Br�unl Parallaxis-III— 1 —11. September 1994Parallaxis-III: A Language for StructuredData-Parallel ProgrammingThomas Br�unlComputer Science Dept., IPVRComputer Vision GroupUniv. Stuttgart, GermanyAbstract:Parallaxis is a machine-independent language for data-parallel programming. SequentialModula-2 is used as the base language. Programming in Parallaxis is done on a level ofabstraction with virtual processors and virtual connections, which may be defined by theapplication programmer. This paper describes Parallaxis-III, the current version of theParallaxis language together with a number of parallel sample algorithms.1.Parallel Language ConstructsParallaxis [Br�unl 89], [Br�unl 91], [Br�unl 93] is based on Modula-2 [Wirth 83],extended by data-parallel concepts. The language is fully machine-independent acrossSIMD architectures; therefore programs written in Parallaxis run on different SIMDparallel computer systems. For a large number of (single-processor) workstations andpersonal computers, there is also a Parallaxis simulation system with source level debug-ging and tools for visualization and timing. A compiler for data-parallel programming ofMIMD computer systems in SPMD style (same program, multiple data) is beingdeveloped. Parallel programs with small data sets can be developed, tested and debuggedwith this simulation system. Then, Parallaxis compilers can be used to generate parallelcode for the MasPar MP-1 / MP-2 or the Connection Machine CM-2. The simulationenvironment allows both the study of data parallel fundamentals on simple computersystems and the development of parallel programs which can later be executed onexpensive parallel computer systems. The programming environment for Parallaxis isavailable as public domain software [Barth, Br�unl, Engelhardt, Sembach 92].We had two major goals in developing a new parallel programming language:1.We believe that �structured programming� has a number of advantages in devel-oping sequential and parallel software, as well as for learning programmingconcepts in general. Therefore, we chose Modula-2 as base language and not C likemany other approaches.2.Almost all commercial SIMD programming languages are machine-dependent,since they have been specifically designed for a single hardware platform to achievemaximum performance. Therefore, one may not easily port a program from oneSIMD system to another. To avoid this problem, we designed Parallaxis to becompletely machine-independent. This refers to SIMD architectures only, forswitching from SIMD to MIMD will almost always require to change thealgorithm of your program, in order to keep it efficient.

Br�unl Parallaxis-III— 2 —11. September 1994The central point of Parallaxis is programming on a level of abstraction with virtualPEs and virtual connections. In addition to the algorithmic description, every programincludes a semi-dynamic connection declaration in functional form. This means that thedesired PE network topology is specified in advance for each program (or for each pro-cedure) and can be addressed in the algorithmic section with symbolic names (instead ofcomplicated arithmetic index or pointer expressions). However, for completeness, alsofull-dynamic data exchange operations may be performed.The following describes the latest version of the language, Parallaxis-III, which is notfully compatible to older versions of the language.1.1.Specifying Virtual Processors and ConnectionsOne or several �virtual machines� consisting of processors and a connection network maybe defined for every Parallaxis program. This is done in two simple steps. First, thekeyword CONFIGURATION is used to specify the number of PEs and their arrangement inanalogy to an array declaration. However, at this point, no specification has been made asto the connection structure between the PEs. This follows by specifying mapping relations,introduced by the keyword CONNECTION (this second step may be omitted if noconnections are required). Every connection has a symbolic name and defines a mappingfrom a PE (any PE) to the corresponding neighbor PE. The specification of this relativeneighbor is accomplished by providing an arithmetic expression for the index of thedestination PE. Data exchanges can now be carried out using these symbolic connectionnames in the parallel program.Figure 1.1 shows a PE arrangement as a two-dimensional grid structure in a simpleParallaxis example. The CONFIGURATION declaration provides 4 · 5 virtual processors,which are virtually connected to one another in the following CONNECTION declaration Inthe figure, PE 1,1 is in the upper left corner; however, you may also choose to put the�origin� in the lower left corner — it does not matter as long as you use it consistently inyour program. Since homogeneous connection structures or topologies are easy to declare,four connection declarations are sufficient to construct a grid of any size. One connection isdefined for each cardinal direction. The connection to the north, for example, decrementsthe first index. Some connections from the border PEs lead �nowhere�, which means thatthese connections do not exist, and will not participate in any data exchange operation.

1,11,54,14,5 northsoutheastwestCONFIGURATION grid [1..4],[1..5];CONNECTIONnorth: grid[i,j] fi grid[i-1, j];south: grid[i,j] fi grid[i+1, j];east : grid[i,j] fi grid[i, j+1];west : grid[i,j] fi grid[i, j-1];Figure 1.1 Two-dimensional grid topology with representative PE

Br�unl Parallaxis-III— 3 —11. September 1994In case one prefers a wrapped-around torus instead of an open grid for some appli-cation, this can be easily accomplished by using the modulo-operator (remainder).Identifiers h and w denote constants:CONFIGURATION torus [0..h-1],[0..w-1];CONNECTIONnorth: torus[i,j] fi torus[(i-1) MOD h, j];south: torus[i,j] fi torus[(i+1) MOD h, j];east : torus[i,j] fi torus[i, (j+1) MOD w];west : torus[i,j] fi torus[i, (j-1) MOD w];There is a list of extensions to this simple process of defining virtual machine struc-tures: Several destination expressions may be specified after the arrow symbol, separatedby commata. Connections may be parameterized, as with the hypercube in Figure 1.2.With these, it is possible to perform a data exchange in a computed direction. For thedefinition of the binary tree network, also in Figure 1.2, bi-directional connections (�«� or�<->� in ASCII notation) have been used instead of uni-directional connections (�fi� or�->�). A bi-directional connection is an abbreviation for two uni-directional connectionsand, therefore, requires a second connection name on the right hand side of the connection.Binary Tree

123456789101112131415CONFIGURATIONtree[1..15];CONNECTIONlchild:tree[i]«tree[2*i]:parent;rchild:tree[i]«tree[2*i+1]:parent;an alternative specification without distinguishingbetween left and right children is:CONFIGURATIONtree[1..15];CONNECTIONchild:tree[i]fitree[2*i],tree[2*i+1];Hypercube

[0,0,0,0]

[0,0,0,1]

[0,0,1,1]

[0,1,1,1]

[1,1,1,1]

[0,0,1,0]

[0,1,0,1]

