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High-level programming languages are the main development tool for software. The task of
translating the source code of programs into a representation executable on a computer system is solved
by the compiler. Compilers have high quality requirements since correctness of compiled programs
signi�cantly depends on compiler correctness. And software defects caused by errors in the compiler are
di�cult to identify, and impossible to correct without interference in the compiler itself. The correctness
of the compiler is a necessary requirement for the correct operation of the software compiled by it.
Therefore, the most important stage in the development of the compiler is veri�cation.

Due to complexity of programs as compiler input data and their transformations, the task of
compiler veri�cation is very tedious and di�cult. And in the case of using an optimizing compiler, it
is also algorithmically unsolvable. But we can consider the behavior of the compiler on some limited
class of programs. We cannot compare the result of the transformation with some reference, we can
only consider some properties of the translation produced. For example, if the compilation of the same
program without optimizations succeeds, and with optimizations leads fails in compiler, then we can
talk about the presence of errors in the optimization code.

Recent widespread of multicore processors and graphics core integrated to CPU emphasized the
problem of the transition from single-threaded to multithreaded computing and re-usage of graphics
core for general purpose heterogeneous parallel computations in particular. Intel introduced GFX-
o�oad extension for C++ language in addition to the some open standards for parallel computing:
OpenMP, OpenCL, Cilk Plus. That helps to utilize the powers of integrated graphics for general
purpose computation. Taking all these facts into account, veri�cation of implementations of parallel
C++ extension in compiler is particularly important.

Automatic test generation is an important part of the veri�cation, because tests written by
hand usually can't e�ectively cover all possible combinations of language constructions, as well as
all situations of optimization's application. The QA command of the Intel compiler chose an approach
using a parametric context-free grammar, described by a special meta-language for test generator.
Parametric context-free grammars have proven themselves as a good formalism for constructing
generators of semantically correct and compiler-speci�c tests with deterministic behavior. They were
distinguished by the clarity of the description of generated test programs, as well as the �exibility and
convenience in working with their context. However, this approach was used only to generate single-
threaded tests executed on the central processor. Therefore it is an open question about the possibility of
using an already existing generator of single-threaded tests based on parametric context-free grammars,
for generating tests for multi-threaded extensions of the C ++ language, like GFX-o�oad.

In this paper, we presenting an approach to automate test creation for the veri�cation of the
GFX-o�oad compiler, based on a generator that uses grammars to generate syntactically correct
executable tests. Also we will show some results of using this approach for compiler's veri�cation at
Intel Corporation.
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Êîìïèëÿòîð � èíñòðóìåíò, òðåáîâàíèÿ ê íàäåæíîñòè êîòîðîãî ÷ðåçâû÷àéíî âûñîêè. Òàê êàê
äåôåêòû ïðîãðàììíîãî îáåñïå÷åíèÿ, âûçâàííûå îøèáêàìè â êîìïèëÿòîðå, ñëîæíî âûÿâèòü, à
òåì áîëåå èñïðàâèòü áåç âìåøàòåëüñòâà â ñàì êîìïèëÿòîð, ïîýòîìó âàæíåéøèì ýòàïîì ðàçðà-
áîòêè êîìïèëÿòîðà ÿâëÿåòñÿ åãî âåðèôèêàöèÿ. Èç-çà ñëîæíîñòè âõîäíûõ äàííûõ è ïðîèçâîäè-
ìûõ íàä íèìè ïðåîáðàçîâàíèé çàäà÷à âåðèôèêàöèè êîìïèëÿòîðîâ ÿâëÿåòñÿ âåñüìà òðóäîåìêîé
è íåïðîñòîé. À â ñëó÷àå èñïîëüçîâàíèÿ îïòèìèçèðóþùåãî êîìïèëÿòîðà åùå è àëãîðèòìè÷å-
ñêè íåðàçðåøèìîé, ïîýòîìó ìîæåì ðàññìîòðåòü ïîâåäåíèå êîìïèëÿòîðà òîëüêî íà íåêîòîðîì
îãðàíè÷åííîì êëàññå ïðîãðàìì. Â ñòàòüå ïðåäñòàâëåí ïîäõîä ê àâòîìàòèçàöèè ñîçäàíèÿ òåñòîâ
äëÿ âåðèôèêàöèè GFX-o�oad êîìïèëÿòîðà, îñíîâàííûé íà ãåíåðàòîðå, èñïîëüçóþùåì ãðàì-
ìàòèêè äëÿ ïîðîæäåíèÿ ñèíòàêñè÷åñêè êîððåêòíûõ èñïîëíÿåìûõ òåñòîâ. Òàêæå ïðèâåäåíû
ðåçóëüòàòû èñïîëüçîâàíèÿ ïîëó÷åííîé ãðàììàòèêè â ïðîöåññå òåñòèðîâàíèÿ êîìïèëÿòîðà â
êîìïàíèè Intel.

Êëþ÷åâûå ñëîâà: òåñòèðîâàíèå, ãåíåðàöèÿ òåñòîâ, êîìïèëÿòîðû, îôôëîàä, ãðàììàòèêè,
ãðàôè÷åñêèå óñêîðèòåëè.

Ââåäåíèå. Âûñîêîóðîâíåâûå ÿçûêè ïðîãðàììèðîâàíèÿ ÿâëÿþòñÿ îñíîâíûì ñðåäñòâîì
ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ. Çàäà÷à ïî ïåðåâîäó èñõîäíîãî òåêñòà ïðîãðàìì â
ïðåäñòàâëåíèå, âûïîëíèìîå íà âû÷èñëèòåëüíîé ñèñòåìå, ðåøàåòñÿ êîìïèëÿòîðîì. Êîìïè-
ëÿòîð � èíñòðóìåíò, òðåáîâàíèÿ ê íàäåæíîñòè êîòîðîãî ÷ðåçâû÷àéíî âûñîêè. À äåôåêòû
ïðîãðàììíîãî îáåñïå÷åíèÿ, âûçâàííûå îøèáêàìè â êîìïèëÿòîðå, ñëîæíî âûÿâèòü, à òåì
áîëåå èñïðàâèòü áåç âìåøàòåëüñòâà â ñàì êîìïèëÿòîð. Êîððåêòíîñòü êîìïèëÿòîðà ÿâëÿåò-
ñÿ íåîáõîäèìûì òðåáîâàíèåì êîððåêòíîé ðàáîòû ïðîãðàììíîãî îáåñïå÷åíèÿ, ñîáðàííîãî
ïðè åãî èñïîëüçîâàíèè. Ïîýòîìó âàæíåéøèì ýòàïîì ðàçðàáîòêè êîìïèëÿòîðà ÿâëÿåòñÿ
åãî âåðèôèêàöèÿ.

Èç-çà ñëîæíîñòè âõîäíûõ äàííûõ è ïðîèçâîäèìûõ íàä íèìè ïðåîáðàçîâàíèé çàäà÷à
âåðèôèêàöèè êîìïèëÿòîðîâ ÿâëÿåòñÿ âåñüìà òðóäîåìêîé è íåïðîñòîé. À â ñëó÷àå èñïîëü-
çîâàíèÿ îïòèìèçèðóþùåãî êîìïèëÿòîðà åùå è àëãîðèòìè÷åñêè íåðàçðåøèìîé. Íî ìû ìî-
æåì ðàññìîòðåòü ïîâåäåíèå êîìïèëÿòîðà íà íåêîòîðîì îãðàíè÷åííîì êëàññå ïðîãðàìì.
Ìû íå ìîæåì ñðàâíèòü ðåçóëüòàò ïðåîáðàçîâàíèÿ ñ íåêîòîðûì ýòàëîííûì, ìû ìîæåì
ðàññìàòðèâàòü òîëüêî íåêîòîðûå ñâîéñòâà ïðîèçâåäåííîãî ïåðåâîäà. Íàïðèìåð, åñëè êîì-
ïèëÿöèÿ îäíîé è òîé æå ïðîãðàììû áåç îïòèìèçàöèé çàâåðøàåòñÿ óñïåøíî, à ñ îïòèìè-
çàöèÿìè ïðèâîäèò ê ïàäåíèþ êîìïèëÿòîðà, òî ìû ìîæåì ãîâîðèòü î íàëè÷èè îøèáîê â
îïòèìèçàöèðóþùåì êîäå.

