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%%
%% This is file `lipics.cls',
%% generated with the docstrip utility.
%%
%% The original source files were:
%%
%% lipics.dtx  (with options: `class')
%% 
%% -----------------------------------------------------------------
%% Author:     le-tex publishing services
%% 
%% This file is part of the lipics package for preparing
%% LIPICS articles.
%% 
%%       Copyright (C) 2010 Schloss Dagstuhl
%% -----------------------------------------------------------------
\NeedsTeXFormat{LaTeX2e}[2005/12/01]
\ProvidesClass{lipics}
    [2010/09/27 v1.1 LIPIcs articles]
\emergencystretch1em
\advance\hoffset-1in
\advance\voffset-1in
\advance\hoffset2.95mm
\newif\if@nobotseplist  \@nobotseplistfalse
\def\@endparenv{%
  \addpenalty\@endparpenalty\if@nobotseplist\else\addvspace\@topsepadd\fi\@endpetrue}
\def\@doendpe{%
  \@endpetrue
  \def\par{\@restorepar
           \everypar{}%
           \par
           \if@nobotseplist
             \addvspace\topsep
             \addvspace\partopsep
             \global\@nobotseplistfalse
           \fi
           \@endpefalse}%
  \everypar{{\setbox\z@\lastbox}%
            \everypar{}%
            \if@nobotseplist\global\@nobotseplistfalse\fi
            \@endpefalse}}
\def\enumerate{%
  \ifnum \@enumdepth >\thr@@\@toodeep\else
    \advance\@enumdepth\@ne
    \edef\@enumctr{enum\romannumeral\the\@enumdepth}%
    \expandafter
    \list
      \csname label\@enumctr\endcsname
      {\advance\partopsep\topsep
       \topsep\z@\@plus\p@
       \ifnum\@listdepth=\@ne
         \labelsep0.72em
       \else
         \ifnum\@listdepth=\tw@
           \labelsep0.3em
         \else
           \labelsep0.5em
         \fi
       \fi
       \usecounter\@enumctr\def\makelabel##1{\hss\llap{##1}}}%
  \fi}
\def\endenumerate{\ifnum\@listdepth=\@ne\global\@nobotseplisttrue\fi\endlist}
\def\itemize{%
  \ifnum \@itemdepth >\thr@@\@toodeep\else
    \advance\@itemdepth\@ne
    \edef\@itemitem{labelitem\romannumeral\the\@itemdepth}%
    \expandafter
    \list
      \csname\@itemitem\endcsname
      {\advance\partopsep\topsep
       \topsep\z@\@plus\p@
       \ifnum\@listdepth=\@ne
         \labelsep0.83em
       \else
         \ifnum\@listdepth=\tw@
           \labelsep0.75em
         \else
           \labelsep0.5em
         \fi
      \fi
      \def\makelabel##1{\hss\llap{##1}}}%
  \fi}
\def\enditemize{\ifnum\@listdepth=\@ne\global\@nobotseplisttrue\fi\endlist}
\def\@sect#1#2#3#4#5#6[#7]#8{%
  \ifnum #2>\c@secnumdepth
    \let\@svsec\@empty
  \else
    \refstepcounter{#1}%
    \protected@edef\@svsec{\@seccntformat{#1}\relax}%
  \fi
  \@tempskipa #5\relax
  \ifdim \@tempskipa>\z@
    \begingroup
      #6{%
        \@hangfrom{\hskip #3\relax
          \ifnum #2=1
            \colorbox[rgb]{0.99,0.78,0.07}{\kern0.15em\@svsec\kern0.15em}\quad
          \else
            \@svsec\quad
          \fi}%
          \interlinepenalty \@M #8\@@par}%
    \endgroup
    \csname #1mark\endcsname{#7}%
    \addcontentsline{toc}{#1}{%
      \ifnum #2>\c@secnumdepth \else
        \protect\numberline{\csname the#1\endcsname}%
      \fi
      #7}%
  \else
    \def\@svsechd{%
      #6{\hskip #3\relax
      \@svsec #8}%
      \csname #1mark\endcsname{#7}%
      \addcontentsline{toc}{#1}{%
        \ifnum #2>\c@secnumdepth \else
          \protect\numberline{\csname the#1\endcsname}%
        \fi
        #7}}%
  \fi
  \@xsect{#5}}
\def\@seccntformat#1{\csname the#1\endcsname}
\def\@biblabel#1{\textcolor{darkgray}{\sffamily\bfseries#1}}
\def\copyrightline{%
  \ifx\@serieslogo\@empty
  \else
    \setbox\@tempboxa\hbox{\includegraphics[height=42\p@]{\@serieslogo}}%
    \rlap{\hspace\textwidth\hspace{-\wd\@tempboxa}\hspace{\z@}%
          \vtop to\z@{\vskip-0mm\unhbox\@tempboxa\vss}}%
  \fi
  \scriptsize
  \vtop{\hsize\textwidth
    \nobreakspace\\
    \@Copyright
    \ifx\@Event\@empty\else\@Event.\\\fi
    \ifx\@Editors\@empty\else
      \@Eds: \@Editors
      ; pp. \thepage--\pageref{LastPage}%
      \\
    \fi
    \setbox\@tempboxa\hbox{\includegraphics[height=14\p@,trim=0 15 0 0]{lipics-logo-bw}}%
    \hspace*{\wd\@tempboxa}\enskip
    \href{http://www.dagstuhl.de/lipics/}%
         {Leibniz International Proceedings in Informatics}\\
    \smash{\unhbox\@tempboxa}\enskip
    \href{http://www.dagstuhl.de}%
         {Schloss Dagstuhl -- Leibniz-Zentrum f{\"u}r Informatik, Dagstuhl Publishing, Germany}}}
\def\ps@plain{\let\@mkboth\@gobbletwo
  \let\@oddhead\@empty
  \let\@evenhead\@empty
  \let\@evenfoot\copyrightline
  \let\@oddfoot\copyrightline}
\def\lipics@opterrshort{Option  "\CurrentOption" not supported}
\def\lipics@opterrlong{The option "\CurrentOption" from article.cls is not supported by lipics.cls.}
\DeclareOption{a5paper}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{b5paper}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{legalpaper}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{executivepaper}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{landscape}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{10pt}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{11pt}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{12pt}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{oneside}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{twoside}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{titlepage}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{notitlepage}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{onecolumn}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{twocolumn}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{fleqn}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{openbib}{\@latexerr{\lipics@opterrshort}{\lipics@opterrlong}}
