The Implementation and Efficiency of Arrays inClean 1.1John H. G. van GroningenComputing Science Institute, University of NijmegenToernooiveld 1, 6525 ED Nijmegen, The Netherlandse-mail: johnvg@cs.kun.nlAbstractWe present a new approach to implementing arrays in a pure lazyfunctional programming language. The arrays can be updated destructively byusing uniqueness typing, and the elements can be unboxed. We describe theimplementation of these arrays in the functional programming languageClean 1.1. The performance of two sorting algorithms and a fast fouriertransformation written in Clean using arrays is compared with similarprograms written in C. The current implementation of Clean is on averageabout 25 percent slower than C for these programs.1 IntroductionUntil recently, most implementations of pure lazy functional programming languageshad limited or no support for arrays. The main reason for this lack was that animplementation could not update arrays in place, but had to copy the array first beforean element could be changed. This copying is necessary because there may be otherreferences to the array in the program, and changing the array will cause a side effect,which of course is not allowed in a pure language.This update problem also made implementation of efficient input/output verydifficult. For example, writing to a file or to the screen can only be done without aside effect if there are no more references in the program to the old file (the file beforethe write) or the old screen.A way to solve such problems is by using uniqueness typing [BaSm93].Uniqueness typing tries to determine at compile time which objects are unique using acombination of reference counting, type checking and program analysis. An objectpassed as an argument to a function is unique if there is only one reference to it whenthe function is applied. An array update function on a unique array can now beimplemented efficiently. When the update function is called at runtime, there is onlyone reference to the array, which can therefore be updated in place.The remainder of this paper is organised as follows. In section 2 we describe lazy,strict and unboxed arrays in Clean. Section 3 combines these 3 kinds of arrays using atype constructor class. Section 4 discusses arrays of unique elements. In the nextsection the performance of unboxed arrays is compared with arrays in C. We give afew concluding remarks in section 6.

2 Lazy, Strict and Unboxed ArraysThe functional programming language Clean [PlaEe95] uses uniqueness typing,among other things, to implement destructively updateable arrays. There are threekinds of arrays in Clean: lazy, strict and unboxed. Lazy arrays are the most generalones, but also the most inefficient ones. Strict arrays are more efficient because thearray elements are always evaluated (in root normal form). Unboxed arrays occupy lessmemory and are even more efficient. Lazy, strict and unboxed arrays are considered tobe of different types. The overloading mechanism is used to handle arrays in a uniformmanner. This is discussed is section 3.2.1 Lazy ArraysTo manipulate (lazy) arrays the following functions have been predefined in thestandard library of Clean 1.1:createArray :: !Int e -> .{e}update :: !*{.e} !Int .e -> .{.e}select :: !.{.e} !Int -> .euselect :: !u:{e} !Int -> (e, !u:{e})size :: !.{.e} -> Intusize :: !u:{.e} -> (!Int, !u:{.e})An array with elements of type e is denoted as {e}. Special symbols appear in thespecification of a Clean type. For instance, ! is a strictness annotation. The otherstrange symbols have to do with uniqueness typing. A �*� before a type indicates thatthe type is unique. A u: before a type indicates that the type has a uniqueness attributevariable u. A type annotated with a uniqueness attribute variable can be unified witheither a unique or a non-unique type. Usually, such a uniqueness attribute variableoccurs several times in a function type. In an instance of a function type all typesannotated with the same variable are either all instantiated with a unique type or allwith a non-unique type. For example, the two u: before the array type in the uselectfunction indicate that if uselect is used on a unique array, the array returned in thetuple is also unique. Furthermore, if uselect is used on a non-unique array, thereturned array will be non-unique as well.Dots are used as an abbreviation to reduce the number of uniqueness attributevariables. A dot before a type variable v indicates that all type variables v annotatedwith a dot have the same anonymous uniqueness attribute variable. Prefixing a type,that is not a type variable, with a dot indicates that the type has an anonymousuniqueness attribute variable that does not occur anywhere else in the function type. Amore detailed explanation of uniqueness attributes can be found in the Clean referencemanual [PlaEe95].