CONFIGURATIONhyper[0..1],[0..1],[0..1],[0..1];CONNECTIONgo[1]:hyper[i,j,k,l]fihyper[(i+1)MOD2,j,k,l];go[2]:hyper[i,j,k,l]fihyper[i,(j+1)MOD2,k,l];go[3]:hyper[i,j,k,l]fihyper[i,j,(k+1)MOD2,l];go[4]:hyper[i,j,k,l]fihyper[i,j,k,(l+1)MOD2];Figure 1.2 Tree and hypercube topologySo-called �compound connections� may be used to have a case distinction inside aconnection. The following example connects local pairs of PEs:CONFIGURATION list [1..8];CONNECTION next: list[i] fi{ODD (i)} list[i+1],{EVEN(i)} list[i-1];

1234

5678Figure 1.3 Compound connections

Br�unl Parallaxis-III— 4 —11. September 1994A case distinction is made for the next connection. If the PE-number is odd, a connec-tion to the right neighbor is established, while if it is even, a connection to the left neighboris established. Using compound connections, arbitrary connection structures, even withirregularities, may be defined. If several parts of a compound connection evaluate to TRUEfor a particular PE, then for this PE all of these connections are defined (one-to-many or1:n connection).The connection structures as defined by the CONNECTION declaration do not have to be1:1 (one-to-one) connections. For 1:n connections, an implicit broadcast is executed. In thefollowing example, the first element of each row is connected to all elements in this row.CONFIGURATION grid [1..100],[1..100];CONNECTION one2many: grid[i,1] fi grid[i,1..100];If a one-to-many connection is to be established to all PEs of a dimension, the rangemay be substituted by an asterisk �*�. So the following is equivalent to the previousexample.CONFIGURATION grid [1..100],[1..100];CONNECTION one2many: grid[i,1] fi grid[i,*];However, for n:1 (many-to-one) connections (and the general m:n connections, many-to-many) one must ensure that only a single value arrives at any PE’s entry port. Therefore,each data exchange operation may include a vector reduction, as will be discussed later. Inthe following example, all elements of a row are connected to the first element in theircolumn.CONFIGURATION grid [1..3],[1..5];CONNECTION many2one: grid[i,j] fi grid[i,1];

one-to-many

many-to-one

Figure 1.4 Multiple connections1.2.Multiple Configurations and Iterative ConnectionsIn addition to the constructs shown so far, the definition of multiple topologies in aprogram is possible. These may be defined independently of each other on separate groupsof PEs — in which case the topologies may have different vector data structures. Or thetopologies can be defined as �different views� of the same set of PEs with identical datastructure. Furthermore, local topologies may be defined in procedures, thus allowing semi-dynamic connection structures.Different configuration definitions denote different sets of PEs. For example, thefollowing definition defines two distinct sets of PEs:

Br�unl Parallaxis-III— 5 —11. September 1994CONFIGURATION grid [1..200],[1..50];...CONFIGURATION tree [1..10000];On the other hand, configurations defined within the same declaration structure denotedifferent views of the same set of PEs. In this case, the numbers of PEs have to beidentical.CONFIGURATION grid [1..200],[1..50]; tree [1..10000];Connections may be specified between multiple configurations, whether they belong tothe same or distinct sets of PEs:CONFIGURATION grid [0..199],[0..49]; tree [1..10000];CONNECTION mix: grid[i,j] -> tree[i*50 + j];However, a connection may only link PEs within the same or two different config-urations. A connection between three or more configurations is not allowed, and a con-nection linking PEs within one configuration and PEs to another configuration (by thesame connection name) is not allowed.Configurations only come to life, when they are used for the declaration of a vectorvariable, which is later used in a computation. A vector variable based on a configurationwith multiple views can make use of all connection structures defined for any of the views.Such a variable is also assignment compatible to a variable of the same type but of adifferent view.An extension to the definition of connections is the use of iterative connection func-tions, as exemplified by the following alternative definition for a hypercube network ofarbitrary size (the exponentiation function is denoted by �**�, n is a constant):CONFIGURATION hyper [0..(2**n-1)];CONNECTION FOR k := 0 TO n-1 DO dir[k]: hyper[i] « {EVEN(i DIV 2**k)} hyper[i + 2**k] :dir[k]; END;If n equals 10, there are 1,024 PEs defined together with ten bi-directional connections.Expression EVEN(i DIV 2**k) tests, whether the k-th bit of i equals 0.A large program may be split into several modules, which are compiled separately. So,e.g. for a module containing library functions, it may be desirable not to specify the size ofa configuration. When writing routines for image processing, the size of the grid structureshould be left unspecified and will be defined later by the module importing these routines.An open configuration is indicated by using an asterisk �*� instead of a value range. Theconfiguration size may be determined dynamically at run time, e.g. by passing a parameterthat is subsequently used as a bound in the configuration declaration.DEFINITION MODULE Open;CONFIGURATION grid[*],[*];CONNECTION left: grid[i,j] <-> grid[i ,j-1] :right; up : grid[i,j] <-> grid[i+1,j ] :down;PROCEDURE sum_3x3(input: grid OF INTEGER): grid OF INTEGER;END Open.

Br�unl Parallaxis-III— 6 —11. September 1994MODULE Main;FROM Open IMPORT grid, sum_3x3;CONFIGURATION my_grid = grid[1..10],[1..10];VAR a,b: my_grid OF INTEGER;BEGIN a := 1; b := sum_3x3(a); WriteInt(b,5);END Main.Open configurations are needed when a procedure is to work on a vector of unspecifiedsize, but has to make use of connections for data exchange or position data (DIM, see sec-tion on processor positions). If connections and position data are not required in aprocedure, which is to be used for different configurations (different size or arbitraryconfiguration), then the simpler concept of generic vector parameters may be used(VECTOR, see section on data declaration).1.3.Data DeclarationParallaxis differentiates between scalar and vector variables in data declarations as well asin procedure parameters and results. Scalar data is placed on the control processor, whilevectors are distributed component-wise among the virtual PEs (see Figure˚1.5, hereconfigurations are not connected). Since a program may contain several PE configurationswith different numbers of PEs, the name of a configuration is used for specifying thevector type of a variable.VAR a: INTEGER; (* scalar *) b: grid OF REAL; (* vector *) c: tree OF CHAR; (* vector *) on controlprocessora

distributed on PEsbbbbbbbbbbbbbbbbbbbb distributed on PEscccccccccccccccFigure 1.5 Allocation of scalar and vector dataThere is, of course a fundamental difference between declaring an array of vectors anddeclaring a vector of arrays, as exemplified in Figure 1.6. However, both indexed expres-sions x[1] and y[1] refer to a data structure of the same type "grid OF INTEGER".