\DeclareOption{a4paper}{\PassOptionsToClass{\CurrentOption}{article}
                        \advance\hoffset-2.95mm
                        \advance\voffset8.8mm}
\DeclareOption{numberwithinsect}{\let\numberwithinsect\relax}
\DeclareOption*{\PassOptionsToClass{\CurrentOption}{article}}
\ProcessOptions
\LoadClass[twoside,notitlepage,fleqn]{article}
\renewcommand\normalsize{%
   \@setfontsize\normalsize\@xpt{13}%
   \abovedisplayskip 10\p@ \@plus2\p@ \@minus5\p@
   \abovedisplayshortskip \z@ \@plus3\p@
   \belowdisplayshortskip 6\p@ \@plus3\p@ \@minus3\p@
   \belowdisplayskip \abovedisplayskip
   \let\@listi\@listI}
\normalsize
\renewcommand\small{%
   \@setfontsize\small\@ixpt{11.5}%
   \abovedisplayskip 8.5\p@ \@plus3\p@ \@minus4\p@
   \abovedisplayshortskip \z@ \@plus2\p@
   \belowdisplayshortskip 4\p@ \@plus2\p@ \@minus2\p@
   \def\@listi{\leftmargin\leftmargini
               \topsep 4\p@ \@plus2\p@ \@minus2\p@
               \parsep 2\p@ \@plus\p@ \@minus\p@
               \itemsep \parsep}%
   \belowdisplayskip \abovedisplayskip
}
\renewcommand\footnotesize{%
   \@setfontsize\footnotesize{8.5}{9.5}%
   \abovedisplayskip 6\p@ \@plus2\p@ \@minus4\p@
   \abovedisplayshortskip \z@ \@plus\p@
   \belowdisplayshortskip 3\p@ \@plus\p@ \@minus2\p@
   \def\@listi{\leftmargin\leftmargini
               \topsep 3\p@ \@plus\p@ \@minus\p@
               \parsep 2\p@ \@plus\p@ \@minus\p@
               \itemsep \parsep}%
   \belowdisplayskip \abovedisplayskip
}
\renewcommand\large{\@setfontsize\large{10.5}{13}}
\renewcommand\Large{\@setfontsize\Large{12}{14}}
\setlength\parindent{1.5em}
\setlength\headheight{3mm}
\setlength\headsep   {10mm}
\setlength\footskip{3mm}
\setlength\textwidth{140mm}
\setlength\textheight{222mm}
\setlength\oddsidemargin{32mm}
\setlength\evensidemargin{38mm}
\setlength\marginparwidth{25mm}
\setlength\topmargin{13mm}
\setlength{\skip\footins}{2\baselineskip \@plus 4\p@ \@minus 2\p@}
\def\@listi{\leftmargin\leftmargini
            \parsep\z@ \@plus\p@
            \topsep 8\p@ \@plus2\p@ \@minus4\p@
            \itemsep \parsep}
\let\@listI\@listi
\@listi
\def\@listii {\leftmargin\leftmarginii
              \labelwidth\leftmarginii
              \advance\labelwidth-\labelsep
              \topsep    4\p@ \@plus2\p@ \@minus\p@
              \parsep\z@ \@plus\p@
              \itemsep   \parsep}
\def\@listiii{\leftmargin\leftmarginiii
              \labelwidth\leftmarginiii
              \advance\labelwidth-\labelsep
              \topsep    2\p@ \@plus\p@\@minus\p@
              \parsep    \z@
              \partopsep \p@ \@plus\z@ \@minus\p@
              \itemsep   \z@ \@plus\p@}
\def\ps@headings{%
    \def\@evenhead{\large\sffamily\bfseries
                   \llap{\hbox to0.5\oddsidemargin{\thepage\hss}}\leftmark\hfil}%
    \def\@oddhead{\large\sffamily\bfseries\rightmark\hfil
                  \rlap{\hbox to0.5\oddsidemargin{\hss\thepage}}}%
    \def\@oddfoot{\hfil
                  \rlap{%
                    \vtop{%
                      \vskip10mm
                      \colorbox[rgb]{0.99,0.78,0.07}
                                    {\@tempdima\evensidemargin
                                     \advance\@tempdima1in
                                     \advance\@tempdima\hoffset
                                     \hb@xt@\@tempdima{%
                                       \textcolor{darkgray}{\normalsize\sffamily
                                       \bfseries\quad
                                       \expandafter\textsolittle
                                       \expandafter{\@EventShortName}}%
                                     \strut\hss}}}}}
    \let\@evenfoot\@empty
    \let\@mkboth\markboth
  \let\sectionmark\@gobble
  \let\subsectionmark\@gobble}
\pagestyle{headings}
\renewcommand\maketitle{\par
  \begingroup
    \renewcommand\thefootnote{\@fnsymbol\c@footnote}%
    \if@twocolumn
      \ifnum \col@number=\@ne
        \@maketitle
      \else
        \twocolumn[\@maketitle]%
      \fi
    \else
      \newpage
      \global\@topnum\z@   % Prevents figures from going at top of page.
      \@maketitle
    \fi
    \thispagestyle{plain}\@thanks
  \endgroup
  \setcounter{footnote}{0}%
  \global\let\thanks\relax
  \global\let\maketitle\relax
  \global\let\@maketitle\relax
  \global\let\@thanks\@empty
  \global\let\@author\@empty
  \global\let\@date\@empty
  \global\let\@title\@empty
  \global\let\title\relax
  \global\let\author\relax
  \global\let\date\relax
  \global\let\and\relax
}
\newwrite\tocfile
\def\@maketitle{%
  \newpage
  \null\vskip-\baselineskip
  \vskip-\headsep
  \@titlerunning
  \@authorrunning
  \let \footnote \thanks
  \parindent\z@ \raggedright
    {\LARGE\sffamily\bfseries\mathversion{bold}\@title \par}%
    \vskip 1.5em%
    \ifnum\c@authors=0 %
      \@latexerr{No \noexpand\author given}%
        {Provide at least one author. See the LIPIcs class documentation.}%
    \else
      \@author
    \fi
    \bgroup
      \let\footnote\@gobble
      \immediate\openout\tocfile=\jobname.vtc
      \protected@write\tocfile{}{%
        \string\contitem
        \string\title{\@title}%
        \string\author{\AB@authfortoc}%
        \string\page{\thepage}}%
      \closeout\tocfile
    \egroup
  \par}
\setcounter{secnumdepth}{4}
\renewcommand\section{\@startsection {section}{1}{\z@}%
                                   {-3.5ex \@plus -1ex \@minus -.2ex}%
                                   {2.3ex \@plus.2ex}%
                                   {\sffamily\Large\bfseries\raggedright}}
\renewcommand\subsection{\@startsection{subsection}{2}{\z@}%
                                     {-3.25ex\@plus -1ex \@minus -.2ex}%
