêàöèè. Âûõîäíûìè äàííûìè
ÿâëÿþòñÿ áàçà äàííûõ ðåçóëüòèðóþùèõ ñëîåâ è îò÷åòû ðàáîòû àëãîðèòìîâ âåðèôèêàöèè.
Òàêèì îáðàçîì, äëÿ ñêðèïòà âåðèôèêàöèè îáåñïå÷èâàþòñÿ ñëåäóþùèå âîçìîæíîñòè: ÷òå-
íèå ñëîåâ èç ôàéëà GDSII; îáðàáîòêà ñëîåâ ïðè ïîìîùè ôóíêöèé èç áèáëèîòåêè ôóíêöèé
äëÿ ðàáîòû ñî ñëîÿìè; ñîõðàíåíèå ñëîåâ â áàçå äàííûõ ñëîåâ; ñîõðàíåíèå ëîãîâ è îòëà-
äî÷íîé èíôîðìàöèè â õðàíèëèùå îò÷åòîâ ðàáîòû àëãîðèòìîâ âåðèôèêàöèè.

Ïðåäñòàâëåííàÿ àðõèòåêòóðà ðàçðàáîòàííîãî ïðîãðàììíîãî îáåñïå÷åíèÿ ïðåäîñòàâëÿ-
åò øèðîêèå âîçìîæíîñòè ñ òî÷êè çðåíèÿ ðàñøèðÿåìîñòè ôóíêöèîíàëà ñèñòåìû âåðèôè-
êàöèè ÊÒÎ, êîòîðàÿ îáåñïå÷èâàåòñÿ áîëüøîé îïèñàòåëüíîé ñèëîé ÿçûêà Lua â ðàìêàõ
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Ðèñ. 5. Àðõèòåêòóðà ñèñòåìû âåðèôèêàöèè ÊÒÎ òîïîëîãèè ìèêðîñõåì

èìïåðàòèâíîãî ïîäõîäà, à òàêæå øèðîêèì ñïåêòðîì âîçìîæíîñòåé ïî íàðàùèâàíèþ ôóíê-
öèîíàëà äèíàìè÷åñêè ïîäêëþ÷àåìîé áèáëèîòåêè ôóíêöèé.

5. Ðåçóëüòàòû âû÷èñëèòåëüíîãî ýêñïåðèìåíòà. Äëÿ àïðîáàöèè ôóíêöèé áèáëèî-
òåêè îïåðàöèé íàä ïîëèãîíàìè áûëè ïîäãîòîâëåíû òåñòîâûå äàííûå, ïðåäñòàâëÿþùèå
ñîáîé íàáîð êîîðäèíàò âåðøèí ïîëèãîíîâ äëÿ äâóõ ñëîåâ. ×èñëî ïîëèãîíîâ â ðàìêàõ îä-
íîãî ñëîÿ âàðüèðóåòñÿ îò 2000 äî 50000. Íàä òåñòîâûìè äàííûìè âûïîëíÿëèñü îïåðàöèè
îáúåäèíåíèÿ, ïåðåñå÷åíèÿ, âû÷èòàíèÿ è èñêëþ÷àþùåãî ½ÈËÈ“.

Äëÿ òåñòèðîâàíèÿ èñïîëüçîâàëñÿ ïåðñîíàëüíûé êîìïüþòåð ñ 8-ÿäåðíûì ïðîöåññîðîì
Intel Core i7, 3.8 ÃÃö è îáúåìîì ïàìÿòè 32 ÃÁ.

Ðåçóëüòàòû èçìåðåíèÿ âðåìåíè äëÿ ðàçëè÷íûõ îïåðàöèé ïðèâåäåíû íà ðèñ. 6.
Èç ðèñóíêà âèäíî ñîõðàíåíèå êâàçèëèíåéíîé ñëîæíîñòè àëãîðèòìà ïðè çàïóñêå àëãî-

ðèòìà íà íåñêîëüêèõ ïðîöåññîðàõ, îäíàêî, îòñóòñòâóåò ëèíåéíîå óñêîðåíèå àëãîðèòìà ïðè
óâåëè÷åíèè ÷èñëà ïîòîêîâ, à èìåííî, íàáëþäàåòñÿ ðåçêîå ñíèæåíèå ïðèðîñòà ïðîèçâîäè-
òåëüíîñòè ïðè ÷èñëå ïîòîêîâ áîëüøå, ÷åì 2.