Br�unl Parallaxis-III— 7 —11. September 1994VAR x: ARRAY[1..3] OF grid OF INTEGER; y: grid OF ARRAY[1..3] OF INTEGER;array of vector

x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[1]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[2]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]x[3]vector of arrys

y [1, 2, 3] y [1, 2, 3]Figure 1.6 Array of vectors and vector of arraysUnfortunately, this declaration semantics has some unpleasant effect for procedure ar-guments. Imagine, e.g. writing a function factorial, for computing the factorial value foran argument of type INTEGER. Now, a factorial function would have to be declared forscalar arguments, and for every configuration defined in a program. Since there is no wayof knowing them in advance, it would be impossible to write general library routines. Toremedy this situation, parameters and variable declarations inside such a procedure mayuse the keyword VECTOR instead of a particular configuration name. This indicates that aparameter will be used in a parallel computation, without specifying a particular configura-tion (this results in a generic procedure). All parameters declared as generic vectors orvariables in such a procedure have to belong to the same configuration. Since no particularconfiguration has been specified, no data exchange may be performed in such a procedure.PROCEDURE s_factorial(a: INTEGER): INTEGER;VAR b: INTEGER; (* scalar *) ...END s_factorial;PROCEDURE v_factorial(a: VECTOR OF INTEGER): VECTOR OF INTEGER;VAR b: VECTOR OF INTEGER; (* any vector *) ...END v_factorial;It is possible that several procedure parameters use the "open vector" or the "open con-figuration" construct for possibly different configurations. In this case, a local variabledeclaration with the method used above is not unique. Therefore, the name of the "openvector" or open configuration parameter may follow the keyword VECTOR or the openconfiguration name in the type specification.PROCEDURE vec(a: VECTOR OF INTEGER; b: VECTOR OF INTEGER);VAR x: VECTOR a OF INTEGER; (* vector type corresponding to a *) y: VECTOR b OF INTEGER; (* vector type corresponding to b *) ...END vec;

Br�unl Parallaxis-III— 8 —11. September 1994CONFIGURATION grid[*],[*];PROCEDURE open(a: grid OF REAL; b: grid OF REAL);VAR x: grid b OF REAL; (* vector type corresponding to b *) ...END open;1.4.Processor PositionsThere are two ways to determine a PE’s current position. The first is by using the (vector-valued) standard function ID, which returns the virtual processor position as a singlenumber in row-major ordering (or �highest-dimension-major� for more than twodimensions):

CONFIGURATION grid [1..4],[-2..+2];...VAR x: grid OF INTEGER;...x := ID(grid);2nd dimension1st dimension

This results in each component of x being assigned the number of its virtual PE,always starting with �1� (independent of the configuration range and number ofdimensions):ID(grid) = Ł� ł�˚˚1˚˚˚2˚˚˚3˚˚˚4˚˚˚5˚˚6˚˚˚7˚˚˚8˚˚˚9˚˚10˚11˚˚12˚˚13˚˚14˚˚15˚16˚˚17˚˚18˚˚19˚˚20The second way of determining the position of a virtual PE, now with respect to itsconfiguration declaration, is to use the standard function DIM. This function takes theconfiguration name and the number of the dimension as arguments and returns the positionof a PE within this dimension. Dimensions are numbered from right to left, that is, thehighest dimension is at the leftmost position.The position values returned by function DIM depend on the ranges of the configurationdefinition. The DIM function will return exactly this range of values as position data. In thefollowing, position data for rows and columns of the grid example above are shown:DIM(grid,2) = Ł� ł�˚1˚˚1˚˚1˚˚1˚˚1˚2˚˚2˚˚2˚˚2˚˚2˚3˚˚3˚˚3˚˚3˚˚3˚4˚˚4˚˚4˚˚4˚˚4 DIM(grid,1) = Ł� ł�˚—2˚˚—1˚˚0˚˚+1˚˚+2˚—2˚˚—1˚˚0˚˚+1˚˚+2˚—2˚˚—1˚˚0˚˚+1˚˚+2˚—2˚˚—1˚˚0˚˚+1˚˚+2Functions, ID and DIM, as well as the following functions, do not depend on any PEconnections. Further functions working on configuration data are shown below. Thesefunctions take either configurations or vector variables as arguments.LEN(grid) = 20returns the total number of PEs in a configurationLEN(grid,1) = 5returns the size of a dimension (here dim. 1)LEN(grid,2) = 4returns the size of a dimension (here dim. 2)RANK(grid) = 2returns the number of dimensions

Br�unl Parallaxis-III— 9 —11. September 1994LOWER(grid,1) = —2returns the lower bound of a dimension (here dim. 1)UPPER(grid,1) = 2returns the upper bound of a dimension (here dim. 1)A function and a procedure are provided to transfer ID values into DIM values and viceversa. An array is used for DIM values. Both routines may be used with scalar or vectorparameters. These routines are especially useful for converting ID and DIM values ofmultiple configurations.VAR dims: ARRAY[1..2] OF INTEGER; s : INTEGER;...dims[1] := 1;dims[2] := 2;s := DIM2ID(grid,dims);s becomes 9 (referring to grid definition above)...ID2DIM(grid,12,dims);dims[1] becomes —1dims[2] becomes +3An individual PE may be selected by using an IF-selection involving parallel positiondata like ID and DIM. However, supplying the position values directly for a vector is alsopossible and gives a simpler way of selecting PEs. A single PE may be selected using acomponent expression with scalar arguments after the identifier of a vector variable:VAR x : grid OF INTEGER; (* 2-dim. *) s,t: INTEGER; (* scalar *)...s := x <<101>> ;get the value of the PE with ID 101x <<101>> := s ;set the value of the PE with ID 101s := x <:5,t+1:> ;get the value of the PE in row 5 and column t+1,according to the CONFIGURATION ranges specifiedx <:t,11:> := s ;set the value of the PE in row t and column 111.5.Parallel ExecutionParallel execution is implicit in Parallaxis-III, depending on the declaration of variablesinvolved in a statement or expression. PE-selection (determining which PEs will be activeduring a certain statement) is also implicit. Any selection or iteration instruction (IF, FOR,WHILE, REPEAT, CASE, LOOP) with a vector argument may be used. Figure 1.7 shows thedata-parallel execution of a statement on a selected group of PEs.

x :=a+bx :=a+bx :=a+bx :=a+bx :=a+bx :=a+bx :=a+bx :=a+bx :=a+bx :=a+bVAR x,a,b: grid OF REAL;...IF DIM(grid,2) IN {2,3} THEN x := a+bEND;Figure 1.7 Data parallel instructionSo whenever a selection is performed, e.g. by an IF statement with vector condition,only those PEs are active during execution of the THEN branch, whose local conditionevaluates to TRUE. A THEN branch or an ELSE branch will only be executed if the condition