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ôèíàíñîâîé ïîääåðæêå Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èñ-
ñëåäîâàíèé (ãðàíò ÐÔÔÈ � 15-07-02029)
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Ñ ïîÿâëåíèåì ìíîãîÿäåðíûõ ïðîöåññîðîâ îñòðåå âñòàëà ïðîáëåìà ïåðåõîäà îò îäíî-
ïîòî÷íûõ ê ìíîãîïîòî÷íûì âû÷èñëåíèÿì. À ñ ìîìåíòà ïåðåíîñà ãðàôè÷åñêîãî ÿäðà íà
îäèí êðèñòàëë ñ âû÷èñëèòåëüíûì è óâåëè÷åíèåì åãî ìîùíîñòè ïîÿâèëàñü èäåÿ ïî óòè-
ëèçàöèè è åãî âû÷èñëèòåëüíûõ ìîùíîñòåé â äîïîëíåíèå ê ïðîöåññîðíûì. Òàê ïîÿâèëîñü
ïàðàëëåëüíîå GFX-o�oad ðàñøèðåíèå äëÿ ÿçûêà Ñ++ , ïîçâîëÿþùåå èñïîëüçîâàòü ãðà-
ôè÷åñêîå ÿäðî êàê ïðîöåññîð îáùåãî íàçíà÷åíèÿ. Ïðèíèìàÿ âñå ýòè ôàêòû âî âíèìàíèå,
òåñòèðîâàíèå ðåàëèçàöèé ïàðàëëåëüíûõ ðàñøèðåíèé ÿçûêà Ñ++ ñòàíîâèòñÿ î÷åíü âàæ-
íûì äîïîëíåíèåì ê òðàäèöèîííîìó ïðîöåññó âåðèôèêàöèè.

Àâòîìàòè÷åñêàÿ ãåíåðàöèÿ òåñòîâ � âàæíàÿ âñïîìîãàòåëüíàÿ ÷àñòü âåðèôèêàöèè, âåäü
òåñòû, íàïèñàííûå âðó÷íóþ, íå ìîãóò ïîêðûòü âñå âîçìîæíûå êîìáèíàöèè êîíñòðóêöèé
ÿçûêà, à òàêæå âñå ñèòóàöèè ïðèìåíåíèÿ îïòèìèçàöèé. QA êîìàíäà êîìïèëÿòîðà Intel âû-
áðàëà ïîäõîä, èñïîëüçóþùèé ïàðàìåòðè÷åñêóþ êîíòåêñòíî-ñâîáîäíóþ ãðàììàòèêó, îïèñû-
âàåìóþ ñïåöèàëüíûì ìåòà-ÿçûêîì [1] äëÿ ñîçäàíèÿ ãåíåðàòîðà òåñòîâ. Ïàðàìåòðè÷åñêèå
êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè çàðåêîìåíäîâàëè ñåáÿ â êà÷åñòâå õîðîøåãî ôîðìàëèç-
ìà äëÿ ïîñòðîåíèÿ ãåíåðàòîðîâ ñåìàíòè÷åñêè ïðàâèëüíûõ è èìåþùèõ äåòåðìèíèðîâàííîå
ïîâåäåíèå êîìïèëÿòîðíûõ òåñòîâ. Èõ îòëè÷àëà ÿñíîñòü îïèñàíèÿ ãåíåðèðóåìûõ òåñòîâûõ
ïðîãðàìì, à òàêæå ãèáêîñòü è óäîáñòâî â ðàáîòå ñ èõ êîíòåêñòîì. Îäíàêî äàííûé ïîä-
õîä ïðèìåíÿëñÿ òîëüêî äëÿ ãåíåðàöèè îäíîïîòî÷íûõ òåñòîâ, èñïîëíÿåìûõ íà öåíòðàëü-
íîì ïðîöåññîðå. Ïîýòîìó âîçíèê âîïðîñ î âîçìîæíîñòè ïðèìåíåíèÿ óæå ñóùåñòâóþùåãî
ãåíåðàòîðà îäíîïîòî÷íûõ òåñòîâ íà îñíîâå ïàðàìåòðè÷åñêèõ êîíòåêñòíî-ñâîáîäíûõ ãðàì-
ìàòèê, äëÿ ãåíåðàöèè òåñòîâ äëÿ ìíîãîïîòî÷íûõ ðàñøèðåíèé ÿçûêà C++, à èìåííî GFX-
o�oad.

Â äàííîé ðàáîòå ïðåäñòàâëåí ïîäõîä ê àâòîìàòèçàöèè ñîçäàíèÿ òåñòîâ äëÿ âåðèôè-
êàöèè GFX-o�oad êîìïèëÿòîðà, îñíîâàííûé íà ãåíåðàòîðå, èñïîëüçóþùåì ãðàììàòèêè
äëÿ ïîðîæäåíèÿ ñèíòàêñè÷åñêè êîððåêòíûõ èñïîëíÿåìûõ òåñòîâ. Òàêæå ïðèâåäåíû ðå-
çóëüòàòû èñïîëüçîâàíèÿ ïîëó÷åííîé ãðàììàòèêè â ïðîöåññå òåñòèðîâàíèÿ êîìïèëÿòîðà â
êîìïàíèè Intel.

1. Ïðîáëåìà òåñòèðîâàíèÿ êîìïèëÿòîðîâ. ßçûê ïðîãðàììèðîâàíèÿ, ñòðîêè êî-
òîðîãî ÿâëÿþòñÿ âõîäíûìè äàííûìè äëÿ êîìïèëÿòîðà, îïðåäåëÿåòñÿ ñèíòàêñèñîì, ñòà-
òè÷åñêîé ñåìàíòèêîé è äèíàìè÷åñêîé ñåìàíòèêîé. Îñíîâîé äëÿ ãåíåðàöèè òåñòîâ ìîæåò
ñòàòü ëþáîé èç ýòèõ àñïåêòîâ ÿçûêà. Äàííûå ñïåöèôèêàöèè çàäàþò ñèñòåìó âëîæåííûõ
ïîäìíîæåñòâ âñåõ âîçìîæíûõ òåñòîâ.

Ñèíòàêñèñ ÿçûêà îïðåäåëÿåòñÿ ôîðìàëüíîé ãðàììàòèêîé [2]. Ãðàììàòèêà ñîñòîèò èç
ñëåäóþùèõ ýëåìåíòîâ:

� êîíå÷íîå ìíîæåñòâî íåòåðìèíàëüíûõ ñèìâîëîâ;
� êîíå÷íîå ìíîæåñòâî òåðìèíàëüíûõ ñèìâîëîâ;
� êîíå÷íîå ìíîæåñòâî ïðîäóêöèîííûõ ïðàâèë;
� ñòàðòîâûé ñèìâîë.
Öåïî÷êè òåðìèíàëîâ, âûâîäèìûå èç ñòàðòîâîãî ñèìâîëà ãðàììàòèêè, íàçûâàþòñÿ ñèí-

òàêñè÷åñêè êîððåêòíûìè ïðîãðàììàìè. Óâû, äàííûå ïðîãðàììû ìîãóò áûòü èñïîëüçîâà-
íû òîëüêî äëÿ ïðîâåðêè ïðàâèëüíîñòè ðàáîòû ñèíòàêñè÷åñêîãî àíàëèçàòîðà êîìïèëÿòîðà,
òàê êàê îíè íå âñåãäà ìîãóò áûòü ñêîìïèëèðîâàíû êîìïèëÿòîðîì.