createArray ne returns a one-dimensional unique array of n elements, allelements are initialised with e. The indices of the array are the integers from 0 to n-1.update aie returns an array which is identical to a, except that the elementindexed by i of the array is updated with e. This function can only be used if a is aunique array.select a i returns element i of array a.uselect ai returns a tuple with the ith element of the array a and the arrayitself. This function is usually used to select elements from unique arrays, because weusually cannot use the select function to select an element from a unique array andthen later use this array as a unique array as well. The compiler does not accept thisbecause in such a case there would be more than one reference to the array. Becauseuselect also returns a ’new’ array, which is identical to the array before the selection,we can select an element from a unique array and still use the (new) unique array.size a returns the number of elements of array a.usize a returns a tuple with the number of elements of array a and the array. Likeuselect, this function is usually used to obtain the size of a unique array.Clean 1.1 also includes the following syntactic sugar to manipulate arrays. Insteadof update ain, one may write {a &[i]=n}. Several updates at once are alsopossible, for example: {a &[i]=n,[j]=m}. select ai can also be written as:a.[i]. uselect’s can be done in patterns, for example:swap a=:([i]=ai,[j]=aj} = {a & [i]=aj,[j]=ai}is equivalent to:swap __a = let! s=uselect _a j in {a &[i]=aj,[j]=ai} where(ai,_a) = uselect __a i(aj,a) = sSelections in patterns are evaluated immediately to prevent space leaks (see section2.2).Arrays are stored in the heap. In a lazy context [PlaEe95] an array is represented bya node consisting of 2 machine words (a word consists of 32 bits in currentimplementations). The first word is an ARRAY descriptor, the second word is a pointerto another node in the heap. This other node consists of 3+n words, where n is thenumber of elements. The first word of these contains a descriptor and the second wordthe array size. The third word is 0 for lazy arrays. The remaining n words containpointers to the elements of the array (nodes in the heap).

In a strict context the 2 word array indirection node is not used. In this case anarray is represented only by the node of size 3+n. The compiler will create a new arrayindirection node if the array is later also used in a lazy context.The advantage of this scheme is that we save an extra pointer indirection when wewant to load or store information in the array. The disadvantage is that we sometimeshave to create new array indirection nodes.In the best case the code generated by the Clean compiler for a CISC processor forthe update, select and size functions consists of only one machine instruction.This happens if the function is in a strict context, the compiler can determine that allarguments are evaluated, and the values of the arguments are already in registers.However, the compiler has to generate 3 instructions on most RISCs to do a selectionor update instead of just one.2.2 Inefficiency of Lazy ArraysAlthough the array functions (except createArray) described above can beimplemented in O(1), efficiency is still not as good as in (strict) imperativeprogramming languages like C. This has the following reasons:¥More memory is required to store lazy arrays. For example, in an imperativelanguage like C an array of n integers can be stored in n machine words. In Cleanwe need 3+3*n machine words. The elements of the array have to be pointers tonodes in the heap, because an element of an array can be unevaluated, andunevaluated expressions are stored in the heap as closures. So, even if an arraycontains evaluated integers, we still have to store them in the heap. To be able torecognise that an element is an evaluated integer we have to mark it. Therefore westore a descriptor just before the value of the integer. This descriptor is used by thegarbage collector. So, for every evaluated element we have to store a pointer, adescriptor and a value. This means we have to store 3 words per element.¥Access to values in array elements is more expensive. For example, to select aninteger, we first have to load a pointer, then load the descriptor, then examine thedescriptor to find out if the integer has already been evaluated, and if it isevaluated, load the value. If the integer has not yet been evaluated, we have to callthe evaluation code and later load the value. Only one load instruction is requiredto select an integer from an array in a language like C on a CISC processor.We noticed that many programs using these lazy arrays use much more memory thanexpected. Even if all the extra costs of lazy arrays are taken into account. The mostimportant reasons for this high memory use are:¥The update function does not evaluate the new array element. So, in most casesthe update function will store a closure in the array. In many programs an array isupdated many times before an element of the array is used. In such cases many elements of the array become closures, which are usually larger in size than anevaluated array element.¥A lazy array selector contains a reference to the whole array, not just to oneelement. The compiler creates closures for array selectors in a lazy context. Such aclosure contains a pointer to the array and the index. The garbage collectorgenerally cannot determine which element is selected from the array, because theindex could still be unevaluated. So, even if there is just one reference to aselection closure of an array, the memory referenced by the whole array cannot bedeallocated. For example, if a function creates a new vector by adding two vectors,the memory used by these two vectors cannot be deallocated as long as there arereferences to the new vector and only one element of this new vector isunevaluated.2.3 Strict ArraysTo be able to write more efficient programs, Clean 1.1 also has strict arrays. A strictarray with elements of type e is denoted with {!e}. The implementation stores strictarrays in the same way as lazy arrays, and the same kind of functions can be used forstrict arrays as for lazy arrays. Different from the previous approach is that theupdate, createArray and uselect functions evaluate the array element to rootnormal form. The types of the functions now become:createArray :: !Int !e -> .{!e}update :: !*{!.e} !Int !.e -> .{!.e}select :: !.{!.e} !Int -> .euselect :: !u:{!e} !Int -> (!e, !u:{!e})size :: !.{!.e} -> Intusize :: !u:{!.e} -> (!Int, !u:{!.e})As a consequence, the select function for strict arrays can be implemented moreefficiently than for lazy arrays, because it does not have to evaluate the elementselected from the array. Also strict arrays cannot contain closures, so the memory useproblem caused by the laziness of the update function does not occur with strict arrays.This high memory use caused by array selectors in a lazy context is still a problem,but happens less often. For example the vector add function will no longer buildselection closures, because the sum of the vector elements is computed before it isstored in the new vector.Unfortunately, the amount of memory occupied by a strict array is still as bad asfor a lazy array with evaluated elements. For example, we still have to represent anarray of integers by an array of pointers to integer nodes in the heap. However, theproblem is now only caused by the fact that the predefined array functions are ofpolymorphic type. This means that the select function can be used to select anelement from any type of array it is applied to. Therefore, array elements have to berepresented in a uniform way as well.