                                     {1.5ex \@plus .2ex}%
                                     {\sffamily\Large\bfseries\raggedright}}
\renewcommand\subsubsection{\@startsection{subsubsection}{3}{\z@}%
                                     {-3.25ex\@plus -1ex \@minus -.2ex}%
                                     {1.5ex \@plus .2ex}%
                                     {\sffamily\Large\bfseries\raggedright}}
\renewcommand\paragraph{\@startsection{paragraph}{4}{\z@}%
                                    {-3.25ex \@plus-1ex \@minus-.2ex}%
                                    {1.5ex \@plus .2ex}%
                                    {\sffamily\large\bfseries\raggedright}}
\renewcommand\subparagraph{\@startsection{subparagraph}{5}{\z@}%
                                       {3.25ex \@plus1ex \@minus .2ex}%
                                       {-1em}%
                                      {\sffamily\normalsize\bfseries}}
\setlength\leftmargini  \parindent
\setlength\leftmarginii {1.2em}
\setlength\leftmarginiii{1.2em}
\setlength\leftmarginiv {1.2em}
\setlength\leftmarginv  {1.2em}
\setlength\leftmarginvi {1.2em}
\renewcommand\labelenumi{%
  \textcolor{darkgray}{\sffamily\bfseries\mathversion{bold}\theenumi.}}
\renewcommand\labelenumii{%
  \textcolor{darkgray}{\sffamily\bfseries\mathversion{bold}\theenumii.}}
\renewcommand\labelenumiii{%
  \textcolor{darkgray}{\sffamily\bfseries\mathversion{bold}\theenumiii.}}
\renewcommand\labelenumiv{%
  \textcolor{darkgray}{\sffamily\bfseries\mathversion{bold}\theenumiv.}}
\renewcommand\labelitemi{%
  \textcolor[rgb]{0.6,0.6,0.61}{\ifnum\@listdepth=\@ne
                                  \rule{0.67em}{0.33em}%
                                \else
                                  \rule{0.45em}{0.225em}%
                                \fi}}
\renewcommand\labelitemii{%
  \textcolor[rgb]{0.6,0.6,0.61}{\rule{0.45em}{0.225em}}}
\renewcommand\labelitemiii{%
  \textcolor[rgb]{0.6,0.6,0.61}{\sffamily\bfseries\textasteriskcentered}}
\renewcommand\labelitemiv{%
  \textcolor[rgb]{0.6,0.6,0.61}{\sffamily\bfseries\textperiodcentered}}
\renewenvironment{description}
               {\list{}{\advance\partopsep\topsep\topsep\z@\@plus\p@
                        \labelwidth\z@ \itemindent-\leftmargin
                        \let\makelabel\descriptionlabel}}
               {\ifnum\@listdepth=\@ne\global\@nobotseplisttrue\fi\endlist}
\renewcommand*\descriptionlabel[1]{%
  \hspace\labelsep\textcolor{darkgray}{\sffamily\bfseries\mathversion{bold}#1}}
\renewenvironment{abstract}{%
  \vskip\bigskipamount
  \noindent
  \rlap{\color[rgb]{0.51,0.50,0.52}\vrule\@width\textwidth\@height1\p@}%
  \hspace*{7mm}\fboxsep1.5mm\colorbox[rgb]{1,1,1}{\raisebox{-0.4ex}{%
    \large\selectfont\sffamily\bfseries\abstractname}}%
  \vskip3\p@
  \fontsize{9.5}{12.5}\selectfont
  \noindent\ignorespaces}
  {\ifx\@subjclass\@empty\else
     \vskip\baselineskip\noindent
     \subjclassHeading\@subjclass
   \fi
   \ifx\@keywords\@empty\else
     \vskip\baselineskip\noindent
     \keywordsHeading\@keywords
   \fi
   \ifx\@DOI\@empty\else
     \vskip\baselineskip\noindent
     \doiHeading\doi{\@DOI}%
   \fi}
\renewenvironment{thebibliography}[1]
  {\if@noskipsec \leavevmode \fi
   \par
   \@tempskipa-3.5ex \@plus -1ex \@minus -.2ex\relax
   \@afterindenttrue
   \@tempskipa -\@tempskipa \@afterindentfalse
   \if@nobreak
     \everypar{}%
   \else
     \addpenalty\@secpenalty\addvspace\@tempskipa
   \fi
   \noindent
   \rlap{\color[rgb]{0.51,0.50,0.52}\vrule\@width\textwidth\@height1\p@}%
   \hspace*{7mm}\fboxsep1.5mm\colorbox[rgb]{1,1,1}{\raisebox{-0.4ex}{%
     \normalsize\sffamily\bfseries\refname}}%
   \@xsect{1ex \@plus.2ex}%
   \list{\@biblabel{\@arabic\c@enumiv}}%
        {\leftmargin8.5mm
         \labelsep\leftmargin
         \settowidth\labelwidth{\@biblabel{#1}}%
         \advance\labelsep-\labelwidth
         \usecounter{enumiv}%
         \let\p@enumiv\@empty
         \renewcommand\theenumiv{\@arabic\c@enumiv}}%
   \fontsize{9.5}{12.5}\selectfont
   \sloppy
   \clubpenalty4000
   \@clubpenalty \clubpenalty
   \widowpenalty4000%
   \sfcode`\.\@m}
  {\def\@noitemerr
     {\@latex@warning{Empty `thebibliography' environment}}%
   \endlist}
\renewcommand\footnoterule{%
  \kern-8\p@
  {\color[rgb]{0.60,0.60,0.61}\hrule\@width40mm\@height1\p@}%
  \kern6.6\p@}
\renewcommand\@makefntext[1]{%
    \parindent\z@\hangindent1em
    \leavevmode
    \hb@xt@1em{\@makefnmark\hss}#1}
\usepackage[utf8]{inputenc}
\IfFileExists{lmodern.sty}{\RequirePackage{lmodern}}{}
\RequirePackage[T1]{fontenc}
\RequirePackage{textcomp}
\RequirePackage[mathscr]{eucal}
\RequirePackage{amssymb}
\RequirePackage{soul}
\sodef\textsolittle{}{.12em}{.5em\@plus.08em\@minus.06em}%
        {.4em\@plus.275em\@minus.183em}
\RequirePackage{color}
\definecolor{darkgray}{rgb}{0.31,0.31,0.33}
\RequirePackage{babel}
\RequirePackage[tbtags,fleqn]{amsmath}
\RequirePackage{amsthm}
\thm@headfont{%
  \textcolor{darkgray}{$\blacktriangleright$}\nobreakspace\sffamily\bfseries}
\def\th@remark{%
  \thm@headfont{%
    \textcolor{darkgray}{$\blacktriangleright$}\nobreakspace\sffamily}%
  \normalfont % body font
  \thm@preskip\topsep \divide\thm@preskip\tw@
  \thm@postskip\thm@preskip
}
\def\@endtheorem{\endtrivlist}%\@endpefalse
\renewcommand\qedsymbol{\textcolor{darkgray}{\ensuremath{\blacktriangleleft}}}
\renewenvironment{proof}[1][\proofname]{\par
  \pushQED{\qed}%
  \normalfont \topsep6\p@\@plus6\p@\relax
  \trivlist
  \item[\hskip\labelsep
        \color{darkgray}\sffamily\bfseries
    #1\@addpunct{.}]\ignorespaces
}{%
  \popQED\endtrivlist%\@endpefalse
}
\theoremstyle{plain}
\newtheorem{theorem}{Theorem}