Ñòàòè÷åñêàÿ ñåìàíòèêà, îïðåäåëÿåìàÿ òîëüêî äëÿ ñèíòàêñè÷åñêè êîððåêòíûõ ïîñëåäî-
âàòåëüíîñòåé, çàäàåò ïðàâèëà âû÷èñëåíèÿ ñâîéñòâ ïðîãðàììû, íå òðåáóþùèõ äëÿ ýòîãî
åå âûïîëíåíèÿ. Ê òàêèì ñâîéñòâàì îòíîñÿòñÿ, íàïðèìåð, òèïû ïåðåìåííûõ è âûðàæåíèé.
Ïîìèìî ïðàâèë âû÷èñëåíèÿ, çàäàþòñÿ òàêæå ïðàâèëà ïðîâåðêè ñòàòè÷åñêîé êîððåêòíîñòè
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ïðîãðàììû � êîíòåêñòíûå óñëîâèÿ, íàêëàäûâàþùèå îãðàíè÷åíèÿ íà âîçìîæíûå êîìáèíà-
öèè çíà÷åíèé ñòàòè÷åñêèõ ñâîéñòâ ïðîãðàììû. Ïðîãðàììû, óäîâëåòâîðÿþùèå êîíòåêñò-
íûì óñëîâèÿì, ìîãóò áûòü èñïîëüçîâàíû äëÿ ïðîâåðêè ðàáîòû ñòàòè÷åñêîãî àíàëèçàòîðà
êîìïèëÿòîðà.

Äèíàìè÷åñêàÿ ñåìàíòèêà îïðåäåëÿåò ñìûñë âûïîëíåíèÿ ñòàòè÷åñêè êîððåêòíûõ ïðî-
ãðàìì, òî åñòü ïî ñóòè ýòî êîíòåêñòíûå îãðàíè÷åíèÿ, êîòîðûå äîëæíû áûòü âûïîëíåíû
âî âðåìÿ èñïîëíåíèÿ ïðîãðàììû. Äëÿ åå òåñòèðîâàíèÿ èñïîëüçóþòñÿ ñòàòè÷åñêè êîððåêò-
íûå ïðîãðàììû, êîòîðûå êîìïèëèðóþòñÿ òåñòîâûì êîìïèëÿòîðîì, èñïîëíÿþòñÿ, à çàòåì
ðåçóëüòàò èõ âûïîëíåíèÿ ñðàâíèâàåòñÿ ñ ýòàëîííûì, îïðåäåëÿåìûì äèíàìè÷åñêîé ñåìàí-
òèêîé ÿçûêà. Ëîãè÷íî, ÷òî åñëè òåñòîâàÿ ïðîãðàììà íå ÿâëÿåòñÿ äåòåðìèíèðîâàííîé, òî
òàêîå ñðàâíåíèå ñòàíîâèòñÿ î÷åíü ñëîæíîé çàäà÷åé. Â ýòîé ñòàòüå ìû ñäåëàåì äîïóùåíèå,
íàçûâàÿ ïðîãðàììó äåòåðìèíèðîâàííîé, åñëè îíà ÿâëÿåòñÿ äèíàìè÷åñêè êîððåêòíîé. Êî-
íå÷íî, ýòî íåïðàâäà â îáùåì ñëó÷àå, íî ýòî ïðèåìëåìî äëÿ öåëåé òåñòèðîâàíèÿ.

Â îáùåì ñëó÷àå, äëÿ èñïîëüçóåìûõ íà ïðàêòèêå ÿçûêîâ ïðîãðàììèðîâàíèÿ, â ÷àñòíî-
ñòè Ñ/Ñ++, àâòîìàòè÷åñêîå âûÿñíåíèå äåòåðìèíèðîâàííîñòè ïðîèçâîëüíîé ïðîãðàììû
ÿâëÿåòñÿ î÷åíü ñëîæíîé è, áîëåå òîãî, àëãîðèòìè÷åñêè íåðàçðåøèìîé çàäà÷åé ïðè ñòàòè-
÷åñêîì àíàëèçå [6].

Ãåíåðàöèÿ ñèíòàêñè÷åñêè êîððåêòíûõ òåñòîâ � íå ñàìàÿ ñëîæíàÿ çàäà÷à è îáû÷íî
óñïåøíî ðåøàåòñÿ ïðè ïîìîùè êîíòåêñòíî-ñâîáîäíîé ãðàììàòèêè, êîòîðàÿ èñïîëüçóåòñÿ
äëÿ ñïåöèôèêàöèè öåëåâîãî ÿçûêà. Ãåíåðàöèÿ êîìïèëèðóåìûõ (êîððåêòíûõ ñ òî÷êè çðå-
íèÿ ñòàòè÷åñêîé ñåìàíòèêè) ïðîãðàìì � áîëåå ñëîæíàÿ çàäà÷à, ïîòîìó ÷òî òðåáóåò ñîîò-
âåòñòâèÿ âñåì êîíòåêñòíûì îãðàíè÷åíèÿì öåëåâîãî ÿçûêà, êîòîðûå îáû÷íî ïðîèçâîäÿòñÿ
ïðè ïîìîùè êîíòåêñòíî-çàâèñèìûõ ãðàììàòèê. Ãåíåðàöèÿ äåòåðìèíèðîâàííûõ ïðîãðàìì
(êîððåêòíûõ ñ òî÷êè çðåíèÿ äèíàìè÷åñêîé ñåìàíòèêè) ÿâëÿåòñÿ ãîðàçäî áîëåå ñëîæíîé
çàäà÷åé.

Êàê ïðàâèëî, ãåíåðàòîðû äåòåðìèíèðîâàííûõ ïðîãðàìì ïðåäñòàâëÿþò ñîáîé ìîíî-
ëèòíûå ïðîãðàììû, íàïèñàííûå íà âûñîêîóðîâíåâîì ÿçûêå ïðîãðàììèðîâàíèÿ. Îáû÷íî
òàêèå ãåíåðàòîðû òÿæåëî ðàñøèðÿåìû è ìîãóò áûòü èñïîëüçîâàíû òîëüêî äëÿ ãåíåðà-
öèè îïðåäåëåííîãî êëàññà ïðîãðàìì. Òàêæå ñóùåñòâóåò ñïîñîá ãåíåðàöèè, îñíîâàííûé íà
èñïîëüçîâàíèè íåêîãî íàáîðà ïðåäóñòàíîâëåííûõ ïàòòåðíîâ, ñ îïðåäåëåííûì íàáîðîì âà-
ðèàöèé, íî ýòîò ïîäõîä òàêæå íå ãèáîê, è åãî ñëîæíîñòü áëèçêà ê ðó÷íîìó íàïèñàíèþ
òåñòîâûõ ïðîãðàìì.