Èç ïîëó÷åííûõ çàâèñèìîñòåé âèäíî, ÷òî îöåíêà âðåìåííûõ çàòðàò íà âûïîëíåíèå îïå-
ðàöèé íå ñîîòâåòñòâóåò òåîðåòè÷åñêè ïîëó÷åííûì îöåíêàì. Àíàëèç ïðîèçâîäèòåëüíîñòè
ïîêàçàë íàëè÷èå ïðîáëåìû êýø ïðîìàõîâ (cache miss). Áûëà ïðåäïðèíÿòà ïîïûòêà ðå-
øåíèÿ äàííîé ïðîáëåìû çà ñ÷åò ãåîìåòðè÷åñêîé äåêîìïîçèöèè îáëàñòè íà áîëüøîå êîëè-
÷åñòâî äîñòàòî÷íî ìàëåíüêèõ (äîñòàòî÷íûõ äëÿ ïîïàäàíèÿ â êýø ïåðâîãî óðîâíÿ) ïîä-
ìíîæåñòâ ðåáåð. Îò÷àñòè ýòî óëó÷øèëî îáùóþ êàðòèíó � âðåìÿ âû÷èñëåíèÿ ðåçóëüòàòà
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Ðèñ. 6. Çàâèñèìîñòè âðåìåíè îïåðàöèé îò êîëè÷åñòâà ïîëèãîíîâ â ñëîå è ÷èñëà ïîòîêîâ

ëîãè÷åñêèõ îïåðàöèé â ñðåäíåì ñîêðàòèëîñü â 3 ðàçà, îäíàêî ïðîáëåìà ìàñøòàáèðóåìî-
ñòè â êîíòåêñòå ïàðàëëåëüíûõ âû÷èñëåíèé íà îáùåé ïàìÿòè îñòàëàñü. Îñíîâíàÿ ïðè÷èíà
ýòîãî î÷åâèäíî ñâÿçàíà ñ êîíêóðåíöèåé ïîòîêîâûõ âû÷èñëåíèé çà øèíó ïàìÿòè. Äàí-
íàÿ ïðîáëåìà ÿâëÿåòñÿ õàðàêòåðíîé äëÿ âñåõ ìíîãîïðîöåññîðíûõ ñèñòåì ïðè ðàáîòå ñ çà-
äà÷àìè, òðåáóþùèìè èíòåíñèâíîãî îáìåíà äàííûìè ïî øèíå ïàìÿòü-ïðîöåññîð. Îäíàêî
ñòîèò çàìåòèòü, ÷òî ïðåäëîæåííàÿ ñõåìà äåêîìïîçèöèè ðåáåð îáåñïå÷èâàåò ïîñëåäóþùèé
íåçàâèñèìûé ðàñ÷åò ïî êàæäîé îòäåëüíîé ÷àñòè ãåîìåòðèè, ÷òî îòêðûâàåò øèðîêèå âîç-
ìîæíîñòè äëÿ èñïîëüçîâàíèÿ ïàðàëëåëüíûõ âû÷èñëåíèé íà ñèñòåìàõ ñ ðàñïðåäåëåííîé
ïàìÿòüþ.

Çàêëþ÷åíèå. Â ðàìêàõ ïðîåêòà ïî ñîçäàíèþ îòå÷åñòâåííîé ÑÀÏÐ äëÿ âåðèôèêàöèè
íîðì ÊÒÎ áûëà ðàçðàáîòàíà áèáëèîòåêà, ðåàëèçóþùàÿ ëîãè÷åñêèå îïåðàöèè íàä ñëîÿìè,
îáðàçóþùèìè òîïîëîãè÷åñêîå îïèñàíèå ìèêðîñõåìû. Â îñíîâó ïðîöåäóð âû÷èñëåíèÿ
ðåçóëüòàòà ëîãè÷åñêèõ îïåðàöèé ïîëîæåíà ïîñëåäîâàòåëüíàÿ ñõåìà, îáåñïå÷èâàþùàÿ
êâàçèëèíåéíóþ âû÷èñëèòåëüíóþ âðåìåííóþ ñëîæíîñòü. Ïðåäëîæåíà òåõíîëîãèÿ åå
ðàñïàðàëëåëèâàíèÿ, îñíîâàííàÿ íà ãåîìåòðè÷åñêîé äåêîìïîçèöèè äàííûõ. Òåîðåòè÷åñêèé
àíàëèç ïîêàçàë ëèíåéíóþ ìàñøòàáèðóåìîñòü ïðåäëîæåííûõ ïàðàëëåëüíûõ ðåøåíèé íà
ñèñòåìàõ ñ ðàñïðåäåëåííîé ïàìÿòüþ. Ïîïûòêà ðåàëèçàöèè äàííîé òåõíîëîãèè â ðàìêàõ
ìíîãîïîòî÷íîãî ïðèëîæåíèÿ âûÿâèëà òèïîâûå ïðîáëåìû ìàñøòàáèðóåìîñòè íà ñèñòåìàõ
ñ îáùåé ïàìÿòüþ, ñâÿçàííûå ñ êîíêóðåíöèåé çà ðàçäåëÿåìûé ðåñóðñ. Äàëüíåéøåå
ðàçâèòèå äàííîãî íàïðàâëåíèÿ ðàáîò ïðåäïîëàãàåò ðåàëèçàöèþ ïðåäëîæåííûõ ðåøåíèé
äëÿ ðàñïðåäåëåííûõ âû÷èñëåíèé � îæèäàåòñÿ, ÷òî ýòî ïîçâîëèò äîñòè÷ü íàèáîëüøåãî
óñêîðåíèÿ è ìàñøòàáèðóåìîñòè.
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