\newtheorem{lemma}[theorem]{Lemma}
\newtheorem{corollary}[theorem]{Corollary}
\theoremstyle{definition}
\newtheorem{definition}[theorem]{Definition}
\newtheorem{example}[theorem]{Example}
\theoremstyle{remark}
\newtheorem*{remark}{Remark}
\ifx\numberwithinsect\relax
  \@addtoreset{theorem}{section}
  \edef\thetheorem{\expandafter\noexpand\thesection\@thmcountersep\@thmcounter{theorem}}
\fi
\RequirePackage{graphicx}
\RequirePackage{array}
\let\@classzold\@classz
\def\@classz{%
   \expandafter\ifx\d@llarbegin\begingroup
     \toks \count@ =
     \expandafter{\expandafter\small\the\toks\count@}%
   \fi
   \@classzold}
\RequirePackage{multirow}
\RequirePackage{tabularx}
\RequirePackage[online]{threeparttable}
\def\TPTtagStyle#1{#1)}
\def\tablenotes{\small\TPT@defaults
  \@ifnextchar[\TPT@setuptnotes\TPTdoTablenotes} % ]
\RequirePackage{listings}
\lstset{basicstyle=\small\ttfamily,%
        backgroundcolor=\color[rgb]{0.85,0.85,0.86},%
        frame=single,framerule=0pt,xleftmargin=\fboxsep,xrightmargin=\fboxsep}
\RequirePackage{lastpage}
\IfFileExists{doi.sty}
  {\RequirePackage{doi}%
   \renewcommand*{\doitext}{}}
  {\RequirePackage{hyperref}%
   \def\doi##1{##1}}
\hypersetup{pdfborder={0 0 0}}
\RequirePackage[labelsep=space,singlelinecheck=false,%
  font={up,small},labelfont={sf,bf},%
  listof=false]{caption}%"listof" instead of "list" for backward compatibility
\@ifpackagelater{hyperref}{2009/12/09}
  {\captionsetup{compatibility=false}}%cf. http://groups.google.de/group/comp.text.tex/browse_thread/thread/db9310eb540fbbd8/42e30f3b7b3aa17a?lnk=raot
  {}
\DeclareCaptionLabelFormat{boxed}{%
  \kern0.05em{\color[rgb]{0.99,0.78,0.07}\rule{0.73em}{0.73em}}%
  \hspace*{0.67em}\bothIfFirst{#1}{~}#2}
\captionsetup{labelformat=boxed}
\captionsetup[table]{position=top}
\RequirePackage[figuresright]{rotating}
\RequirePackage{subfig}
\def\titlerunning#1{\gdef\@titlerunning{{\let\footnote\@gobble\markboth{#1}{#1}}}}
\def\authorrunning#1{%
  \gdef\@authorrunning{\expandafter\def\expandafter\@tempa\expandafter{#1}%
                       \ifx\@tempa\@empty\else\markright{#1}\fi}}
\titlerunning{\@title}
\authorrunning{\AB@authrunning}
\newcommand*\volumeinfo[6]{%
  {\gdef\@Editors{#1}%
   \gdef\@Eds{Editor}\ifnum #2>1 \gdef\@Eds{Editors}\fi
   \gdef\@Event{#3}%
   \setcounter{page}{#6}}}
\volumeinfo{}{1}{}{}{}{1}
\RequirePackage{authblk}
\renewcommand*\Authand{{ and }}
\renewcommand*\Authfont{\Large\bfseries\mathversion{bold}}
\renewcommand*\AB@authnote[1]{\textsuperscript{#1}}
\renewcommand*\AB@affilnote[1]{\protect\item[#1]}
\renewcommand*\Affilfont{\fontsize{9.5}{12}\selectfont}
\setlength\affilsep{\baselineskip}
\newcommand\AB@authrunning{}
\newcommand\AB@authfortoc{}
\renewcommand\author[2][]%
      {\ifnewaffil\addtocounter{affil}{1}%
       \edef\AB@thenote{\arabic{affil}}\fi
      \if\relax#1\relax\def\AB@note{\AB@thenote}\else\def\AB@note{#1}%
        \setcounter{Maxaffil}{0}\fi
      \ifnum\value{authors}>1\relax
      \@namedef{@sep\number\c@authors}{\Authsep}\fi
      \addtocounter{authors}{1}%
      \begingroup
          \let\protect\@unexpandable@protect \let\and\AB@pand
          \def\thanks{\protect\thanks}\def\footnote{\protect\footnote}%
         \@temptokena=\expandafter{\AB@authors}%
         {\def\\{\protect\\[\@affilsep]\protect\Affilfont
              \protect\AB@resetsep}%
              \xdef\AB@author{\AB@blk@and#2}%
       \ifnewaffil\gdef\AB@las{}\gdef\AB@lasx{\protect\Authand}\gdef\AB@as{}%
           \xdef\AB@authors{\the\@temptokena\AB@blk@and}%
       \else
          \xdef\AB@authors{\the\@temptokena\AB@as\AB@au@str}%
          \global\let\AB@las\AB@lasx\gdef\AB@lasx{\protect\Authands}%
          \gdef\AB@as{\Authsep}%
       \fi
       \gdef\AB@au@str{#2}}%
         \@temptokena=\expandafter{\AB@authlist}%
         \let\\=\authorcr
         \xdef\AB@authlist{\the\@temptokena
           \protect\@nameuse{@sep\number\c@authors}%
           \protect\Authfont#2\AB@authnote{\AB@note}}%
         %new
         \@temptokena=\expandafter{\AB@authrunning}%
         \let\\=\authorcr
         \xdef\AB@authrunning{\the\@temptokena
           \protect\@nameuse{@sep\number\c@authors}#2}%
         %
         %new
         \@temptokena=\expandafter{\AB@authfortoc}%
         \let\\=\authorcr
         \xdef\AB@authfortoc{\the\@temptokena
           \expandafter\noexpand\csname @sep\number\c@authors\endcsname#2}%
         %
      \endgroup
      \ifnum\value{authors}>2\relax
      \@namedef{@sep\number\c@authors}{\Authands}\fi
      \newaffilfalse
}
\renewcommand\affil[2][]%
   {\newaffiltrue\let\AB@blk@and\AB@pand
      \if\relax#1\relax\def\AB@note{\AB@thenote}\else\def\AB@note{#1}%
        \setcounter{Maxaffil}{0}\fi
      \begingroup
        \let\protect\@unexpandable@protect
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\begin{abstract}
We report on our ongoing work on automated verification of rewriting-based query optimizers. Rewriting-based query optimizers are a widely adapted in relational database architecture however, designing these rewrite systems remains a challenge. In this paper, we discuss automated termination analysis of optimizers where rewrite-rules are expressed in HoTTSQL. We discuss how it is not sufficient to reason about rule specific (local) properties such as semantic equivalence, and it is necessary to work with set-of-rules specific (global) properties such as termination and loop-freeness to prove correctness of the optimizer. We put forward a way to translate the rules in HoTTSQL to Term Rewriting Systems, opening avenues for the use of termination tools in the analysis of rewriting-based transformations of HoTTSQL database queries. 
\end{abstract}