×òîáû èçáåæàòü íàïèñàíèÿ åùå îäíîãî ìîíîëèòíîãî òåñòîâîãî ãåíåðàòîðà, QA êî-
ìàíäà êîìïèëÿòîðà Intel âûáðàëà ïîäõîä, èñïîëüçóþùèé ïàðàìåòðè÷åñêóþ êîíòåêñòíî-
ñâîáîäíóþ ãðàììàòèêó, îïèñûâàåìóþ ñïåöèàëüíûì ìåòà-ÿçûêîì [1]. Ïàðàìåòðè÷åñêèå
êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè çàðåêîìåíäîâàëè ñåáÿ â êà÷åñòâå õîðîøåãî ôîðìàëèç-
ìà äëÿ ïîñòðîåíèÿ ãåíåðàòîðîâ ñåìàíòè÷åñêè ïðàâèëüíûõ è èìåþùèõ äåòåðìèíèðîâàííîå
ïîâåäåíèå êîìïèëÿòîðíûõ òåñòîâ. Èõ îòëè÷àëà ÿñíîñòü îïèñàíèÿ ãåíåðèðóåìûõ òåñòîâûõ
ïðîãðàìì, à òàêæå ãèáêîñòü è óäîáñòâî â ðàáîòå ñ èõ êîíòåêñòîì. Îäíàêî äàííûé ïîäõîä
ïðèìåíÿëñÿ òîëüêî äëÿ ãåíåðàöèè îäíîïîòî÷íûõ òåñòîâ, èñïîëíÿåìûõ íà öåíòðàëüíîì
ïðîöåññîðå. Òàêæå îñòàâàëñÿ îòêðûòûì âîïðîñ � ìîæíî ëè èñïîëüçîâàòü åãî äëÿ ýôôåê-
òèâíîé ãåíåðàöèè äðóãèõ êëàññîâ òåñòîâ èëè åñòü áîëåå ïîäõîäÿùèå ðåøåíèÿ? Â äàííîé
ñòàòüå ìû ïîïûòàëèñü äàòü îòâåò íà ýòîò âîïðîñ.

2. Ïîõîæèå ðàáîòû. Íà äàííûé ìîìåíò ñóùåñòâóåò ìíîæåñòâî ðàáîò, ïîñâÿùåííûõ
àâòîìàòè÷åñêîé ãåíåðàöèè òåñòîâ, ïîýòîìó ìû îïèøåì òîëüêî îñíîâíûå.
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Â ñâîèõ èññëåäîâàíèÿõ Ê. Â. Õàíôîðä [3] è Ï. Ïàðäîì [4] ïðåäñòàâèëè ìåòîäèêè, ïîç-
âîëÿþùèå ãåíåðèðîâàòü ñèíòàêñè÷åñêè êîððåêòíûå ïðîãðàììû íà îñíîâå èõ îïèñàíèÿ, áåç
ó÷åòà èõ ñåìàíòè÷åñêèõ îñîáåííîñòåé è êîíòåêñòíûõ îãðàíè÷åíèé.

Â 1970 ãîäó Ê. Â. Õàíôîðä [3] îïóáëèêîâàë ðàáîòó, ãäå ïðåäëàãàë ñïîñîá ãåíåðàöèè òå-
ñòîâûõ äàííûõ äëÿ êîìïèëÿòîðà PL/1 íà îñíîâå äèíàìè÷åñêîé ãðàììàòèêè. Â ðåçóëüòàòå
ðàáîòû ïðåäëîæåííîãî ðåøåíèÿ áûëè ïîëó÷åíû ñèíòàêñè÷åñêè êîððåêòíûå ïðîãðàììû,
ñðåäè êîòîðûõ ïðèñóòñòâîâàëè ñåìàíòè÷åñêè íåêîððåêòíûå.

Â ñâîþ î÷åðåäü, àëãîðèòì Ï. Ïàðäîìà [4] èñïîëüçóåò êîíòåêñòíî-ñâîáîäíóþ ãðàììà-
òèêó, êîòîðàÿ èñïîëüçóåò êàæäîå ïðîäóêöèîííîå ïðàâèëî íå ìåíåå îäíîãî ðàçà. Äàííûé
àëãîðèòì íå ïîçâîëÿë ó÷èòûâàòü êîíòåêñòíûå ïðàâèëà öåëåâîãî ÿçûêà ïðîãðàììèðîâàíèÿ
è ìîã èñïîëüçîâàòüñÿ òîëüêî äëÿ ãåíåðàöèè òåñòîâ äëÿ ïàðñåðîâ è ñèíòàêñè÷åñêèõ àíà-
ëèçàòîðîâ êîìïèëÿòîðà. Îäíàêî äàííàÿ ðàáîòà ñòàëà ôóíäàìåíòàëüíîé äëÿ âñåõ ðàáîò,
ñâÿçàííûõ ñ ãåíåðàöèåé òåñòîâ äëÿ êîìïèëÿòîðîâ, è ïîñëóæèëà îòïðàâíîé òî÷êîé äëÿ
ïîñëåäóþùèõ èññëåäîâàíèé.

Â ðàáîòå 1981 ãîäà À. Ã. Äàíêýí è Äæ. Ñ. Õàò÷èñîí [5] ïðåäëîæèëè èñïîëüçîâàòü
ðàñøèðåíèå êîíòåêñòíî-ñâîáîäíûõ ãðàììàòèê � àòðèáóòíûå ãðàììàòèêè � äëÿ îïèñàíèÿ
âõîäíûõ äàííûõ äëÿ òåñòîâîãî ãåíåðàòîðà. Âî âðåìÿ ãåíåðàöèè ïîñëåäîâàòåëüíî ðàñêðû-
âàþòñÿ âñå íåòåðìèíàëüíûå ñèìâîëû, åñëè ýòî ïîçâîëÿþò ñäåëàòü êîíòåêñòíûå îãðàíè-
÷åíèÿ. Â ðåçóëüòàòå ïîëó÷àåòñÿ íàáîð ñèíòàêñè÷åñêè è ñåìàíòè÷åñêè êîððåêòíûõ òåñòîâ,
ïîêðûâàþùèõ âñå ïðîäóêöèîííûå ïðàâèëà ãðàììàòèêè è âñå êîíòåêñòíûå óñëîâèÿ. Ýòî
ïîçâîëÿåò òîëüêî âåñòè àíàëèç âûïîëíåííûõ êîíòåêñòíûõ óñëîâèé. Íî ýòî âåäåò ê áîëüøî-
ìó ÷èñëó õîëîñòûõ ïðîãîíîâ ãåíåðàòîðà, êîãäà èç-çà íåâûïîëíåííûõ êîíòåêñòíûõ óñëîâèé
ïðèõîäèòñÿ îñòàíàâëèâàòü ïðîöåññ ãåíåðàöèè, à òàêæå ê áîëüøîìó ÷èñëó ñåìàíòè÷åñêè
íåèíòåðåñíûõ òåñòîâ.

Áàçè÷è è Ñïàäàôîðà [6] ïðåäñòàâèëè íîâûé ñïîñîá, â êîòîðîì ãåíåðàòîð îïèðàåòñÿ
íà ñïåöèàëüíî ôîðìàëèçîâàííîå îïèñàíèå èñõîäíîãî ÿçûêà. Ýòîò ôîðìàëèçì ðàñøèðÿë
êîíòåêñòíî-ñâîáîäíûå ãðàììàòèêè â ñòîðîíó êîíòåêñòíî-çàâèñèìûõ, íî ñîõðàíÿë ñòðóêòó-
ðó è óäîáñòâî BNF íîòàöèè. Ê ñîæàëåíèþ, àâòîðû ïðåäëàãàëè èñïîëüçîâàòü íåòåðìèíàëû
äëÿ ðàñïîçíàâàíèÿ ëåâûõ ÷àñòåé ïðàâèë, ÷òî ìîãëî çàíèìàòü ìíîãî âðåìåíè â ñëó÷àå äëèí-
íûõ öåïî÷åê ñèìâîëîâ. Òàêæå ñòàòüÿ íå ðåøàëà ïðîáëåìû ïî íàõîæäåíèþ êðàò÷àéøèõ
ïðàâèë ãðàììàòèêè.