This polymorphism also has its advantages. For example, one only has to writeone function, like swap, reverse or copy, and one can use it for all types of arrays.In an imperative languages like C a function that swaps two integers in an arrayscannot be used to swap two reals. A swap function that can be used for all arrays canbe implemented in C, if we pass the size of an element of the array to the function,and use it to calculate the addresses of the elements. But such a function is slower, andmore difficult to use.2.4 Unboxed ArraysWe now choose the most efficient representation for every type of array. So, anarray of n integers is stored in n+3 machine words. The elements of such arrays areunboxed and strict. We denote such an unboxed array type with {#e}, where e is thetype of the elements.The Clean compiler stores the unboxed arrays in a strict context as follows: (weassume the sizes of integers and pointers are 4 bytes, and n is the number of elementsof the array)¥{#Char}: 8+n bytes, a string descriptor, the size and the characters.The first 12 bytes of all other unboxed array nodes are a descriptor, the size, and adescriptor that describes the elements, for example an integer descriptor for an {#Int}.¥{#Int}, {#Real} and {#Bool}: 12+es*n bytes, where es is the size of anelement: 4, 8 or 1 bytes.¥Arrays of records: 12+es*n bytes, where es is the sum of the sizes of the elementsof the record.¥Arrays of arrays: 12+4n bytes, for this array only. ’Unboxed’ arrays of arrays arerepresented as arrays of pointers to arrays, without the extra array indirection nodefor the elements.At most 3 align bytes follow a {#Char} or a {#Bool} to align the next node in theheap at a word aligned address (multiple of 4).The problems caused by the different representations for different types of arrayscan be solved using Clean�s overloading mechanism. For every basic type, forexample Int, we define:createArray_int :: !Int !Int -> .{#Int}update_int :: !*{#v:Int} !Int !v:Int -> .{#v:Int}select_int :: !.{#v:Int} !Int -> v:Intuselect_int :: !u:{#Int} !Int -> (!Int, !u:{#Int})size_int :: !.{#.Int} -> Intusize_int :: !u:{#v:Int} -> (!Int, !u:{#v:Int})Of course, we don’t want to write select_int when writing a program usinginteger arrays, so we define a class for every array function. For example for select:

class select e :: ! {#.e} !Int -> .eand we define instances for all element types, for example:instance select Intwhereselect a i = select_int a Iinstance select Realwhereselect a i = select_real a iNow we can still write select and the type checker will try to determine whichinstance of select should be used. If a programmer defines a function that usesoverloaded array functions, the compiler will automatically generate specialisedversions of this function, if the overloading of the array functions cannot be resolvedwhile typing the function. In this way the compiler can remove nearly all overloadingwithin a module. So the program will usually be just as efficient as it would havebeen without using overloading.When such an overloaded function is exported, by specifying the function type in adefinition module, and is called by a function in another module, the compiler cannotgenerate specialised versions. If this happens, the function will be very inefficient. Toprevent this, the programmer can tell the compiler to generate specialised versions byadding an export statement in the definition module.Using Cleans unboxed arrays as described above in combination with strictnessannotations, we expect for most programs to be able to generate code which is aboutas efficient as code generated by imperative languages like C. We will compare theefficiency of some small Clean programs written in this way with similar programswritten in C, this is done in section 5.1.3 Combining Lazy, Strict and Unboxed ArraysWe have now defined three kinds of arrays: lazy arrays, strict arrays and unboxedarrays. So far we have used the same names for functions that manipulate each kind ofarray. We prefer to do this in this way, instead of having 3 different names for everyfunction. We can then write a program using for example lazy arrays, and then laterdecide to change it to unboxed arrays without having to rewrite the whole program.All we have to do is change a few types. If we use a type synonym we may even haveto change only one type.We can achieve this by using Cleans type constructor classes, which are similar toGofers type constructor classes [Jone95].

We define a type constructor class Array with instances lazy, strict and unboxed arraywith:instance Array { }, {!}, {#}For this class instances are defined for the predefined array functions for lazy, strict andunboxed arrays. The instances for unboxed arrays are:class Array awherecreateArray :: !Int !e -> .(a e) | createArray_u eupdate :: !*(a .e) !Int .e-> .(a .e) | update_u eselect :: !.(a .e) !Int -> .e | select_u euselect :: !u:(a e) !Int -> (!e, !u:(a e)) | uselect_u esize :: !.(a.e) -> Int | size_u eusize :: !u:(a .e) ->(!Int,!u:(a .e))| usize_u eThe classes createArray_u, update_u, etc. are the same as the classes defined forunboxed arrays in section 2.4. So for example, class select_u is the same as classselect in section 2.4.So, the instance of select for unboxed arrays has type:select :: !{# .e } !Int -> .e | select_u eIf the compiler cannot resolve the overloading in the type of the element, but candetermine that it is an unboxed array, it will call this select with three parameters:the two normal parameters (the array and the index) and a select_u function addedbythe overloading mechanism. So, all the implementation of this function has to do iscall the select_u function with the array and the index, and then return the result ofthis function application.The implementation of the instances of the select function for lazy and strict arraysdoes not need the select_u function, because the implementation of these selectsdoes not depend on the type of the elements of an array. So the instances for lazy andstrict arrays for select are:select :: !{ .e } !Int -> .e | select_u eselect a i = select_lazy_array a iselect :: !{! .e } !Int -> .e | select_u eselect a i = select_strict_array a iwhere select_lazy_array is the select function for lazy arrays andselect_strict_array is the select function for strict arrays.We define the instances of the other predefined functions in the same way.