Br�unl Parallaxis-III— 10 —11. September 1994(or its negation, respectively) will be satisfied by at least one PE. Primarily, this has aneffect on any scalar statements that may be in such a branch, since in this case they will beskipped. In the general case, when the condition evaluates to TRUE for some PEs, butevaluates to FALSE for some other PEs, then both THEN branch and ELSE branch will beexecuted subsequently (first THEN, afterwards ELSE) with the appropriate group of PEsbeing active (this also holds for any scalar statements that may be contained in thesebranches). If vector IF statements are nested, then in one of the inner branches only asubset of the PEs of the corresponding outer branch is active.VAR x: grid OF INTEGER;...IF x>5 THEN x := x - 3 ELSE x := 2 * xEND;

PE-ID: 1 2 3 4 5initial values of x:10417120 starting then-branch:10—17—20(�—� means inactive) after then-branch:7—14—17 starting else-branch:—4—1— after else-branch:—8—2— selection done after if-selection:7814217

When entering a loop with vector condition (e.g. WHILE loop), only those PEs areactive which satisfy the condition. In subsequent iterations of this loop, the number of PEsis always decreasing. The loop iterates until no PE is left to satisfy the loop condition (seethe following example).VAR x: grid OF INTEGER;...WHILE x>5 DO x:= x DIV 2;END; 1 2 3 4 starting 1st iteration:10—17—20(�—� means inactive) after 1st iteration:5—8—10 starting 2nd iteration:——8—10 after 2nd iteration:——4—5 starting 3rd iteration:————— loop terminates after loop:54415

Other control structures, known from sequential Modula-2 may be used as well invector context. The CASE-selection can be treated as a nested chain of IF-THEN-ELSIF-

Br�unl Parallaxis-III— 11 —11. September 1994selections, while FOR- and REPEAT-loops can be regarded as modifications of a WHILE-loop.The parallel LOOP-EXIT construct differs from its sequential counterpart, for it has tospecify the name of the selected configuration, e.g.:LOOP OF grid DO ... IF x>0 THEN EXIT END; ...END; (* loop *)In case one would like to perform an operation on all PEs inside a nested selection orloop, the ALL block may be used to re-activate all PEs of a configuration.IF x>0 THEN ...(* only grid PEs are active, which satisfy condition *) ALL grid DO ...(* all grid PEs are active, regardless of condition *) END ELSE ...(* only grid PEs are active, which do not satisfy condition *)END;1.6.Structured Data ExchangeData exchanges between processors can be accomplished with simple symbolic names,thanks to the network declaration described earlier. Data exchange of a local vector variablebetween all or just a group of PEs can be invoked by calling system function MOVE with thename of a previously defined connection. Only active PEs participate in a data exchangeoperation. Figure 1.8 shows an example of a data exchange in the grid structure definedearlier. The expression returns vector variable x shifted one step (one PE) to the east.

y := MOVE.east(x);Figure 1.8 Synchronous data exchangeFor the data exchange operation shown above, sender-PE and receiver-PE of a dataexchange have to be active. For the operations SEND and RECEIVE shown below, it is suffi-cient for only the sender (or only the receiver, respectively) to be active. These operationsare especially needed for the data exchange between different topologies, since due to theSIMD model only one PE structure can be active at a time. Unlike the other data exchangeoperations, SEND is a procedure (not returning a value) and therefore takes two arguments,first the expression to be sent, and second the variable to receive the expression.SEND.east(4*x, y);y := RECEIVE.north(x);The following comparison shows the differences in data exchange operations by usinga simple list topology. In figures, an arrow represents data transport, while a white spacemarks an inactive PE. Let us assume that for the context of the following data exchange

Br�unl Parallaxis-III— 12 —11. September 1994operations that all PEs are active but one (e.g. the data exchange might occur inside an IF-selection, which deactivated one of the PEs).CONFIGURATION list[1..max];CONNECTION right: list[i] -> list[i+1];VAR x,y: list OF INTEGER;a)Only the sender has to be active.All active PEs, which have a successor, send data.SEND.right(x,y);

active inactive active activeExample:beforeafterx:1 2 3 4x:1 2 3 4y:0 0 0 0y:0 1 0 3b)Only the receiver has to be active.All active PEs, which have a predecessor, receive data.y := RECEIVE.right(x);

Example:beforeafterx:1 2 3 4x:1 2 3 4y:0 0 0 0y:1 0 2 3c)Both sender and receiver have to be active.All active PEs, which have an active successor, send data.y := MOVE.right(x);

Example:beforeafterx:1 2 3 4x:1 2 3 4y:0 0 0 0y:1 0 3 3d)Neither sender nor receiver have to be active.All PEs, which have a successor, send data — independent of their activation status.This version does not seem to make much sense, so it is not included in Parallaxis(use ALL statement instead).Please note:¥SEND has to be a procedure for it writes to inactive PEs, while MOVE and RECEIVEare functions returning vector data.¥All data exchange operations shift data in the direction indicated by the connectionidentifier (here: right). This also holds for the RECEIVE function, so it does not

Br�unl Parallaxis-III— 13 —11. September 1994have the semantics "receive from a direction" (e.g. RECEIVE.right shifts data tothe right, not to the left). Additional data exchange modifiers may be specified for some of the data exchangeoperations. One is for multiple data movement steps and one is for an implicit reduction;both are separated by colons.A data exchange operation may be executed several steps (subsequently) in a specifieddirection for the SEND statement. After each step, all PEs that received data will be active,sending data in the next step. In case one data element is sent to multiple PEs, then all ofthese will be active in the next step. This feature is extremely useful when exchanging dataover a tree structure.VAR x,y: list OF INTEGER;...SEND.right:2 (x,y);move data two steps to the eastExample: (only PEs 1 and 2 are active, PEs 3 and 4 are inactive)beforecopy expr.1st step2nd stepassignment x:1 2 3 4�1 2 3 4 intermediate variable:—1 2 3 41 1 241 1 1 2� y:0 0 0 0�0 0 1 2

A problem might occur, if several PEs are connected to a single one (many-to-oneconnection). There are two possibilities to avoid an undetermined result (any of theincoming data values could be chosen). One can either deactivate unwanted PEs (IF-selection), so they cannot participate in a data exchange, or one can use a reduction functionwith the data exchange.For example, in the tree network shown before, one might want to send only the leftchildren’s data to the parents and discard the right children’s data:VAR u,v,w: tree OF INTEGER;...v := u;initializes all components of vIF EVEN(ID(tree)) THENmoves only the left children’s data up the tree SEND.parent (u,v)END;Now assume, one does not want to discard information, but one would like to add theleft and right child’s data before sending to the parent node:w := MOVE.parent:#SUM (u);moves data from both children to the parent,resolving multiple arriving data by adding u before1532410 v after5202410 w after8612410