Ðàáîòó À. Ï. Ñòàòñåíêî [1] ìîæíî ðàññìàòðèâàòü â êà÷åñòâå ïðîäîëæåíèÿ òðóäîâ
Áàçè÷è è Ñïàäàôîðû. Îíà èñïîëüçóåò ïàðàìåòðè÷åñêèå êîíòåêñòíî-ñâîáîäíûå ãðàììà-
òèêè äëÿ ãåíåðàöèè ñèíòàêñè÷åñêè è ñåìàíòè÷åñêè êîððåêòíûõ òåñòîâûõ ïðîãðàìì äëÿ
C/C++/Fortran êîìïèëÿòîðîâ. Òàê êàê ìû âûáðàëè èñïîëüçîâàíèå äàííîãî ôîðìàëèçìà,
îí áóäåò ðàçúÿñíåí ïîçæå.

3. Îïèñàíèå ïîäõîäà. Â ðàìêàõ äàííîé ðàáîòû ìû ñîçäàëè íà îñíîâå ñóùåñòâóþùåé
ïàðàìåòðè÷åñêîé êîíòåêñòíî-ñâîáîäíîé ãðàììàòèêè òàêóþ, êîòîðàÿ ïîçâîëèëà ãåíåðèðî-
âàòü òåñòû äëÿ ïðîâåðêè ðàñøèðåíèÿ ÿçûêà C++ GFX-o�oad, ïîçâîëÿþùåãî ïðîèçâîäèòü
ãåòåðîãåííûå âû÷èñëåíèÿ íà ñâÿçêå CPU, è èíòåãðèðîâàííîé â áîëüøèíñòâî êîíñüþìåð-
ñêèõ ïðîöåññîðîâ � ãðàôèêè. Ìû ñôîêóñèðîâàëèñü íà ãåíåðàöèè

”
ïàðàëëåëüíûõ“ âåðñèé

îáû÷íûõ C öèêëîâ, ò. ê. â áóäóùåì ìîæíî ëåãêî âîñïîëüçîâàòüñÿ ýòèìè íàðàáîòêàìè äëÿ
ãåíåðàöèè òåñòîâ äëÿ äðóãèõ ðàñøèðåíèé ÿçûêà.

Ôîêóñ íà ãåíåðàöèè ðàçëè÷íûõ ïàðàëëåëüíûõ öèêëîâ ïîçâîëÿåò óëó÷øèòü âàëèäàöèþ
âåêòîðèçóþùèõ îïòèìèçàöèé êîìïèëÿòîðà, êîòîðûå èãðàþò âàæíóþ ðîëü â óëó÷øåíèè
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ïðîèçâîäèòåëüíîñòè íà ñîâðåìåííûõ âû÷èñëèòåëüíûõ àðõèòåêòóðàõ. GFX-o�oad ðàñøè-
ðåíèå èìååò ñëåäóþùèå îãðàíè÷åíèÿ äëÿ öèêëîâ:

� çàïðåò íà ïåðåõîäû èç öèêëà (return, break èëè goto);
� îãðàíè÷åíèÿ íà ïåðåìåííóþ öèêëà;
� îãðàíè÷åíèÿ íà ñìåøèâàíèå êîíñòðóêöèé ðàçëè÷íûõ ïàðàëëåëèçàöèîííûõ ðàñøè-

ðåíèé (íàïðèìåð, o�oad áëîê íå äîëæåí ñîäåðæàòü Cilkspawn èëè Cilksync).
4. Êðàòêîå ôîðìàëüíîå îïèñàíèå ïàðàìåòðè÷åñêîé êîíòåêñòíî-ñâîáîäíîé

ãðàììàòèêè è ãåíåðàòîðà. Äëÿ îïèñàíèÿ ãðàììàòèêè èñïîëüçóåòñÿ ñïåöèàëèçèðîâàí-
íûé ÿçûê, íàïîìèíàþùèé BNF-íîòàöèþ è ôóíêöèîíàëüíûé ÿçûê. Ãðàììàòèêà çàäàåòñÿ
â îäíîì ôàéëå è ÿâëÿåòñÿ íàáîðîì ñòðîê ñ ïîääåðæêîé êîììåíòàðèåâ. Ïðàâèëî � ýòî
èäåíòèôèêàòîð, äëÿ êîòîðîãî çàäàíî, êàêèì îáðàçîì îí ìîæåò áûòü ïåðåïèñàí. Ïðàâèëî
ìîæåò áûòü êàê ãåíåðèðóþùèì, òàê è îãðàíè÷èâàþùèì. Ëþáîé èäåíòèôèêàòîð � ýòî
ïîñëåäîâàòåëüíîñòü ñèìâîëîâ, íå íà÷èíàþùàÿñÿ ñ öèôðû. Èìÿ ïàðàìåòðà øàáëîíà êîí-
òåêñòà â ëåâîé ÷àñòè ïðàâèëà ìîæåò áûòü ëþáûì èìåíåì ðàñïîçíàííîé ãðóïïû ñèìâîëîâ
ðåãóëÿðíîãî âûðàæåíèÿ ÿçûêà Python, ñòîÿùåé â ïðåäûäóùåì øàáëîíå êîíòåêñòà ëåâîé
÷àñòè ïðàâèëà. Ïðàâàÿ ÷àñòü ïðàâèëà ìîæåò çàäàâàòüñÿ ëèáî àëüòåðíàòèâàìè, ëèáî ìíî-
ãîñòðî÷íûì ïðàâèëîì.

Äëÿ áîëåå òîíêîé ðàáîòû ñ ïðàâèëàìè ìîãóò áûòü èñïîëüçîâàíû ñïåöèàëüíûå ðàñïî-
çíàâàòåëè êîíòåêñòà, ïðè ýòîì ÷èñëî òàêèõ ðàñïîçíàâàòåëåé îãðàíè÷åíî òîëüêî çäðàâûì
ñìûñëîì. Îñíîâíîå èõ óäîáñòâî ñîñòîèò â âîçìîæíîñòè íå òîëüêî èçâëå÷åíèÿ îáúåêòîâ
èç êîíòåêñòà è èõ ïåðåèìåíîâàíèÿ, íî è âîçìîæíîñòè èçìåíèòü ñàì êîíòåêñò äëÿ âñåõ
èäåíòèôèêàòîðîâ â ïðàâîé ÷àñòè ïðàâèëà.

Ïîìèìî îïèñàííîãî ìåõàíèçìà ðàñïîçíàâàòåëåé, ñóùåñòâóåò åùå îäèí ñïîñîá îïèñàòü
è ðàñïîçíàòü êîíòåêñò � óñëîâèÿ. Óñëîâèå � ýòî âûðàæåíèå, âû÷èñëÿþùååñÿ â áóëåâñêèé
òèï. À åñëè óñëîâèé íåñêîëüêî, òî îíè îáúåäèíÿþòñÿ ïî ïðèíöèïó ëîãè÷åñêîãî

”
È“. Òàêæå

â ÿçûêå ãðàììàòèêè ïðåäóñìîòðåíî íåñêîëüêî âñòðîåííûõ ôóíêöèé äëÿ óäîáíîé ðàáîòû
ñî ñïèñêàìè, óñëîâèÿìè è ÷èñëàìè.

Äàííàÿ ïàðàìåòðè÷åñêàÿ êîíòåêñòíî-ñâîáîäíàÿ ãðàììàòèêà ïî íàãëÿäíîñòè ñîïîñòà-
âèìà ñ îáû÷íîé êîíòåêñòíî-ñâîáîäíîé ãðàììàòèêîé, íî ïîçâîëÿåò ãåíåðèðîâàòü áîëåå øè-
ðîêèé êëàññ êîíòåêñòíî-çàâèñèìûõ ÿçûêîâ.

Ïðè ãåíåðàöèè âûáîð ïðàâèë îñóùåñòâëÿåòñÿ ñëó÷àéíî, ÷òî íå ãàðàíòèðóåò èõ äîñòè-
æèìîñòè, îäíàêî, êàê ïîêàçûâàþò äðóãèå èññëåäîâàíèÿ â ýòîé îáëàñòè, òàêàÿ ïðîáëåìà
õàðàêòåðíà è äëÿ äðóãèõ ïîäõîäîâ ê òåñòèðîâàíèþ êîìïèëÿòîðîâ [7].