The instances of createArray and update are strict in the argument that passes theelement for strict and unboxed arrays, but not for lazy arrays. The same goes for theelement returned by uselect. The types defined in class Array for these instances arelazy in these arguments/results. To prevent loss of strictness information the compilerrecognises these functions, and adds the strictness information for strict and unboxedarrays after typechecking.We can now use the predefined array functions for all types of arrays, and thetypechecker will determine the right instance. There are, however, also somedisadvantages:¥When the compiler cannot determine whether an array is lazy, strict or unboxed orwhat the type of the array element is, and it cannot generate or use a specialisedversion, these array functions will be very inefficient.¥If the compiler cannot determine whether an array used by a function is lazy, strictor unboxed, the overloaded function type looks rather complicated.4 Arrays of Unique ElementsWith the array functions defined above we cannot create a unique array of which theelements are unique as well. It is also not possible to select a unique element from anarray with the uselect function. Selection can be done with the select function, butthis can be done only once: after the selection we no longer have a unique reference tothe array.The createArray function cannot create a unique array because it initialises allelements with the same value. If the array has more than 1 element, there will bemore references to this initial value, therefore the elements cannot be unique.So to create an array with unique elements, we have to compute a new value forevery array element. We can do this by using an array comprehension[Wadl86,AnHu90] in Clean, which computes the value for every array element.To compile such an array comprehension, the Clean compiler uses a function thatcreates an array of undefined elements, which may be unique, (_createArray). Sincethe compiler knows that all array elements will be updated immediately after the arrayhas been created, it does not have to initialise the array, so this function is also faster.The current implementation does however initialise pointers in arrays with Nil,because the garbage collector cannot deal with such uninitialised structures.Selecting a unique element from an array (without losing the array) is notpossible, because after the selection we would have two references to the element: theelement is returned by uselect and the returned array contains it as well.

The only way to make a selection of a unique element possible, seems to be byremoving the element from the array. We can do this by replacing the selected arrayelement by a new value with the function:replace :: !*(a .e) !Int .e -> (.e, !*(a .e)) | Array a & replace_u ewhich returns a tuple with the selected element and an array in which the selectedelement has been replaced by the third argument of replace.With the replace and update functions we can compute a new unique element of anarray that uses the old unique value in the computation in the following way. We usereplace to select the element, then we compute the new value, and put it back in thearray with update. This is of course slower than a modification using select andupdate, but an even more serious problem is that we temporarily need to create aunique element, which is inefficient or almost impossible for some types.In a future version of the compiler we hope to make it easier to modify unique arrayelements in this way, may be by adding a function or special syntax.4.1 Multidimensional ArraysSo far we have only looked at one-dimensional arrays. Multidimensional arrays areimplemented in Clean as arrays of arrays.Using arrays of arrays has certain advantages over implementing multi-dimensional arrays as a separate array type implemented by mapping two or moreindices to one index in a one-dimensional array. For example, an array of strings({#Char}) can be used as a one-dimensional array, but also as a two-dimensionalarray. A row of a matrix can be used as a vector without having to copy it, and therow may even be unevaluated. Without loop optimisations, updating an element of anarray of arrays can usually be done faster than updating an element of a flat two-dimensional array, because the multiplication that is required for the index calculationis usually more expensive than loading the address of the row. There are alsodisadvantages: arrays of arrays occupy more memory. Multidimensional arrays can beaccessed faster when certain loop optimisations are performed.To be able to update such an array of arrays, all one-dimensional arrays have to beunique. For instance, to be able to update a lazy two-dimensional array of integers, wehave to use an array of type *{*{Int}}.To select an element from such an array, we would start by using uselect with thefirst index, which yields an array of type *{{Int}} and an array element of type{Int}. The elements of the returned array (of type *{{Int}) are no longer unique, since the selection addeda reference to an array element. Therefore we can no longerupdate this array after this selection.To update a multidimensional array, we would start with a uselect with the firstindex. The elements of the returned array are no longer unique. The returned element isalso not unique, so we cannot update it.It is not possible to select or update a multidimensional array more than once with theselect, uselect and update functions. So we have to invent a trick. Instead of justselecting an element, we select the element and also temporarily replace the selectedelement in the array by a dummy using the replace function. To select from a two-dimensional array of type *{*{e}} we need to create a temporary array, use replace,uselect and then use update. To update an element from an array of type *{*{e}}we need to create a temporary array, use replace, and then use update twice.Clearly we don’t want to write selections from and updates of multidimensional arraysin this complicated and inefficient way. We decided to extend the language with syntaxfor multidimensional selections and updates. The compiler transforms these selectionsand updates to several one-dimensional selections and updates.The compiler uses the following functions to efficiently implement multidimensionalselections: (they cannot be used by the programmer )_uselect :: !u:(a .e) !Int -> (.e,!u:(a .e)) |Array a & _uselect_u e_uselectn:: !(!.(a .e),!.m) !.Int ->(.e,!.m) |Array a & _uselectn_u e_uselectl:: !(!.(a e ),!.m) !.Int -> (e,!.m) |Array a & _uselectl_u e_update :: !(!*(a .e),!*m) !Int .e -> *m |Array a & _update_u eThe _uselect function is similar to the uselect function, but returns a unique arrayelement. Of course this element is not unique, but the compiler uses the function insuch a way that this doesn’t cause any problems.The _uselectl function has two arguments. The first one is a tuple with an arrayand a value, this value is returned in a tuple by this function. The second argument isan index. The result of the function is the array element selected by the index and thevalue passed to the function as the second element of the tuple.The _uselectn function is similar to the _uselectl function, but returns aunique array element. As for _uselect, this element is not unique, but the compileruses the function in such a way that this doesn’t cause any problems.The first argument of the _update function is a tuple consisting of an array and avalue that is returned by the function. The second argument is an index into the array.The last argument is the new array element. The function updates the element selectedby the index with the new array element and returns the second element of the tuple.

A two dimensional selection a.[i,j] in a pattern is transformed by the compilerinto:_uselectl (_uselect a i) jA two dimensional update {a & [i,j]=n} is transformed into:_update (_uselect a i) j na.[i,j,k] is transformed into:_uselectl (_uselectn (_uselect a i) j) k{a & [i,j,k]=n} is transformed into:_update (_uselectn (_uselect a i) j) k nIf there are more than 3 dimensions, for every extra dimension a _uselectn is added.We can only compute the size of the first dimension of a multidimensional uniquearray with usize. So we also have to implement such a transformation to computethe size of the other dimensions.The argument m passed to and returned by the _uselectn, _uselectl and _updatefunctions is always an array. This array would normally be passed and returned with anextra array indirection node. The compiler recognises these functions and prevents thisinefficiency.5 Performance5.1 Performance ResultsTo compare the performance of arrays in Clean 1.1 with C we wrote variants of thewell-known quicksort, heapsort and fast fourier algorithms in Clean 1.1 and C. Weused unboxed arrays in Clean and addedstrictness annotations to types of functionswhen necessary to make the functions strict in all arguments and tuple results. Wethen rewrote the programs in C using the same data structures. Tail recursive calls inC were manually optimised to while loops, because the C compilers did not performthis optimisation.We used a PowerMacintosh 7100/80 with a 80 MHz PowerPC 601 cpu, 32 Mb ofmemory and 256 Kb secondary cache running system 7.5.3 without using virtualmemory. We used the most recent version of the Clean 1.1 compiler. The compileroption to check whether array indices are in-range was turned off.We compared the performance with two C compilers: Metrowerks CodeWarrior C 9,compiler version v1.5, and Apple’s MrC version 1.0f4e1. We used maximumoptimisation for both compilers. Global optimisation level 4, optimise for speed, peephole optimisation, instruction scheduling for 601, use FMADD & FMSUB forCodeWarrior and -opt speed for MrC.quicksort and heapsort repeated the following 10 times: create a list of 200,000integers, sort the list and check if the list was correctly sorted. The source code ofthese sorting programs can be