Figure 1.9 Move without and with reduction

Br�unl Parallaxis-III— 14 —11. September 1994There is a number of system-defined operations to do this reduction, and also user-defined operations may be specified (see section on reduction below).Configuration boundaries often cause trouble in SIMD programming, for they fre-quently require special treatment to avoid undefined data. This is not the case for Parallaxis.Here, it is allowed to send data off the edge and try to receive data from beyond the edge ofa configuration. After initializing the send expression with the vector parameter valuesupplied, data sent offside a configuration is deleted, while an attempt to read from beyondleaves the particular PE’s data unchanged. Therefore, within the same configuration,undefined values cannot occur in a data exchange operation.1.7.Unstructured Data ExchangeStructured data exchange makes application programs easy to write and understand. Insome cases it also makes them faster, when better use can be made of the physical con-nection structure of a particular parallel system. However, in some cases it may bedesirable to perform an unstructured data exchange. This reflects an arbitrary permutationof the components of a vector variable, which may be difficult to write down using onlystructured data exchanges with user-defined connections.For example, each component of a two-dimensional vector (a matrix) is to be sent to adestination address, which is being computed at run-time. When only structured dataexchange, e.g. via a grid, is possible, one has to program a communication procedure,which shifts the matrix elements in several steps over the grid. This approach will work,however, some parallel computer systems (like the MasPar MP-1 and MP-2 [MasPar 91]and the Connection Machine CM-2 [Thinking Machines 89]) have a global connectionstructure, which allows an arbitrary unstructured data exchange. In this case, specifyingdirect destination addresses for each component of a vector variable may result in a fasterprogram. Please note, that despite the availability of specialized commands for unstructureddata exchange, execution of those may be quite expensive. For example, a grid operation atthe MasPar MP-1 requires about the same time as a simple arithmetic operation (addition),but a non-grid data exchange takes about 100 times longer to execute. Please note that theunstructured data exchange is nevertheless a machine-independent operation. If a certainSIMD architecture does not provide a general communication structure, then this dataexchange will be routed transparently over the simpler network provided (e.g. a grid or aring) taking several execution steps.In Parallaxis, the SEND and the RECEIVE operations may take an index expressioninstead of a connection name. As before, when using SEND, only active PEs send data, andwhen using RECEIVE, only active PEs receive data. However, these two operations differ intheir index semantics, as is shown for an example in Figure 1.10. In order to avoidconfusion, operation MOVE may not be used with an index expression.VAR x,y,index: grid OF INTEGER;...SEND.<<index>>(x,y);sends data from all components of x to a destination,determined by vector indexy := RECEIVE.<<index>>(x);receives data from all components of x to a destina-tion, determined by vector index, however, on thereceiver’s side

Br�unl Parallaxis-III— 15 —11. September 1994SEND.<<index>> (x,y) ;y := RECEIVE.<<index>> (x) ;

PE1234

xindex74953142

y4579PE1234

indexy31429754PE1234

x7495Figure 1.10 Unstructured data exchangeBesides using a single index, referring to the ID position of PEs, several indicesreferring to DIM positions may be used as well. Also, this kind of data exchange does nothave to be a one-to-one correspondance. If several indices refer to the same PE position,for RECEIVE (one-to-many) this results in a broadcast, while for SEND (many-to-one) anarbitrary component is selected — unless a reduction operation (see section on reduction) isspecified for resolving collisions.CONFIGURATION grid [1..2],[1..3];VAR x,y, index,d1,d2: grid OF INTEGER;...SEND.<:d2,d1:> (x,y);sends data from all components of x to a destina-tion, determined in the first dimension by d1, andin the second dimension by d2E.g. x = Ł� ł�˚7˚3˚5˚4˚2˚3 d2 = Ł� ł�˚1˚2˚1˚2˚1˚2 d1 = Ł� ł�˚3˚2˚1˚3˚2˚1then y = Ł� ł�˚5˚2˚7˚3˚3˚4SEND.<<index>>:#SUM (x,y);in case the expression index does not provide a1:1 permutation, it may be desirable to perform areduction of multiple values arriving in one port,in order to avoid the assignment of an arbitraryone of these; positions not indexed get thesender’s original elementsE.g. x = Ł� ł�˚7˚3˚5˚4˚2˚3 index = Ł� ł�˚1˚3˚2˚6˚6˚6then y = Ł� ł�˚7˚5˚3˚4˚2˚9Two kinds of abbreviations are possible for data exchanges with index expressions:a)If the positions in one dimension are to remain unchanged, one should use theexpression DIM(conf_name, dim_no) as an index. This may be abbreviated withthe symbol �*�.SEND.<:DIM(grid,2),d1:> (x,y) ;is equivalent to:SEND.<:*,d1:> (x,y) ;

Br�unl Parallaxis-III— 16 —11. September 1994b)If a dimension is to be collapsed, a many-to-one data exchange may be used incombination with a reduction. For example, a matrix may be collapsed to a singlecolumn by reducing all of its rows. This can be done by sending all row elementsto the first element in the same row with a reduction operation. This may beabbreviated by using a reduction operation (e.g. #SUM) instead of an indexexpression. Only a single reduction may be specified in an index expression.SEND.<:d2,1:> :#SUM (x,y);is equivalent to the general:SEND.<:d2,LOWER(grid,1):> :#SUM (x,y);is equivalent to:SEND.<:d2,#SUM:> (x,y);dimension 1 is reduced by addition (rowsaccumulate data in their first positions) withpermutation in dimension 2 according to d2

SUME.g. x = Ł� ł�˚7˚3˚5˚4˚2˚3 d2 = Ł� ł�˚1˚1˚1˚2˚2˚2then y = Ł� ł�˚15˚3˚5˚˚9˚2˚31.8.Exchange between Scalar and Vector DataCommunication between the control processor and the parallel PEs also requires additionallanguage constructs or in some cases an adapted semantics. Transferring a scalar field intoa parallel vector is invoked with procedure LOAD, while transferring data back into a scalarfield from a vector is accomplished with STORE (see Figure 1.11). Only active PEsparticipate in this sequential data exchange. STORE with inactive PEs does not result in gapsin the scalar array, but data elements are stored subsequently. LOAD with inactive PEsassigns the next array value to the next active PE, no scalar array elements will be skipped.Surplus elements will not be used, too few elements leave the corresponding arrayelements (or vector components, respectively) unchanged. The execution of this operationusually requires n time steps for a data array with n elements. A scalar integer variable maybe specified as an optional third parameter for LOAD and STORE, which limits the number ofdata items transferred and also receives the number of data items actually transferred afterthe operation.CONFIGURATION list[1..n];VAR s: ARRAY[1..n] OF INTEGER; t: INTEGER; v: list OF INTEGER;...LOAD (v, s); (* from scalar to vector *)STORE(v, s); (* from vector to scalar *)STORE(v, s, t); (* here, t becomes n *)(* require n steps each *)