\section{Introduction}

Relational query languages provide a high-level declarative interface to access data stored in relational databases. Before an execution engine implements a set of physical operators to evaluate the query, heuristics are used to optimize the evaluation with respect to parameters such as execution time, monetary fees in a cloud scenario, and allocated and accessed memory \cite{Jarke:1984:QOD:356924.356928}, \cite{Trummer:2014:ASM:2588555.2610527}. 

Since 1990s, a standard technique in query optimization is to use a set of rewrite rules which optimize the objective by transforming the input query to a normal form by repeated applications of the rules until a fixed point is reached \cite{10.1007/3-540-53904-2_101}. Although this technique has been around for long, there has been only little progress towards proving its correctness. The property of semantics preservation under rewriting has been studied and \cite{Chu:2017:HPQ:3140587.3062348} puts forward a method to verify this property for rules expressed in HoTTSQL, a SQL like query language. While semantics preservation is a necessary property of a query optimizer \cite{87980}, there are other important properties such as termination or loop-freeness which may be desired or necessary depending on application and implementation. 

Modern query optimizers, such as Catalyst for SparkSQL, not only support user-defined types but also allow users to add their own optimization rewrite rules \cite{Armbrust:2015:SSR:2723372.2742797}, creating a need for guarantees that the mentioned properties are invariant of the new additions. Our paper sheds light on the necessary and desired specifications for such query optimizers, and put forward a way to reason about two such properties -- termination and loop-freeness. In Sect. 2 we illustrate the problem with an example and discuss the optimizer properties, and in Sect. 3 we discuss translating the HoTTSQL syntax to a syntax which allows automated termination analysis. In Sect. 4 we discuss a weaker specification than termination and in Sect. 5 we conclude with a discussion of our contribution and its limitations. 