found in the appendix. The fft and fftc programscreate an array of 65536 complex numbers and then do a fast fourier transformfollowed by a reverse fast fourier transform on its result.These are the results:CleanCwCMrCClean/CwCClean/MrCquicksort6.455.637.621.150.85heapsort12.138.557.601.421.60fft5.514.674.471.181.23fftc2.382.201.601.081.49The first 3 columns contain execution times of PowerPC code, in seconds, of theClean program, the C program compiled with Codewarrior C, and the C programcompiled with Mr C. The last two columns are the execution time of the Cleanprogram divided by the execution time of the C program for each C compiler.There are two versions for the fast fourier program (fft and fftc). We first wrote fft.It was much slower than we expected. This was caused by a larger number of cachemisses. We rewrote the program to use a recursive fft in the beginning that divided thearray in two parts for every pass, did the other passes of the fft for the first part, thenfor the second part and then merged the two parts. When the parts were small enoughto fit in the primary cache, we used the same algorithm as before. This reduced thenumber of cache misses and it was more than twice as fast.5.2 Possible ImprovementsOn the PowerPC double precision floating point values have to be stored at doubleword aligned (multiple of 8) addresses for maximum performance. A misalignedfloating point load from the cache usually takes 2 clock cycles instead of 1 to executeon a PowerPC 601, and a misaligned floating point store in the cache usually spends5 clocks in the execution stage instead of 1. The current implementation of Clean doesnot store floating point values at double word aligned addresses, but only at wordaligned addresses. To determine the cost of this inefficiency we changed the fft andfftc C programs to place the arrays at non double word aligned addresses.These programs (fftunalignc and fftcunalignc) were about 20 percent slower:CleanCWMrCClean/CWClean/Mrcfft5.514.674.471.181.23fftunalignc5.515.785.470.951.01fftc2.382.201.601.081.49fftcunalignc2.382.651.920.901.24

The fft and fftc C programs store the arrays always at double word alignedaddresses. The malloc function of one of the C compilers did not return double wordaligned addresses.So for better performance we would have to change the Clean runtime system toallocate doubles at double word aligned addresses. Allocating arrays of reals at theseaddresses can be done easily. Changing the sliding compacting garbage collector tomove these arrays to double word aligned addresses is more difficult.Aligning doubles on the stack is also more difficult. We probably have to align allstack frames at double word addresses, which would result in higher use of stack spaceeven for programs that do not use reals. Another option is to use a separate stack forreals. For the fft programs aligning reals on the stack is not important, because fewreals are stored on the stack.The code generated for loops can be improved easily. The test for the end of the loopis usually done in a pattern or guard. In such a case the current compiler generates codewhich looks like this:function_entry: cmp index,size beq guard_falseguard_true: do something bra function_entryguard_false:We can reduce the number of branches in the loop by changing this to:guard_true: do somethingfunction_entry: cmp index,size bne guard_trueguard_false:Applying this transformation to quicksort would reduce the number of branches in themost important loops from 3 to 2. A similar transformation would remove anincorrectly predicted branch from the most important loop of heapsort. C compilers doa similar transformation to reduce the number of branches in loops.Another optimisation that C compilers perform, and has not yet been implemented inthe Clean compiler, is common subexpression elimination of array index calculations.The Clean compiler generates 2 machine instructions on a RISC to calculate theaddress of an element in an array of integers or reals: a shift instruction and an addinstruction. In the quicksort and fft programs the same index is used twice in thesame basic block: when two elements are swapped and in the function merge. Theaddresses can be calculated once, and then used by more load or store instructions,saving 2 instructions per additional load or store.

