Chapter III.3Efficiency of programs3.1Graph rewriting in Clean3.2Complexity3.3Imperative reduction machine3.4Strictness3.5Uniqueness3.6Transformations to increase efficiency

Until now we have not been very precise on the operational model and efficiency of pro-grams. We chosen this order since we are convinced that the basis for successful pro-gramming is the ability to write well designed programs. Nevertheless, program effi-ciency does matter in many situations. In this chapter we will explain the operational be-haviour of Clean programs and teach you how to understand the time and space efficiencyof programs. Moreover we will show you how the efficiency of programs can be im-proved.In section 1 we explain graph rewriting. Graph rewriting is also called graph reduction.The basic evaluation step in a Clean program is a graph reduction according to a functionin Clean. Section 2 treats the increase of the number of reduction steps as function of thevalue or size of the arguments of a Clean function. The basic aspects of the implementa-tion of graph rewriting in Clean needed to understand the time and space behaviour ofprograms are introduced in section 3. The Clean compiler uses strictness and uniquenessinformation to speed up the evaluation of programs. This is explained in section 4 and 5respectively. Finally, section 6 shows you, how programs can be transformed to increasetheir efficiency.3.1Graph rewriting in CleanTo understand the efficiency of programs as discussed in this chapter it is important tohave a proper view of the operational behaviour of a Clean program. Clean is a lazyhigher order functional programming language based on Functional Graph RewritingSystems. A Functional Graph Rewriting System (FGRS) is a Graph Rewriting Systemusing the functional reduction strategy [Eekelen 88, Plasmeijer 94]. A reduction strategyis a function indicating the redex to be rewritten. The functional strategy delays the re-duction of an expression until its value is needed. However, an expression is alwaysreduced before its value is used. The functional strategy in Clean prescribes lazyevaluation. A Graph Rewriting System (GRS) is an extension of Term RewritingSystems where the terms are replaced by directed graphs in order to avoid the duplica-tion of work via sharing of expressions [Barendregt 87a, 87b, 88]. A Term Rewriting

320Functional programming in Clean

System (TRS) is a computational paradigm consisting of a collection of rewrite rules totransform terms (expressions) into equivalent terms [Klop 87].A Clean program consists of a set of (typed) graph rewrite rules. A subgraph is a redex(reducable expression) if there is a left hand side (lhs or pattern) of rewrite rule thatmatches this graph. A match is a mapping from the pattern to the graph that is theidentity on constants and preserves the node structure. A graph is in root normal form(rnf ) if the whole graph is not a redex and cannot become a redex by internal reduction.A graph is in normal form (nf ) if it does not contain any redex. The rewrite rules areusually called functions.Node-id’s or node identifiers are unique references to individual nodes in the graph. Donot confuse them with the formal arguments of rewrite rules (functions). A match is actu-ally a mapping from formal arguments to actual node-id’s. This mapping is such that thesymbols in the graph are equal to the symbols in the pattern when there is a symbol in thepattern. A graph does not change when all node-id’s are changed consistently. Since theactual value of the node-id’s is irrelevant the node-id’s are left implicit whenever possi-ble.The rewrite rules are used to reduce the initial graph containing the symbol Start tonormal form. This normal form is computed by a depth first, left to right traversal ofthe graph. Each node is evaluated to root normal form and its value is used as the nextoutput element. Clean is a lazy language: the value of a graph is only computed when itsvalue is needed. The basic goal of the Clean system is to compute the value of the Startrule. The functional reduction strategy is used: rewrite alternatives are tried in textualorder; patterns are matched from left to right; evaluation to root normal form is forcedbefore an actual argument is compared with non-variable part of the pattern.A redex is rewritten by constructing the graph specified in the right hand side (rhs) ofthe rule: the contractum. Then all references to the root redex are redirected to the rootof the contractum. There are also rewrite rule alternatives consisting of a redirectiononly; no contractum is specified in these rules. Nodes that cannot be reached from theroot of the graph are garbage, they must be removed from the graph.A small example is used to illustrate graph reduction in Clean. The example is even sosmall that no sharing of computations occurs. The Start rule initiates the computation ofthe length of the list [3,4]. The function Length takes one argument; the list to be scanned.Start :: IntStart = Length [3,4]Length :: [x] -> IntLength [a:x] = 1 + Length xLength [] = 0The reduction process is illustrated by the following rewriting sequence (the redexrewritten is printed bold):Start|| a:This is the only redex, apply the Start rule fiLength [3,4]|| b:This graph as a whole is the new redex fi1 + Length [4]|| c:The addition operator + forces the evaluation of its second argument fi1 + 1 + Length []|| d:Again the second argument of + fi1 + 1 + 0|| e:Second argument of second + is rewritten to (r)nf. fi1 + 1|| f:The graph as a whole is the new redex fi2|| g:The graph is in (r)nf.This rewriting process is depicted below. The graphs correspond to each of the stepsshown above. The garbage that results from one rewrite step is drawn grey, it is removedin the next snapshot. The root node is usually not shown, but it is included here to show all redirections clearly. As a matter of fact, the only task of the root node is to hold thereference to the actual expression to be reduced.a