ScalarArrayVector Components426312inactive

42631surplusLOAD

STORE

Br�unl Parallaxis-III— 17 —11. September 1994v := t; (* requires 1 step *)

Scalar Value

Vector Components777777inactive takes 1 stepFigure 1.11 Data exchanges between PEs and control processorFigure 1.11 (bottom) also shows an assignment in which a (constant or variable) scalardata value is copied into all or a group of PEs. Every component of the vector contains thesame value as the scalar. This operation is implemented by an implicit broadcast andtherefore requires only a single time step.1.9.ReductionThe reduction of a vector to a scalar is another important operation. The REDUCE operationhandles this task in conjunction with a system-defined or user-defined (programmable)reduction operation (see Figure 1.12). System-defined operators are:SUM, PRODUCT, MAX, MIN, AND, OR, FIRST, LASTThe operators FIRST and LAST return the value of the first or last currently active PE,respectively, according to its identification number (ID).Example:s := REDUCE.FIRST(x)is identical to:pos := REDUCE.MIN(ID(x));s := x<<pos>>;All other reduction operators’ functions can easily be deduced from their names. Theexecution of a reduction operation requires about log2 n time steps for a vector with n activecomponents. However, this time estimation depends on the physical connection structureof the PEs.

PEsControl Processor+++760313316VAR s: INTEGER; x: grid OF INTEGER;s := REDUCE.SUM(x);Figure 1.12 Vector reduction in ParallaxisThe following example shows the use of the REDUCE operation with a user-definedfunction. Such a function has to have two vector input parameters and has to return a vectorvalue of the same type. Note that the reduction function implemented by the user should beassociative and commutative, or unpredictable results may occur,e.g. (1 — 2) — 3 „ 1 — (2 —3 ).VAR v: grid OF BOOLEAN; s: BOOLEAN;...

Br�unl Parallaxis-III— 18 —11. September 1994PROCEDURE xor (a,b: VECTOR OF BOOLEAN): VECTOR OF BOOLEAN;BEGIN RETURN(a <> b);END xor;...s := REDUCE.xor(v);There are a few places, where substituting a scalar constant in lieu of a vector variablemakes sense, but lacks information about the configuration to be used. Consider theproblem of counting the number of active PEs for some configuration. Instead of using avector variable, the constant 1 can be used for each PE, however, it has to be type cast tothe appropriate configuration:s := REDUCE.SUM( grid(1) );1.10.ModulesIn Parallaxis, like in Modula-2, each module consists of two files: a definition module andan implementation module. The only exception is the main module, which starts a pro-gram and does not have a definition module. Parallaxis also offers a FOREIGN module,which serves as the definition part for linking routines written in another language.DEFINITION MODULE sample; EXPORT myproc; PROCEDURE myproc(VAR i: INTEGER);END sample.�IMPLEMENTATION MODULE sample; PROCEDURE myproc(VAR i: INTEGER); BEGIN i := 2*i + 1 END myproc;END sample.MODULE mymain;FROM sample IMPORT myproc;VAR k: INTEGER;BEGIN k:=0; myproc(k);END mymain.

The sample module constellation above shows declaration, export, and import of theuser-defined procedure myproc. It is exported in the definition module together with itsprocedure head, showing number and type of parameters. The actual implementation ofmyproc is hidden in the corresponding implementation module (this is also used forincluding routines from different programming languages). If an export list is missing in adefinition module, then its whole contents is being exported.The module importing and using procedure myproc in the example is the main module(it has neither keyword DEFINITION nor IMPLEMENTATION).There are two ways of importing objects. The first imports individual objects from amodule, the second includes all objects from a module (in that case, however, an objectname always requires the module name as a prefix, in order to avoid name conflicts):FROM sample IMPORT myproc;IMPORT sample;

......myproc(k);sample.myproc(k);

Br�unl Parallaxis-III— 19 —11. September 19941.11.Input and OutputI/O operations in Parallaxis are very similar to Modula-2. However, in Parallaxis they are"built-in" and need not be explicitly imported as in Modula-2. This change was required,since read- and write-operations in Parallaxis may take either scalar or vector arguments.The major text input and output operations in Parallaxis are shown below (ASCII data).I/O operations do not generate run-time errors (e.g. in case of inappropriate data to be reador in case of insufficient disk space during a write operation). Instead, the scalar booleanvariable Done is set according to the success of the I/O operation. This variable can bechecked to perform appropriate actions, in case its value is FALSE. When reading strings,integers, cardinals, reals, or booleans, the scalar character variable termCH is set to the nextunread character in the input stream, which was responsible for terminating the readoperation. EOL is a constant of type character, which stands for the system-dependent end-of-line character.WriteLn;Start a new line (no arguments)Write(c);Write character cWriteString(s)Write string sWriteInt(i,l);Write integer i using l print spaces(right adjusted: add blanks in front of number)WriteCard(c,l);Write cardinal c using l print spacesWriteReal(r,l);Write real r using l print spacesWriteFixPt(r,l,m);Write real r using l print spaces and m decimalsWriteBool(b,l);Write boolean b using l print spaces(left adjusted: add blanks after string)Read(c);Read character cReadString(s)Read string sReadInt(i);Read integer iReadCard(c);Read cardinal cReadReal(r);Read real rReadBool(b);Read boolean bOpenOutput(s);Open file with name s for writing(following write operations write to file)CloseOutput;Close file, redirect output to stdoutOpenInput(s);Open file with name s for reading(following read operations read from file)CloseInput;Close file, redirect input back to stdinThe following gives a number of sample write operations; read operations work thesame way.VAR i: INTEGER; r: REAL;...WriteString("Hello");(* write string on screen *)WriteInt(i,7);(* write integer value using 7 print spaces *)WriteLn;(* start writing in a new line *)OpenOutput("myfile");(* open file, redirect output to file *) WriteString("Hello");(* write string to file *) WriteFixPt(r,9,2);(* write r to file in 9 print spaces with 2 decimals*)

Br�unl Parallaxis-III— 20 —11. September 1994CloseOutput;(* close file, output back to screen *)WriteString("Hello");(* write string on screen *)1.12.Control StructuresSequential control structures are also identical to Modula-2. Please note, that in Modula-2(unlike Pascal) all control structures have to be terminated with keyword END (with theexception of REPEAT, which has a different terminating keyword) and all proce-dures/functions repeat the procedure name with the final END (see the following examples).All control structures may be used with scalar or vector arguments.IF x=0 THEN y:=1; z:=5FOR x:=1 TO 10 DO