We could also try to eliminate the add instruction in the address calculation. Thecompiler has to generate it because the first element of an array is not stored at offset0 from the address of the array, but at offset 12 or 8. If an array is used several times,we could calculate the address of the element once, and use the address as the base forthe indexed load or store instruction. This saves one instruction for every additionalload or store of the same array.We could remove this extra offset calculation in all cases, if we change the way westore nodes in the heap. In the current implementation we cannot pass the address ofthe first element of an array instead of a pointer to the node, because the descriptorhas to be at offset 0 from the address. This is necessary because of the garbagecollector and the way closures are evaluated.In the current implementation the address of a node is the address of the descriptor ofthe node. If instead we would store the address of the word following the descriptor, wecould remove the extra offset calculation for arrays, but we would have to change thisfor all nodes. We would have to change the compiler, the garbage collectors and otherparts of the runtime system. Code that doesn’t use arrays would probably still be justas efficient on a RISC after this modification.The code generated for the fast fourier transform by the Clean compiler can probablybe improved with a simple instruction scheduler. Instruction scheduling is not veryimportant for the quicksort and heapsort programs.5.3 Related WorkIn Haskell, lazy arrays can be created using comprehensions, but in-place array updatesare not possible. Several analyses and transformations are required to compile thesecomprehensions efficiently [AnHu90]. Currently none of the available Haskellcompilers are able to do this.The Glasgow Haskell compiler (GHC) has been extended with an arrayimplementation based on monads [PeWa92]. Unboxed arrays (called Bytearrays) ofbasic types can be manipulated. For each basic type, functions are available to create,read or write an array. For example writeIntArray and writeDoubleArray areavailable, but there is no writeArray function that can be used for every Bytearray.[Serr96] compares the performance of both GHC�s Bytearrays and monolothic arrayswith Clean�s unboxed arrays for a conjugate gradient algorithm, and Clean wasalways at least ten times as fast.Using analyses, program transformations and reference counting strict purefunctional languages like SISAL [FiOl95,Feo92] and SAC [MuKlSc96] achieve goodperformance for scientific applications using arrays.The Clean compiler [SNGP91] inserts the necessary coercions to box or unboxbasic types, tuples and records as described in [N�Sm93]. Leroy [Lero92] also discusses automatic coercion of these data types. However, the transformation Leroydescribes cannot unbox arrays. Unboxed (polymorphic) arrays are also not possiblewith unboxed types as described in [PeLa91]. This type system has as disadvantagethat coercions have to be inserted by the programmer.6 ConclusionThe efficiency of unboxed arrays in Clean 1.1 is good, and it can still be furtherimproved with simple optimisations. Multidimensional arrays and array of uniqueelements are more difficult to use than one dimensional arrays. Strictness annotations,and sometimes small changes to the program, are still necessary to obtain the mostefficient version of a Clean program.References[AnHu90] Andersen, S. and P. Hudak. 1990. Compilation of Haskell ArrayComprehensions for Scientific Computing. In Proc. of the ACMSIGPLAN�90 Conf. on Programming Language Design and Implementation,New York, pp. 137-149.[BaSm93] Barendsen E., and J.E.W. Smetsers. 1993. Conventional and UniquenessTyping in Graph Rewrite Systems. In proceedings 13th conferenceFoundations of Software Technology and Theoretical Computer Science,Bombay, India, December 1993, pp. 41-51, LNCS 761.[Feo92] Feo, J. A Comparative Study of Parallel Programming Languages: TheSalishan Problems. 1992. North Holland, ISBN 0-444-88135-2.[FiOl95] Fitzgerald, S.M. and R.R. Oldehoeft. 1995. Update-in-place Analysis forTrue Multidimensional Arrays. High Performance Functional Computing,pp. 105-118.[Jone95] Jones, M.P. 1995. A system of constructor classes: overloading and implicithigher-order polymorphism. In Journal of Functional Programming 5(1) -January 1995, Cambridge University Press, pp. 1-35.[N�Sm93] N�cker, E.G.J.M.H., and J.E.W. Smetsers. 1993. Partially strict non-recursive data types. In Journal of Functional Programming 3(2), pp. 191-215.[Lero92] Leroy X. 1992. Unboxed objects and polymorphic typing. Proc. 19th Symp.Principles of Programming Languages, pp. 177-188.[MuKlSc96] Mullin, L.R., W.E. Kluge and S. Scholz. 1996. On ProgrammingScientific Applications in SAC - a Functional Language Extended by aSubsystem for High-Level Array Operations. Proc. of the 8th InternationalWorkshop on Implementation of Functional Languages.[PeLa91] Peyton Jones, S.L. and J. Launchbury. 1991. Unboxed values as first classcitizens in a non-strict functional language. In Proc. of Conference onFunctional Programming Languages and Computer Architecture (FPCA ‘91),Sept. 1991, Cambridge, LNCS 523.