\section{Optimizer Properties}

Although the execution of an optimizer consists of the application of individual query rewriting rules, not all desired properties of the system can be verified locally (by looking at the rules separately); in many cases, it is necessary to look at rules in context of other rules. One such property is rewriting termination.

\begin{example} Consider the Selection Push Down rule which moves a selection (filter) directly after the scan of the input table to reduce the amount of data in the execution pipeline as early as possible \cite{Database_Systems_Book}. \\

\texttt{SELECT * FROM R WHERE a AND b} $\rightarrow$ \\ \indent \texttt{SELECT * FROM (SELECT * FROM R WHERE a) WHERE b}\\

On other hand, if (\texttt{SELECT * FROM R WHERE a}) returns a significant fraction of \texttt{R}, the following rule may be added by the user:\\

\texttt{SELECT * FROM (SELECT * FROM R WHERE a) WHERE b} $\rightarrow$ \\ \indent \texttt{SELECT * FROM R WHERE a AND b}\\

Though both (Selection Push Down, and the user defined rule) are semantics preserving, having the two rules together introduces a loop in the transition graph, which makes the rewriting process non-terminating. 

\end{example}

In order to avoid such conflicts, a user must look into the predefined rules and undertake their tedious analysis in order to check if a given new rule can be added. In this case, one looks at termination. Another property that is often desirable is confluence. In a terminating rewrite system, local confluence is equivalent to confluence, and hence one can check for local confluence to conclude existence and uniqueness of normal forms \cite{Baader:1998:TR:280474} \cite{Newman}. The following three properties can be identified as desired specifications for a rewriting-based query optimizer that ensures a unique normal form:

\begin{itemize}
\item \textbf{Termination:} For all queries $Q$, any sequence of queries obtained by rewriting starting with $Q$ should terminate.
\item \textbf{Local Confluence:} For all queries $Q$, if there are rewrite rules $r_1$ and $r_2$ such that $Q \xrightarrow{r_1} Q_1$ and $Q \xrightarrow{r_2} Q_2$, then there exists a query $Q'$ such that $Q_1 \xrightarrow{\hat{\rho}_1} Q'$ and $Q_2 \xrightarrow{\hat{\rho}_2} Q'$ where $\hat{\rho}_1$ and $\hat{\rho}_2$ are sequences of rewrite rules. 
\item \textbf{Semantics Preservation:} If $Q \xrightarrow{r} Q'$ then the result obtained by executing $Q$ on any database $D$ should be the same as the result obtained by executing $Q'$ on $D$.
\end{itemize}

\section{Reasoning about Termination}

HoTTSQL is an SQL-like language that was proposed for checking semantics preservation \cite{Chu:2017:HPQ:3140587.3062348}. The following is a summary of HoTTSQL syntax:

\begin{align*}
q \in \text{ Query } ::=& \: \textsf{TABLE} \:| \: \textsf{SELECT} \: p \: q \: | \: \textsf{FROM} \: q_1, \ldots, q_n \: | \: q \: \textsf{WHERE} \: p \: \\ 
& | \: q_1 \: \textsf{UNION ALL} \: q_2 \: | \: q_1 \: \textsf{EXCEPT} \: q_2 \: | \: \textsf{DISTINCT} \: q \\
b \in \text{ Predicate } ::=& \:  e_1 = e_2 \:| \: \textsf{NOT} \: b \: | \: b_1 \: \textsf{AND} \; b_2 \: | \: b_1 \: \textsf{OR} \: b_2 \: | \: \textsf{true} \: | \: \textsf{false} \\ 
e \in \text{ Expression } ::=& \: P2E \: p \:| \: \textsf{f}(e_1, \ldots, e_n) \: | \: \textsf{agg}(q) \: | \: \textsf{CASTEXPR} \: p \: e \\ 
p \in \text{ Projection } ::=& \:  * \:| \: \textsf{Left} \: | \: \textsf{Right} \: | \: \textsf{Empty} \: | \: p_1.p_2 \: | \: p_1,p_2 \: | \: E2P \: e \\ 
\end{align*}

We first translate queries from HoTTSQL to Term Rewriting Systems (TRS) \cite{Klop:1993:TRS:162552.162559} as used in inputs in Termination Problems Data Base (TPDB) so that automated tools for termination analysis such as Tyrolean Termination Tool 2 (\TTTT) \cite{10.1007/978-3-642-02348-4_21}, Automated Program Verification Environment (AProVE) \cite{Giesl2017}, and others. We introduce the following functions:

\begin{align*}
\text { Query Functions }:&  \: \textsf{select(p,q)} \: | \: \textsf{from1(q)} \: | \: \textsf{from2(q1,q2)} \: | \: \textsf{where(q,p)} \: \\ 
& | \: \textsf{unionall(q1,q2)} \: | \: \textsf{except(q1,q2)} \: | \: \textsf{distinct(q)} \: \\
\text{ Predicate Functions } :& \:  \textsf{eq(e1,e2)} \:| \: \textsf{not(b)} \: | \:  \textsf{and(b1,b2)} \: | \:  \textsf{or(b1,b2)} \: \\ 
\text{ Expression Functions } :& \: \textsf{p2e(p)} \:| \: \textsf{agg(q)} \: | \: \textsf{castexpr(p,e)} \\
\text{ Projection Functions } :& \: 
\textsf{projdot(p1,p2)} \: | \: \textsf{projcom(p1,p2)} \: | \: \textsf{e2p(e)}
\end{align*}

We consider the following as constants:

$$\textsf{true, false, star, left, right, empty}$$

Note that we use $\textsf{from1}$ and $\textsf{from2}$ to encode $\textsf{FROM}$ of different arities. Higher arities of $\textsf{FROM}$ are encoded using composition of $\textsf{from2}$. The functions $\textsf{f}(e_1, \ldots, e_n)$ used to form expressions may be encoded as the functions themselves on a case-to-case basis. Each instance of a \textsf{TABLE} is encoded as a separate variable. The translation from HoTTSQL syntax to the proposed functional syntax is canonical and can be implemented in linear time using a stack. 

\begin{example}
We shall encode the Selection Push Down rule from Example 1 in the functional syntax. $\textsf{r}$, $\textsf{a}$, and $\textsf{b}$ are variables. Then we have: 

\textsf{select(star,where(from1(r),and(a,b)))} $\rightarrow$ \\ \indent \textsf{select(star,where(select(star,where(from1(r),a)),b))}
\end{example}

This syntax is designed to be compatible with Tyrolean Termination Tool 2, and so if the rules are once converted from the HoTTSQL syntax to TRS syntax, it can be given as an input to the tool to automatically reason about termination.