Èñïîëüçóåìûé â äàííîé ðàáîòå ãåíåðàòîð ïîäðîáíî îïèñàí â ñòàòüå Ñòàñåíêî À. Ï.

”
Ãåíåðàöèÿ èñïîëíÿåìûõ òåñòîâ äëÿ êîìïèëÿòîðà“ [1].
Îäíîãî ãåíåðàòîðà è ãðàììàòèêè, ïîðîæäàþùåé òåñòîâûå ïðîãðàììû, ìàëî: äëÿ èñ-

ïîëüçîâàíèÿ â ïðîöåññå òåñòèðîâàíèÿ íóæíà ñèñòåìà, êîòîðàÿ áóäåò âàëèäèðîâàòü ñãå-
íåðèðîâàííûå òåñòû, êàê â öåëÿõ èññëåäîâàíèÿ èõ ïîëåçíîñòè äëÿ êîìïèëÿòîðà, òàê è
â öåëÿõ èñêëþ÷åíèÿ òåñòîâûõ ïðîáëåì èç-çà ïîòåíöèàëüíîé íåäåòåðìåíèðîâàííîñòè ïî-
ëó÷åííîé ïðîãðàììû. È òàêàÿ ñèñòåìà áûëà ñîçäàíà àâòîðàìè ãåíåðàòîðà íà ÿçûêå Perl,
íàçâàíà AutomaticTestGenerator (â äàëüíåéøåì � ATG) è ïîçâîëÿëà â àâòîìàòè÷åñêîì ðå-
æèìå òåñòèðîâàòü êîìïèëÿòîð ïðè ïîìîùè òåñòîâ, ïîðîæäàåìûõ òåñòîâûì ãåíåðàòîðîì.
Ñõåìà äàííîé ñèñòåìû èçîáðàæåíà íà ðèñóíêå.

Äàâàéòå ïîäðîáíåå ðàññìîòðèì ïðîöåññ ðàáîòû âñåé ñèñòåìû. Êàæäûé ñãåíåðèðîâàí-
íûé òåñò ïðîõîäèò 2 ïðîâåðêè: êîìïèëÿöèÿ ñ îïòèìèçàöèÿìè è áåç. Òî åñòü, åñëè òåñò
óñïåøíî êîìïèëèðîâàëñÿ ïðè ïîìîùè êîìïèëÿòîðà ñ îòêëþ÷åííûìè îïòèìèçàöèÿìè è
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Ðèñ. 1. Ñõåìà ñèñòåìû ATG

âêëþ÷åííîé ïðîâåðêîé óêàçàòåëåé è çàïóñêàëñÿ, çíà÷èò, îí ÿâëÿåòñÿ ñòàòè÷åñêè è äèíà-
ìè÷åñêè äåòåðìèíèðîâàííîé ïðîãðàììîé, è ðåçóëüòàò åå èñïîëíåíèÿ ÿâëÿåòñÿ ýòàëîííûì.
Çäåñü ñòîèò ñäåëàòü óòî÷íåíèå íàñ÷åò óñïåøíîãî çàïóñêà: óñïåøíûé çàïóñê � ýòî îòñóò-
ñòâèå ñîîáùåíèé î ïðîáëåìàõ ñ óêàçàòåëÿìè è íóëåâîé êîä çàâåðøåíèÿ, à òàêæå îòñóò-
ñòâèå çàâåðøåíèÿ ïðîãðàììû ïî óñòàíîâëåííîìó òàéì-àóòó. Ýòî ïåðâàÿ ñòóïåíü ïðîâåð-
êè. Ñëåäóþùàÿ ñòóïåíü � ýòî ïðîâåðêà êîìïèëÿöèè ñ îïòèìèçàöèÿìè. Åñëè òåñò âûçâàë
íà äàííîì ýòàïå ïðîáëåìû, çíà÷èò îí óæå ïîëåçåí äëÿ òåñòèðîâàíèÿ è ñîõðàíÿåòñÿ äëÿ
äàëüíåéøåé îáðàáîòêè. Åñëè êîìïèëÿöèÿ ïðîøëà óñïåøíî, òî ïðîâåðÿåòñÿ êîððåêòíîñòü
èñïîëíåíèÿ ïðîãðàììû ñ åå ýòàëîíîì. È åñëè ïðîãðàììà ïðîâàëèâàåò ýòó ïðîâåðêó, òî îíà
òàêæå ñîõðàíÿåòñÿ. Â ñëó÷àå, êîãäà ïðîãðàììà ïðîõîäèò ïðîâåðêó ñ ýòàëîíîì, îíà ïðîñòî
óäàëÿåòñÿ, è çàïóñêàåòñÿ ïðîöåññ ãåíåðàöèè íîâîãî òåñòà.

Ñîõðàíåííûå òåñòû ïðîõîäÿò äàëüíåéøóþ îáðàáîòêó ïðè ïîìîùè èíñòðóìåíòà ðåäóê-
öèè ïðîãðàììíîãî êîäà Reduce äëÿ âûäåëåíèÿ òîé ÷àñòè òåñòà, êîòîðàÿ è ïðèâîäèò ê
ïðîáëåìàì â êîìïèëÿòîðå. Òàêæå ïðîèçâîäèòñÿ ïîïûòêà íàéòè êîìïîíåíòó êîìïèëÿòîðà,
âèíîâíóþ â ïðîáëåìå ïðè ïîìîùè ôóíêöèîíàëà êîìïèëÿòîðà, êîòîðûé ïîçâîëÿåò îòêëþ-
÷àòü ïðèìåíÿåìûå îïòèìèçàöèè. Çàòåì òåñòû ñîõðàíÿþòñÿ â áàçó ñèñòåìû ñ ïîìåòêîé, íà
êàêîé ñèñòåìå, êîãäà è ñ êàêîé ïðîáëåìîé îíè áûëè ïîëó÷åíû.

Ñ öåëüþ îïòèìèçàöèè ìåñòà, çàíèìàåìîãî õðàíèëèùåì òåñòîâ, ñîõðàíÿþòñÿ 10 ìè-
íèìàëüíûõ ïî ðàçìåðó òåñòîâ íà êàæäóþ ïðîáëåìíóþ îïòèìèçàöèþ. Íî åñëè âîçìîæíî
íàéòè äàòó ïðîáëåìíîé ñáîðêè, òî ýòî ïîçâîëÿåò ñîõðàíÿòü ïî 10 òåñòîâ íà êàæäóþ äàòó.
Ñèñòåìà ïåðèîäè÷åñêè ïðîèçâîäèò ïåðåïðîâåðêó âñåõ òåñòîâ èç áàçû, ïîìå÷àÿ, íà êàêèõ
ïëàòôîðìàõ òåñòû ïðîõîäÿò, à íà êàêèõ

”
ïàäàþò“. Ïîìèìî ïðîâåðêè íà ïîñëåäíåé âåðñèè

êîìïèëÿòîðà, ïðîèçâîäèòñÿ ïðîâåðêà è íà ïðîäóêòîâûõ áðàí÷àõ êîìïèëÿòîðà, ÷òîáû íå
äîïóñòèòü ïîïàäàíèÿ òàêèõ îøèáîê â êîíå÷íûé ïðîäóêò, à åùå, ÷òîáû âûïîëíèòü òðåáîâà-
íèÿ ïðîöåññà òåñòèðîâàíèÿ êîìïèëÿòîðà. Ñèñòåìà ðàç â ñóòêè âûñûëàåò îò÷åò àíàëèòèêó
î íàéäåííûõ ïðîáëåìàõ. Â äàëüíåéøåì àíàëèòèê ñîçäàåò äåôåêò íà êîìïèëÿòîð è ïðè-
êëàäûâàåò ê íåìó òåñò äëÿ âîñïðîèçâåäåíèÿ ïðîáëåìû, ïîìå÷àÿ â çàãîëîâêå òåñòà, ÷òî
äëÿ íåãî áûë ñîçäàí äåôåêò ñ îïðåäåëåííûì èäåíòèôèêàòîðîì. Ñîñòîÿíèå òåñòîâ, ïîìå-
÷åííûõ äåôåêòîì, òàêæå îòñëåæèâàåòñÿ â åæåäíåâíîì îò÷åòå, à èìåííî: â ñëó÷àå, åñëè
äåôåêò áûë çàêðûò, à òåñò ïðîäîëæàåò ïàäàòü, çíà÷èò, àíàëèòèêó íóæíî îáðàòèòü íà íåãî
îñîáîå âíèìàíèå.