[PeWa92] Peyton Jones, S.L. and P. Wadler. 1992. Imperative functionalprogramming. ACM Symposium on Principles of Programming Languages(POPL), pp.71-84.[PlaEe95] Plasmeijer, M.J., and M.C.J.D. van Eekelen. 1995. Clean 1.1 ReferenceManual. Technical Report. University of Nijmegen, The Netherlands.[Serr96] Serrarens, P.R. A Clean Conjugate Gradient Algorithm. 1996. Proc. of the8th International Workshop on Implementation of Functional Languages..[SNGP91] Smetsers, J.E.W., E.G.J.M.H. N�cker, J.H.G. van Groningen and M.J.Plasmeijer. 1991. Generating Efficient Code for Lazy Functional Languages,In Proc. of Conference on Functional Programming Languages andComputer Architecture (FPCA ’91) , Cambridge, MA, USA, Springer-Verlag, LNCS 523, pp. 592-617.[Wadl86] Wadler. P. 1986. A new array operation for functional languages. In Proc.Graph Reduction Workshop, Santa Fe, Springer Verlag, LNCS 295.Appendix: benchmark programs1 Implementation of the Quicksort Algorithm in Cleanmodule quicksort;import StdEnv;:: SortElement:==Int;:: SortArray:=={#SortElement};quick_sort :: *SortArray -> .SortArray;quick_sort a0 = quick_sort1 0 (n_elements-1) a; { (n_elements,a) = usize a0; quick_sort1 b e a | b>=e = a; quick_sort1 b e a=:{[b]=ab,[m]=am} = find_large am (b+1) e {a & [m]=ab}; { m=(b+e)>>1; find_large :: Int Int Int *SortArray -> .SortArray; find_large am l r a | l<=e && a.[l]<=am = find_large am (l+1) r a; = find_small_or_equal am l r a; find_small_or_equal :: Int Int Int *SortArray -> .SortArray; find_small_or_equal am l r a | r>b && a.[r]>am = find_small_or_equal am l (r-1) a; | l<r # (al,a)=uselect a l; (ar,a)=uselect a r; = find_large am (l+1) (r-1) {a & [l]=ar,[r]=al}; | b==r = quick_sort2 (r-1) (r+1) {a & [b]=am}; # (ar,a)=uselect a r; = quick_sort2 (r-1) (r+1) {a & [r]=am,[b]=ar};

quick_sort2 l r a = if (l-b>=e-r) (quick_sort1 b l (quick_sort1 r e a)) (quick_sort1 r e (quick_sort1 b l a)); } }unsorted_array n_elements = fill_unsorted_array 0 n_elements (createArray n_elements 0); { fill_unsorted_array i s a | i<s = fill_unsorted_array (i+1) s {a & [i]=(s-i-1) bitxor 0x2a}; = a; }check_sort :: !Int !Int !{#Int} -> Bool;check_sort n n_elements a | n==n_elements = True; | a.[n]==n = check_sort (n+1) n_elements a;repeat_sort 0 = True;repeat_sort n | check_sort 0 n_elements (quick_sort (unsorted_array n_elements)) = repeat_sort (n-1); where { n_elements=200000; }Start = repeat_sort 10;2 Implementation of the Heapsort Algorithm in Cleanmodule heapsort;import StdEnv;:: SortElement:==Int;:: SortArray:=={#SortElement};heap_sort a0 | n_elements<2 = a = sort_heap max_index (make_heap (n_elements>>1) max_index a); { max_index=n_elements-1; make_heap :: Int !Int *SortArray -> *SortArray; make_heap (-1) max_index a = a; make_heap i max_index a=:{[i]=ai} = make_heap (dec i) max_index (add_to_heap i ((i<<1)+1) max_index ai a); sort_heap :: Int *SortArray -> *SortArray; sort_heap i a=:{[i]=ai,[0]=a0} | i==1 = {a & [0]=ai,[i]=a0}; = sort_heap deci (add_to_heap 0 1 deci ai {a & [i]=a0}); with { deci=i-1; } add_to_heap :: Int Int !Int SortElement *SortArray->*SortArray; add_to_heap i j max_index ai a | j>=max_index = if (j>max_index) {a & [i] = ai} (if (ai<aj) {a‘ & [i]=aj,[j]=ai} {a‘ & [i]=ai}); with { (aj,a‘)=uselect a j; } add_to_heap i j max_index ai a=:{[j]=aj,[j1]=aj1} | aj<aj1 = if (ai<aj1)

(add_to_heap j1 ((j1<<1)+1) max_index ai {a & [i]=aj1}) {a & [i]=ai}; = if (ai<aj) (add_to_heap j ((j<<1)+1) max_index ai {a & [i]=aj}) {a & [i]=ai}; where { j1=j+1; } } where { (n_elements,a) = usize a0; }repeat_sort 0 = True;repeat_sort n | check_sort 0 n_elements (heap_sort (unsorted_array n_elements)) = repeat_sort (n-1); where { n_elements=200000; }Start = repeat_sort 10;3 Implementation of the Quicksort and Heapsort Algorithms in C#include <stdlib.h>#include <stdio.h>static void quick_sort1 (int b,int e,int a[]){ int m,l,r,ab,am; while (b<e){ m=(b+e)>>1; ab=a[b]; am=a[m]; a[m]=ab; l=b+1; r=e; for (;;){ while (l<=e && a[l]<=am) ++l; while (r>b && a[r]>am) --r; if (l<r){ int al,ar; al=a[l]; ar=a[r]; a[l]=ar; a[r]=al; ++l; --r; } else break; } if (b==r) a[b]=am; else { int ar; ar=a[r]; a[r]=am; a[b]=ar; } l=r-1; ++r; if (l-b>=e-r){ quick_sort1 (r,e,a); e=l; } else { quick_sort1 (b,l,a); b=r; } }}static void quick_sort (int a[],int n_elements){ quick_sort1 (0,n_elements-1,a);}static void add_to_heap (int i,int j,int max_index,int ai,int a[]){ while (j<max_index){ int j1,aj,aj1; j1=j+1; aj=a[j]; aj1=a[j1]; if (aj<aj1){ if (ai<aj1){ a[i]=aj1; i=j1; j=(j1<<1)+1; } else { a[i]=ai; return; } } else { if (ai<aj){ a[i]=aj; i=j; j=(j<<1)+1; } else { a[i]=ai; return; } } } if (j>max_index){ a[i]=ai; } else { int aj; aj=a[j]; if (ai<aj){ a[i]=aj; a[j]=ai; } else { a[i]=ai; } }}static void heap_sort (int a[],int n_elements){ int max_index,i; if (n_elements<2) return; max_index=n_elements-1; for (i=n_elements>>1; i!=-1; --i) add_to_heap (i,i+i+1,max_index,a[i],a); i=max_index; while (i!=1){ int ai; ai=a[i]; a[i]=a[0]; --i; add_to_heap (0,1,i,ai,a); } { int a0,ai; a0=a[0]; ai=a[i]; a[0]=ai; a[i]=a0; }}int main (void){ long begin_time,end_time; int n_elements,*a,i,int count; n_elements=200000; a=malloc (n_elements*sizeof (int)); if (a!=NULL){ printf ("\n"); begin_time=TickCount(); for (count=0; count<10; ++count){ for (i=1; i<=n_elements; ++i) a[i-1]=(n_elements-i) ^ 0x2a; /* quick_sort (a,n_elements); */ heap_sort (a,n_elements); check_sort (a,n_elements); } end_time=TickCount(); printf ("%g\n",(double)(end_time-begin_time)/60.0); } return 1;}