\section{Weaker Specifications}

A major challenge of rewriting systems is that the rewriting process may be of a high computational complexity \cite{moser_et_al:LIPIcs:2008:1762} \cite{536256}, and we see the same translate to runtime complexity of rewriting based optimizers. In that scenario, the reduction in the runtime for query evaluation may be compensated by the increase in the runtime for query rewriting. A standard ad-hoc method is to introduce a threshold on the number of rewrites \cite{Armbrust:2015:SSR:2723372.2742797}. For a rewriting based optimizer that implements this heuristic, termination is not a necessary requirement\footnote{Though it may be necessary if one wishes to use it to reason about confluence and existence and uniqueness of normalized form}. However, the presence of loops can lead to redundant rewritings. We can adapt the results in  \cite{DBLP:journals/corr/abs-1709-05095} to check for loop-freeness of by using existing tools for the automatic generation of first-order models. 


\section{Conclusion}

We have put forward a discussion of verification of rewriting-based query optimizers, particularly the need of looking at set-of-rules specific (global) properties, particularly termination and loop-freeness. We have also proposed a translation from HoTTSQL to the Term Rewriting Systems syntax.

A major limitation is the expressiveness of HoTTSQL. A number of rules which are used in practice such as the Predicate Pushdown Rule need pattern matching for their implementation, however, the HoTTSQL syntax does not offer it. We put forward a \textit{wish list} of the types of query-rewrite rules we would like to add to classic term rewriting translation that is proposed in Section 3 in order to encode the rules of popular query optimizers like Catalyst. The following are the three possible extensions:

\begin{enumerate}
\item Classic Term Rewriting + Variable Matching: Rules such as predicate pushdown can be encoded by matching bound and free variables according to the schema
\item Classic Term Rewriting + Constrained Rewriting: Rules with integral constraints can be encoded using constrained rewriting
\item Classic Term Rewriting + Pattern Matching: All query-rewrite rules can be encoded by general pattern matching
\end{enumerate}

The future work branches in three directions. Firstly, we would like to work towards developing developer tools which help design rewrite rules keeping the mentioned specifications in perspective. Secondly, we would like to extend the scope of HoTTSQL and our syntax as mentioned in the previous paragraph so we may be able to reason about query optimizers in practice. Finally, we would like to understand other desired and necessary properties of the optimizers, particularly confluence and develop a fuller theory for verified rewriting-based query optimizers.   
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Abstract
We report on our ongoing work on automated verification of rewriting-based query optimizers.
Rewriting-based query optimizers are a widely adapted in relational database architecture how-
ever, designing these rewrite systems remains a challenge. In this paper, we discuss automated
termination analysis of optimizers where rewrite-rules are expressed in HoTTSQL. We discuss
how it is not sufficient to reason about rule specific (local) properties such as semantic equival-
ence, and it is necessary to work with set-of-rules specific (global) properties such as termination
and loop-freeness to prove correctness of the optimizer. We put forward a way to translate the
rules in HoTTSQL to Term Rewriting Systems, opening avenues for the use of termination tools
in the analysis of rewriting-based transformations of HoTTSQL database queries.
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1 Introduction


Relational query languages provide a high-level declarative interface to access data stored in
relational databases. Before an execution engine implements a set of physical operators to
evaluate the query, heuristics are used to optimize the evaluation with respect to parameters
such as execution time, monetary fees in a cloud scenario, and allocated and accessed memory
[6], [13].


Since 1990s, a standard technique in query optimization is to use a set of rewrite rules
which optimize the objective by transforming the input query to a normal form by repeated
applications of the rules until a fixed point is reached [14]. Although this technique has been
around for long, there has been only little progress towards proving its correctness. The
property of semantics preservation under rewriting has been studied and [3] puts forward a
method to verify this property for rules expressed in HoTTSQL, a SQL like query language.
While semantics preservation is a necessary property of a query optimizer [12], there are
other important properties such as termination or loop-freeness which may be desired or
necessary depending on application and implementation.


Modern query optimizers, such as Catalyst for SparkSQL, not only support user-defined
types but also allow users to add their own optimization rewrite rules [1], creating a need
for guarantees that the mentioned properties are invariant of the new additions. Our paper
sheds light on the necessary and desired specifications for such query optimizers, and put
forward a way to reason about two such properties – termination and loop-freeness. In Sect.
2 we illustrate the problem with an example and discuss the optimizer properties, and in
Sect. 3 we discuss translating the HoTTSQL syntax to a syntax which allows automated
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termination analysis. In Sect. 4 we discuss a weaker specification than termination and in
Sect. 5 we conclude with a discussion of our contribution and its limitations.


2 Optimizer Properties


Although the execution of an optimizer consists of the application of individual query
rewriting rules, not all desired properties of the system can be verified locally (by looking at
the rules separately); in many cases, it is necessary to look at rules in context of other rules.
One such property is rewriting termination.


I Example 1. Consider the Selection Push Down rule which moves a selection (filter) directly
after the scan of the input table to reduce the amount of data in the execution pipeline as
early as possible [4].