5. Ñîçäàíèå ãðàììàòèêè äëÿ GFX-o�oad êîìïèëÿòîðà. Â êà÷åñòâå îñíîâû äëÿ
ãðàììàòèêè áûëà âçÿòà óæå ñóùåñòâóþùàÿ ãðàììàòèêà äëÿ ãåíåðàöèè òåñòîâûõ ïðîãðàìì



Ïàíêðàòîâ Ñ.Á. 9

íà ÿçûêå C++. Èç íåå áûëè âçÿòû íåêîòîðûå ñòàíäàðòíûå ïðàâèëà (ãåíåðàöèÿ öèêëîâ,
óñëîâèé è ò. ä.).

Â ïåðâóþ î÷åðåäü õîòåëîñü ïðîâåðèòü êà÷åñòâî êîäîãåíåðàòîðà êîìïèëÿòîðà äëÿ íî-
âîé ïëàòôîðìû. Ïîýòîìó áûëî ïðèíÿòî ðåøåíèå ïåðåíåñòè èñïîëíåíèå áîëüøåé ÷àñòè
òåñòà íà ïëå÷è èíòåãðèðîâàííîãî ãðàôè÷åñêîãî ïðîöåññîðà. Êàê ýòî ðåàëèçîâàíî â ãðàì-
ìàòèêå äëÿ ãåíåðàòîðà, ïîêàçàíî â ïðèìåðå. Îäíàêî èñïîëíåíèå o�oad ïðîãðàììû èìååò
íåêîòîðûå îãðàíè÷åíèÿ, íàïðèìåð, òàêèå êàê çàïðåò íà âûçîâ íå ïîìå÷åííûõ êàê o�oad
ôóíêöèé, çàïðåò íà îïåðàöèè ñî ñòàíäàðòíûì ââîäîì-âûâîäîì è íåñêîëüêî äðóãèõ. Ïî-
ýòîìó âñå íåñîâìåñòèìûå ñèíòàêñè÷åñêèå êîíñòðóêöèè áûëè âûíåñåíû çà ïðåäåëû o�oad
÷àñòè ïðîãðàììû.

Ïðèìåð: ïðàâèëà, äîáàâëÿþùèå o�oad ïðàãìó â òåñò

of f loadpragmactx l o c a l s g l o b a l s : :=
{"_Pragma (\" o f f l o a d ta r g e t ( g fx ) inout ("

pr int−ar rays ( ctx ) pr int−gpo in t e r s ( ctx ) ")\")"
"_Pragma (\" pa ra l l e l_ l oop \")"

" f o r ( i n t i_i = 0 ; i_i < 1 ; i_i++){"
d e c l a r a t i o n s ( l o c a l s , g l o b a l s )
statements ( ctx )
for−c l au s e ( ctx )
statements ( ctx )

"}"
}
pr int−ar rays ( l v : rv : as :_) : := arr− l i s t ( as )
arr− l i s t ( ) : := ""
arr−l i s t qw : ( ) : := " " get (qw , 0 )
arr− l i s t qw : qws : := " " get (qw , 0 ) " ," arr− l i s t ( qws )
pr int−gpo in t e r s ( l v :_) : := glob− l i s t ( l v )
glob− l i s t ( ) : := ""
glob−l i s t qw : ( ) ? i s−p r e f i x (qw , "g_") : := " , " qw
glob−l i s t qw : qws ? i s−p r e f i x (qw , "g_") : := " , " qw glob− l i s t ( qws )
glob− l i s t qw : ( ) : := ""
glob−l i s t qw : qws : := glob− l i s t ( qws )

Êàê ìîæíî çàìåòèòü, äëÿ êîððåêòíîñòè ðàáîòû ñ ãëîáàëüíûìè è ëîêàëüíûìè äëÿ
ôóíêöèè main ïåðåìåííûìè îíè äîáàâëÿþòñÿ âíóòðü o�oad öèêëà ïðè ïîìîùè îïöèè
o�oad áëîêà inout.

Âñå ãëîáàëüíûå ïåðåìåííûå, à òàêæå âûçûâàåìûå ôóíêöèè ïîìå÷àþòñÿ â ñîîòâåòñòâó-
þùèõ ïðàâèëàõ ïðè ïîìîùè äîáàâëåíèÿ __declspec(target(gfx)) äëÿ âîçìîæíîñòè âûçîâà
è èñïîëüçîâàíèÿ îíûõ âíóòðè o�oad ÷àñòè òåñòà. Ñàìûì ïðîñòûì o�oad áëîêîì ÿâëÿåò-
ñÿ öèêë for, ïîýòîìó îñíîâíîé áëîê ïðîãðàììû áûë ïîìåùåí â öèêë ñ îäíîé èòåðàöèåé,
ïîìå÷åííûé o�oad ïðàãìîé, è óêàçàíèåì âñåõ ïåðåìåííûõ, ó÷àñòâóþùèõ â âû÷èñëåíèÿõ
íà ãðàôè÷åñêîì ïðîöåññîðå. Ïîñëå îêîí÷àíèÿ ýòîé o�oad ÷àñòè, ïðîèçâîäèòñÿ âûâîä âñåõ
ãëîáàëüíûõ ïåðåìåííûõ è ìàññèâîâ â ñòàíäàðòíûé ïîòîê âûâîäà. Ýòî íåîáõîäèìî äëÿ
îáíàðóæåíèÿ îøèáîê âðåìåíè èñïîëíåíèÿ.



10 Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

Òàê êàê, ïîìèìî ïðîâåðêè ðàáîòû îïòèìèçèðóþùèõ àëãîðèòìîâ êîìïèëÿòîðà, ìû
õîòåëè ïðîâåðèòü ðàáîòó êîäîãåíåðàòîðà, âàëèäàöèÿ òåñòîâ äîëæíà ïðåäñòàâëÿòü ñîáîé
ñëåäóþùóþ ïðîöåäóðó: êîìïèëÿöèÿ òåñòîâîé ïðîãðàììû ñ îòêëþ÷åííîé o�oad ïðàãìîé
(÷òîáû òåñò èñïîëíÿëñÿ íà öåíòðàëüíîì ïðîöåññîðå) è åå çàïóñê ñ÷èòàëñÿ áû ýòàëîííûì
çàïóñêîì, à êîìïèëÿöèÿ o�oad-êîìïèëÿòîðîì ñ ìàêñèìàëüíûì óðîâíåì îïòèìèçàöèé è
çàïóñê ïðîãðàììû ñ èñïîëüçîâàíèåì ãðàôè÷åñêîãî ÿäðà ñ÷èòàëñÿ áû òåñòîâûì, è ïðîèñ-
õîäèëî áû ñðàâíåíèå ðåçóëüòàòîâ ýòèõ çàïóñêîâ. Ê ñîæàëåíèþ, â ïåðâîå âðåìÿ äàííûé
ïîäõîä íå ñðàáîòàë èç-çà íàéäåííîé â êîìïèëÿòîðå ïðîáëåìû, è ïðèøëîñü âðåìåííî ïå-
ðåéòè íà ïðîöåäóðó âàëèäàöèè, â êîòîðîé ýòàëîííûé ðåçóëüòàò ïîëó÷àëñÿ êîìïèëÿöèåé
o�oad-êîìïèëÿòîðîì ñ îòêëþ÷åííûìè îïòèìèçàöèÿìè è çàïóñêîì ñêîìïèëèðîâàííîé ïðî-
ãðàììû íà ãðàôè÷åñêîì ïðîöåññîðå. Êîíå÷íî, â ýòîì ñëó÷àå ìû ïîòåðÿëè âîçìîæíîñòü
íàõîäèòü öåëûé êëàññ îøèáîê, íî â òî æå âðåìÿ ýòî ïîçâîëèëî ïðîäîëæàòü ïîëó÷àòü
íîâûå òåñòû è ïðîäîëæàòü íàõîäèòü íîâûå ïðîáëåìû â êîìïèëÿòîðå.