Figure III.3.1: The reduction of Start = Length [3,4]@@twice f x= f (f x)||twice applies the function ftwo times to the argument f @ (f @ x)Start= twice (I inc) 0new argument to the obtained function. When the number arguments becomes equal to theStart|| a: b:Start f @ (f @ 0) where f = I incc:@ d:inc || e:The first needs its argument; @ adds an argument . || f: g:inc 0 is evaluated; the other inc can now be evaluated. h:The reduction of the subgraph I inc is shared by both -operators.

Figure III.3.2 The reduction of twice (I inc) 0StartStart = inc (inc 0)

Figure III.3.3 The reduction of inc (inc 0)StartStarttwice@3.2Complexity

AnalysisReduction2).efib :: !Int -> Intefib n | n<2 = 1 = efib (n-1) + efib (n-2)lfib :: !Int -> Intlfib n = accfib n 1 1 whereaccfib :: !Int !Int !Int -> Intaccfib 0 x y = xaccfib n x y = accfib (dec n) y (x+y)3.3Imperative reduction machinematterstack. During the matching process also the subarguments are pushed on the stack.1)

2)3)root4)5)Length a:root. A pointer on the A-stackCycleStartb:Start has constructed the arguments of the root node (Length) and continLengthLengthupdatLengthCyclec:Length also -stack.d:Length+ e:+ needs the value of the subgraph Length [4]. In f:Lengthare +g:+ needs the value of Length [], h:Lengththis0

+j:theFigure III.3.4 Reduction of Start = Length [3,4] on the ABC-machine3.4Strictnessstrict^ff^^!

ReferentialtransparancyChurch-Rosserl-calculus.1)2)3)Lengthtwicelfibaccfiblength length :: ![x] -> Intlength l = acclen 0 lacclen !Int ![x] -> Intacclen n [] = nacclen n [a:x] = acclen (inc n) x a:according to the function Startb:The function Start has created the argument of lengthlengthc:The function length creates 0acclenacclenacclend:acclenmatch the pattern []acclen0inc e:The function inc updates it root with the result of the reduction inc 0f:accleng:After the reduction of inc 1 the function acclenten is currently acclen 2 []h:acclen

1+(1+0)+ a:Startb:The function Start has created the argument of lengthlengthc:The function length creates 0acclenacclenacclen d:acclenmatch the pattern []acclenof in the graph.

e:The function produces its result on the B-stack..f:accleng:After the reduction of inc 1 the function acclenten is currently acclen 2 []h:acclendated with the value found on the B-stack.Figure III.3.6 Reduction of the left recursive length [3,4] on the ABC-machine using the B-stack.let!3.5uniqueness*annotations.

3.6Transformations to increase efficiency1)2)accfibx+yaccfibused.3)4)mapfilter5)6)7) unnecessary in each call of a recursive function.8)9)computer architecture and used an environment of type [(name,value)] instead of namefold/unfolddeforestation