SELECT * FROM R WHERE a AND b →
SELECT * FROM (SELECT * FROM R WHERE a) WHERE b


On other hand, if (SELECT * FROM R WHERE a) returns a significant fraction of R, the
following rule may be added by the user:


SELECT * FROM (SELECT * FROM R WHERE a) WHERE b →
SELECT * FROM R WHERE a AND b


Though both (Selection Push Down, and the user defined rule) are semantics preserving,
having the two rules together introduces a loop in the transition graph, which makes the
rewriting process non-terminating.


In order to avoid such conflicts, a user must look into the predefined rules and undertake
their tedious analysis in order to check if a given new rule can be added. In this case, one
looks at termination. Another property that is often desirable is confluence. In a terminating
rewrite system, local confluence is equivalent to confluence, and hence one can check for local
confluence to conclude existence and uniqueness of normal forms [2] [11]. The following three
properties can be identified as desired specifications for a rewriting-based query optimizer
that ensures a unique normal form:


Termination: For all queries Q, any sequence of queries obtained by rewriting starting
with Q should terminate.
Local Confluence: For all queries Q, if there are rewrite rules r1 and r2 such that
Q


r1−→ Q1 and Q r2−→ Q2, then there exists a query Q′ such that Q1
ρ̂1−→ Q′ and Q2


ρ̂2−→ Q′


where ρ̂1 and ρ̂2 are sequences of rewrite rules.
Semantics Preservation: If Q r−→ Q′ then the result obtained by executing Q on any
database D should be the same as the result obtained by executing Q′ on D.


3 Reasoning about Termination


HoTTSQL is an SQL-like language that was proposed for checking semantics preservation
[3]. The following is a summary of HoTTSQL syntax:
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q ∈ Query ::= TABLE | SELECT p q | FROM q1, . . . , qn | q WHERE p
| q1 UNION ALL q2 | q1 EXCEPT q2 | DISTINCT q


b ∈ Predicate ::= e1 = e2 | NOT b | b1 AND b2 | b1 OR b2 | true | false
e ∈ Expression ::= P2E p | f(e1, . . . , en) | agg(q) | CASTEXPR p e
p ∈ Projection ::= ∗ | Left | Right | Empty | p1.p2 | p1, p2 | E2P e


We first translate queries from HoTTSQL to Term Rewriting Systems (TRS) [7] as used in
inputs in Termination Problems Data Base (TPDB) so that automated tools for termination
analysis such as Tyrolean Termination Tool 2 (TTT2) [8], Automated Program Verification
Environment (AProVE) [5], and others. We introduce the following functions:


Query Functions : select(p,q) | from1(q) | from2(q1,q2) | where(q,p)
| unionall(q1,q2) | except(q1,q2) | distinct(q)


Predicate Functions : eq(e1,e2) | not(b) | and(b1,b2) | or(b1,b2)
Expression Functions : p2e(p) | agg(q) | castexpr(p,e)
Projection Functions : projdot(p1,p2) | projcom(p1,p2) | e2p(e)


We consider the following as constants:


true, false, star, left, right, empty


Note that we use from1 and from2 to encode FROM of different arities. Higher arities
of FROM are encoded using composition of from2. The functions f(e1, . . . , en) used to form
expressions may be encoded as the functions themselves on a case-to-case basis. Each instance
of a TABLE is encoded as a separate variable. The translation from HoTTSQL syntax to the
proposed functional syntax is canonical and can be implemented in linear time using a stack.


I Example 2. We shall encode the Selection Push Down rule from Example 1 in the
functional syntax. r, a, and b are variables. Then we have:


select(star,where(from1(r),and(a,b))) →
select(star,where(select(star,where(from1(r),a)),b))


This syntax is designed to be compatible with Tyrolean Termination Tool 2, and so if
the rules are once converted from the HoTTSQL syntax to TRS syntax, it can be given as
an input to the tool to automatically reason about termination.


4 Weaker Specifications


A major challenge of rewriting systems is that the rewriting process may be of a high
computational complexity [10] [15], and we see the same translate to runtime complexity
of rewriting based optimizers. In that scenario, the reduction in the runtime for query
evaluation may be compensated by the increase in the runtime for query rewriting. A
standard ad-hoc method is to introduce a threshold on the number of rewrites [1]. For a
rewriting based optimizer that implements this heuristic, termination is not a necessary
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requirement1. However, the presence of loops can lead to redundant rewritings. We can
adapt the results in [9] to check for loop-freeness of by using existing tools for the automatic
generation of first-order models.


5 Conclusion


We have put forward a discussion of verification of rewriting-based query optimizers, particu-
larly the need of looking at set-of-rules specific (global) properties, particularly termination
and loop-freeness. We have also proposed a translation from HoTTSQL to the Term Rewriting
Systems syntax.


A major limitation is the expressiveness of HoTTSQL. A number of rules which are
used in practice such as the Predicate Pushdown Rule need pattern matching for their
implementation, however, the HoTTSQL syntax does not offer it. We put forward a wish list
of the types of query-rewrite rules we would like to add to classic term rewriting translation
that is proposed in Section 3 in order to encode the rules of popular query optimizers like
Catalyst. The following are the three possible extensions:


1. Classic Term Rewriting + Variable Matching: Rules such as predicate pushdown can be
encoded by matching bound and free variables according to the schema


2. Classic Term Rewriting + Constrained Rewriting: Rules with integral constraints can be
encoded using constrained rewriting


3. Classic Term Rewriting + Pattern Matching: All query-rewrite rules can be encoded by
general pattern matching


The future work branches in three directions. Firstly, we would like to work towards
developing developer tools which help design rewrite rules keeping the mentioned specifications
in perspective. Secondly, we would like to extend the scope of HoTTSQL and our syntax as
mentioned in the previous paragraph so we may be able to reason about query optimizers in
practice. Finally, we would like to understand other desired and necessary properties of the
optimizers, particularly confluence and develop a fuller theory for verified rewriting-based
query optimizers.
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