Îñîáûõ ïðîáëåì ñ äèíàìè÷åñêîé êîððåêòíîñòüþ ãåíåðèðóåìûõ òåñòîâ íå áûëî èç-çà
âûáðàííîãî ïîäõîäà ïî ãåíåðàöèè îäíîãî âñåîáúåìëþùåãî öèêëà ñ îäíîé èòåðàöèåé, áåç
ïàðàëëåëèçìà.

Âîçíèêëè îïðåäåëåííûå òðóäíîñòè è ïðè ðàáîòå Reduce, êîòîðûé ìèíèìèçèðóåò èñõîä-
íûé êîä òåñòîâ. Êàê ìîæíî çàìåòèòü, âìåñòî äèðåêòèâ #pragma, èñïîëüçóþòñÿ _Pragma,
ýòî áûëî ñäåëàíî, ÷òîáû ðàçäåëèòü îáû÷íûå äèðåêòèâû îò äîáàâëåííûõ â ãðàììàòèêó.
Òàêîå ðàçäåëåíèå íåîáõîäèìî, òàê êàê ðåòðàíñëÿòîð Reduce ïðè âîññòàíîâëåíèè èñõîäíî-
ãî êîäà èç ñèíòàêñè÷åñêîãî äåðåâà îáúåäèíÿë ëåêñåìû äèðåêòèâ è öèêëà, è â ðåçóëüòàòå
ïðè ïîïûòêå óäàëåíèÿ âåðøèíû ñ äèðåêòèâîé o�oad âîçíèêàëà ñèíòàêñè÷åñêàÿ îøèáêà.
Ïîýòîìó âñå îñîáûå äèðåêòèâû äîáàâëÿþòñÿ ïðè ïîìîùè _Pragma, óäàëåíèå êîòîðûõ
çàïðåùåíî â ïðàâèëàõ ìèíèìèçàöèè Reduce.

Çàêëþ÷åíèå. Àïðîáàöèÿ è âíåäðåíèå ðåçóëüòàòîâ èññëåäîâàíèÿ áûëè ïðîèçâåäåíû
â êîìïàíèè Intel äëÿ òåñòèðîâàíèÿ èõ êîìïèëÿòîðà. Ïîñëå âñåõ íåîáõîäèìûõ èçìåíåíèé
â AutomaticTestGenerator, îí áûë çàïóùåí ñ ýòèìè ãðàììàòèêàìè, è ïåðâûå ðåçóëüòàòû
äàë ãåíåðàòîð GFX-o�oad òåñòîâ. Â áåòà âåðñèè êîìïèëÿòîðà áûëî íàéäåíî 8 îøèáîê, ïî
áîëüøåé ÷àñòè íà ñòàäèè êîìïèëÿöèè, íî äâå èç íèõ � âî âðåìÿ èñïîëíåíèÿ. Èç ýòèõ îøè-
áîê òîëüêî îäíà íàõîäèëàñü íå â êîìïîíåíòå êîìïèëÿòîðà, îòâå÷àþùåé çà âåêòîðèçàöèþ,
à âî âíóòðåííåì ïðåäñòàâëåíèè.

Ìû óáåäèëèñü, ÷òî ôîðìàëèçì ïàðàìåòðè÷åñêèõ êîíòåêñòíî-ñâîáîäíûõ ãðàììàòèê
îêàçàëñÿ óäîáíûì èíñòðóìåíòîì äëÿ ãåíåðàöèè äåòåðìåíèðîâàííûõ ïàðàëëåëüíûõ
òåñòîâûõ ïðîãðàìì. Õîòÿ, êîíå÷íî, åùå íåîáõîäèìî âíåñòè íåêîòîðûå èçìåíåíèÿ â ñîîò-
âåòñòâóþùèå ãðàììàòèêè èëè ïîìåíÿòü ãëóáèíó ðåêóðñèè ãåíåðàòîðà, ÷òîáû óñëîæíèòü
òåñòû, à çíà÷èò ñäåëàòü ãåíåðàòîðû áîëåå ïðîäóêòèâíûìè.
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Ñâÿòîñëàâ Ïàíêðàòîâ

îêîí÷èë áàêàëàâðèàò ôèçè-
÷åñêîãî ôàêóëüòåòà Íîâîñèáèðñêîãî ãîñóäàð-
ñòâåííîãî óíèâåðñèòåòà íà êàôåäðå àâòîìàòè-
çàöèè ôèçèêî-òåõíè÷åñêèõ èññëåäîâàíèé â 2012
ãîäó è â êà÷åñòâå äèïëîìíîé ðàáîòû ñîçäàë
ñèñòåìó ðåäóêöèè ïðîãðàìì íà ÿçûêå Fortran.
Â 2014 ãîäó çàêîí÷èë ìàãèñòðàòóðó íà êàôåä-
ðå ÀÔÒÈ ñ äèïëîìíîé ðàáîòîé, ïîñâÿùåííîé
àâòîìàòè÷åñêîé ãåíåðàöèè òåñòîâ äëÿ êîìïè-
ëÿòîðà. Â 2014-ì ãîäó ïîñòóïèë â àñïèðàíòóðó
Èíñòèòóòà ñèñòåì èíôîðìàòèêè ÑÎ ÐÀÍ è ïðî-
äîëæèë ðàáîòó íàä àâòîìàòè÷åñêèì òåñòîâûì
ãåíåðàòîðîì. Ñ 2010 ãîäà ÿâëÿåòñÿ ñîòðóäíè-
êîì êîìïàíèè Intel, íà áàçå êîòîðîé âûïîëíÿ-
ëèñü èññëåäîâàíèÿ äëÿ íàó÷íûõ ðàáîò â ñôåðå
òåñòèðîâàíèÿ êîìïèëÿòîðîâ. Åãî òåêóùèå èñ-
ñëåäîâàòåëüñêèå èíòåðåñû âêëþ÷àþò òåõíîëî-
ãèè ïàðàëëåëüíûõ âû÷èñëåíèé, êîìïèëÿòîðíûå
îïòèìèçàöèè, àâòîìàòèçàöèþ òåñòèðîâàíèÿ, îá-
ëà÷íûå ÿçûêè ïðîãðàììèðîâàíèÿ è ìàøèííîå

îáó÷åíèå. Â äàííîå âðåìÿ îñíîâíûì ïðîåêòîì
Ñ. Ïàíêðàòîâà ÿâëÿåòñÿ áûñòðî ðàçâåðòûâàå-
ìàÿ ñèñòåìà àâòîìàòè÷åñêîé ãåíåðàöèè òåñòîâ
äëÿ êîìïèëÿòîðîâ, äåëàþùàÿ àêöåíò íà òåñòè-
ðîâàíèè ïàðàëëåëüíûõ ðàñøèðåíèé è îïòèìè-
çàöèé.
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