ELSE y:=2 y:=2*y

END;END;

WHILE x>0 DOREPEAT x:=x-1; y:=2*y x:=x DIV 2

END;UNTIL x<7;

LOOP x:=x-1;CASE x OF

IF x<7 THEN EXIT 1,3,7: z:=5; y:=3 |

END; 8..15: z:=1 |

END; ELSE z:=3; y:=4

END;

PROCEDURE abc(VAR c:CHAR);PROCEDURE def(x: INTEGER): INTEGER;

(* reference parameter *)(* value parameter + return value *)

BEGIN (* procedure *)BEGIN (* function *)

... RETURN(x+1)

END abc;END def;

1.13.Relation to Modula-2Parallaxis is a true extension of sequential Modula-2, with one exception. No nesting oflocal modules is allowed as an implementation restriction.Besides this limitation, there are also some sequential extensions to the Modula-2syntax. First, a comparison may have an arbitrary number of expressions. This allowsrange checks not possible in Modula-2, like the following:IF 7 < x < 12 THEN ... END;Next, the power operator �**� has been included. It is also possible to specify constantrecords or constant arrays by using the type name as a function identifier (only for recordand arrays of simple types). This is a useful feature for initializing record or array variables:TYPE colorR = RECORD red, green, blue: INTEGER; END; colorA = ARRAY [1..3] OF INTEGER;VAR c: colorR; d: colorA;...

Br�unl Parallaxis-III— 21 —11. September 1994c := colorR(255,255,0);d := colorA(0,255,255);Like in the programming language C, the number and string contents of the commandline parameters can be read in Parallaxis:VAR i : INTEGER; buf: ARRAY [1..20] OF CHAR;...FOR i:=1 TO argc DO argv(i,buf); WriteString(buf); WriteLn;END;Mathematical and I/O operations are pre-defined in Parallaxis and do not have to beexplicitly imported, as in Modula-2. This is necessary, since all the procedures andfunctions may take either scalar or vector parameters.There is some confusion about the MOD operator in Modula-2 and C implementations.In Parallaxis, the result of a modulo operation will always be positive, especially anexpression like (-1) MOD 5 equals 4 in Parallaxis (as does 1 MOD (-5)), and not -1 asin C. This feature is heavily used in connection spefications, e.g. to construct a torus:CONFIGURATION ring[0..max-1];CONNECTION left: ring[i] -> ring[(i-1) MOD max];1.14.EfficiencyNaturally, some Parallaxis statements require more computation time than others, whilemost of these comments apply only to the generation of parallel code for a SIMD systemand not for the simulation on a single-processor workstation. The following summarizesremarks made throughout the text.1.PE Data Exchangestructured data exchange may be faster than unstructured data exchange1.aespecially a structured data exchange on a grid may be much faster(if it corresponds to the hardware, e.g. 100 times on a MasPar MP-2 system)1.ba structured data exchange on a torus may be as fast as on a grid, only if thetorus size equals a possible torus in hardware1.cusing the open configuration construct will cause some run-time overhead,since the connections have to be initialized2.Reduction2.areduction operations require log2 n steps for n PEs, each step comprising adata exchange and an arithmetic operation (in general this data exchange willbe unstructured)2.busing a data exchange with reduction may be very expesive and shouldtherefore be avoided if possible (connection groups may have to be executedsequentially)3.Front End Data Exchangedata exchange to and from the front end (load and store), as well as read and writeoperations with vector data require n steps for n PEs (sequential execution).

Br�unl Parallaxis-III— 22 —11. September 19944.Broadcasting4.abroadcasting a single value from the front end to all PEs requires only 1 step.4.bbroadcasting a single value from one PE to all other PEs requires 2 steps(1 from PE to front end plus 1 from front end to all PEs)

Br�unl Parallaxis-III— 23 —11. September 19942.Sample AlgorithmsThe following sections demonstrate a few sample algorithms programmed in Paral-laxis-III.2.1.Image FilteringThe Laplace operator is one possible operator for emphasizing edges in a gray-scale image(edge detection). The operator carries out a simple local difference pattern (see Figure 2.1)and is therefore well suited to parallel execution. The Laplace operator is applied in parallelto each pixel with its four neighbors.For each pixel:

—1—1—14—1In the whole image:

Br�unl Parallaxis-III— 24 —11. September 1994every iteration). The processing instructions are conceptually simple: Every cell has onlytwo possible states and computes its successor state from an exclusive-or of the states ofits left and right neighbor. The middle cell is initialized with TRUE (printed as �X�), while allof the other cells are initialized with FALSE (printed as empty spaces).MODULE cellular_automaton;CONST n = 79; (* number of elements *) m = (n+1) DIV 2; (* number of loops := middle *)CONFIGURATION list [1..n];CONNECTION left: list[i] <-> list[i-1] :right;VAR i : INTEGER; val: list OF BOOLEAN; c : list OF ARRAY BOOLEAN OF CHAR; (* = ARRAY[FALSE..TRUE] OF CHAR *)BEGIN val := ID(list) = m; (* Init *) c[FALSE]:= " "; c[TRUE] := "X"; FOR i := 1 TO m DO Write(c[val]); val := MOVE.left(val) <> MOVE.right(val); END;END cellular_automaton.The CONFIGURATION and CONNECTION declarations define a doubly linked list of PEs.For screen output of the current state of all PEs, every boolean state is converted to asymbol of type CHAR. The complete character vector is then written to the screensequentially by a vector valued Write operation. The initialization of the main programassigns the value TRUE only to the middle PE with number (n+1 DIV 2); all other PEsreceive the value FALSE. Finally, there is a scalar loop which prints the current state andcalculates the next cell state in each pass, using data exchange with the left and rightneighbors.Figure 2.2 shows the states of this cellular automaton, in which time progresses fromtop to bottom. X XX XXXX

XXXXXXXX

XXXXXXXXXXXXXXXX

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

Figure 2.2 Output of cellular automaton

Br�unl Parallaxis-III— 25 —11. September 19942.3.Generation of FractalsThe algorithm presented here is a problem that can be solved by a data parallel programwith the �divide-and-conquer� method. This is, however, not possible with all divide-and-conquer algorithms, since the different branches usually have to carry out different pro-gram parts. The algorithm presented here generates a one-dimensional fractal curve usingmidpoint displacement (see [Peitgen, Saupe 88]). It starts with a straight line, which has itsmidpoint displaced up or down according to a weighted random value. Two line segmentswith different slopes arise from this process, and these are handled recursively in parallel inexactly the same way during the following steps (see Figure 2.3). The number of linesegments to be processed doubles at every step, until the required resolution is reached.The processor structure used here is a binary tree structure. Beginning with the root, in eachstep the following tree level is activated until the leaves are reached. After computing theleaf level, the program prints the result values of the whole tree and terminates. Since withthe exception of the communication there is only one tree level active at a time, only half asmany PEs would be sufficient with a more complicated connection structure.A simple tree structure is declared in the Parallaxis program, through which start andend points of the lines are passed (�**� denotes the exponential operator). Only procedureMidPoint is shown, where the actual processing takes place. The tree levels are activatedsuccessively, and the midpoint displacement is carried out for each level (using functionGauss not shown here, which returns a gaussian distributed random value). While theleaves have not yet been reached, the data values low and high are passed to the childnodes. In this method, the left child receives the values low and x as the start and endpoints of its line segment, while the right child receives x and high.

startingstateafter 1ststepafter 2nd stepafter nth step

PEs Arranged as a Binary TreeFigure 2.3 Divide-and-conquer implemented with tree topologyCONFIGURATION tree [1..maxnode];CONNECTION lchild : tree[i] <-> tree[2*i] :parent; rchild : tree[i] <-> tree[2*i+1] :parent;VAR low, high, x: tree OF REAL;PROCEDURE MidPoint(delta: REAL; level: INTEGER);BEGIN (* select level *) IF 2**(level-1) <= ID(tree) <= 2**level-1 THEN x := 0.5 * (low + high) + delta*Gauss(); IF level < maxlevel THEN SEND.lchild (low,low); (* values for children *) SEND.lchild (x,high);

Br�unl Parallaxis-III— 26 —11. September 1994 SEND.rchild (x,low); SEND.rchild (high,high); END; END;END MidPoint;

Figure 2.4 Fractal curve generated by programThe computation time required for this program is log2 n steps for n leaf nodes (equalto the tree’s height). Figure 2.4 shows a fractal curve generated by this program with 127PEs, while Figure 2.5 shows the beginning of another fractal number sequence interpretedas fractal music.

Br�unl Parallaxis-III— 27 —11. September 1994Numbers distributed among the PEs

415233. odd4. evenSteps:

45213451232. even1. odd1425312435123455. oddVAR step : INTEGER; a : ARRAY[1..n] OF INTEGER; val,comp: list OF INTEGER; lhs : list OF BOOLEAN;BEGIN WriteString(’Enter 10 values: ’); ReadInt(val); lhs := ODD(ID(list)); (* PE is left-hand-side of comparison *) FOR step:=1 TO n DO IF lhs THEN comp := RECEIVE.left(val) ELSE comp := RECEIVE.right(val) END; IF lhs = (comp<val) THEN val:=comp END;(* lhs & (comp< val) *) lhs := NOT lhs; (* or rhs & (comp>=val) *) END; WriteInt(val,5);END sort.Figure 2.7 shows the runtime behaviour of the OETS sorting algorithm for sorting of1000 numbers. The PE load curve shows a continuous high processor utilization.

Br�unl Parallaxis-III— 28 —11. September 1994

active PEs

ABCimage levelA’ B’A" B"left eyeright eyeFigure 2.8 Stereo visionQuite some years ago, Julesz used �random dot stereograms�, to show that the brain isable to interpret stereograms, with each monocular image by itself lacking any imagecontents (see [Julesz 60] and [Julesz 78]). Each of the left and right images consideredalone appears to be completely randomly generated and contains no information. The 3Deffect emerges from the interaction of the two images inside the brain, where the stereodisparity in the random patterns are analyzed and converted into spatial sensations.Random dot stereograms are very easy to generate on a computer system and do not have

Br�unl Parallaxis-III— 29 —11. September 1994the disadvantage of photographs, such as imprecision and alignment problems. Neither dothey require edge detection, since random dot stereograms consist of edges only.Generation of random dot stereograms1.Fill the left and right images with identical random values leftright

2.Raising or lowering areasright image before

right image after right image filled

An object can be raised to a certain altitude by shifting it only in the right image acorresponding number of pixels to the left (or lowered to some depth level by shiftingto the right). The gap created in this process is then filled with a random dot pattern.The left image remains unchanged. This step is repeated for every area that will beelevated or lowered from the original image plane.TYPE b_image = grid OF BOOLEAN; g_image = grid OF [0..255]; i_image = grid OF INTEGER;...PROCEDURE generate_random_dot(VAR l_pic, r_pic: b_image);VAR i,num, from_x, from_y, to_x, to_y, shifts: INTEGER;BEGIN l_pic := RandomBool(grid); (* random vector boolean *) r_pic := l_pic; WriteString("Number of Areas to Elevate: "); ReadInt(num); FOR i := 1 TO num DO WriteString("Area: from-x from-y to-x to-y shifts "); ReadInt(from_x); ReadInt(from_y); ReadInt(to_x); ReadInt(to_y); ReadInt(shifts); IF (from_y <= DIM(image,2) <= to_y) AND (from_x - shifts <= DIM(image,1) <= to_x) THEN SEND.left:shifts (r_pic,r_pic) (* move rectangle *) END; IF (from_y <= DIM(image,2) <= to_y) AND (to_x - shifts <= DIM(image,1) <= to_x) THEN r_pic := RandomBool(grid); (* fill gap *) END; END;END generate_random_dot;

Br�unl Parallaxis-III— 30 —11. September 1994Display of StereogramsThere is a quite a number of possible techniques for viewing stereograms, all of whichensure that only the left picture is seen by the left eye and only the right picture by the righteye. Examples are prisms, LCD shutter displays, polarization filters, red/green filters, headmounted displays (two screens) or simply the concentrated viewing of each image withone eye. Red/green glasses (anaglyph method) represent the easiest option to implement.First the left image is colored green/white and the right image is colored red/white. Thenthe images are printed on top of each other, but slightly out of alignment, so that thedisplacement cannot be recognized without the glasses. If two colored pixels are to beprinted on top of each other, they should appear on paper or on the screen as a black pixel.left

right green redgreen redwhiteblacktogetherThe red filter in front of the left eye only allows the red light to pass through and there-fore makes the green and black points appear dark and the white and red points light. Thiscorresponds exactly to the original left image. The green filter in front of the right eye onlyallows the green light to pass through, therefore the red and black pixels appear dark. Thegreen image is thereby filtered out of the mixed image stereogram (see Figure 2.9).

white green red black red foil in front of the left eye

·light dark light dark red/ greenglasses green foil in front of right eye

·light light dark darkFigure 2.9 Effect of stereo glassesThe ensuing reverse calculation from the stereograms (e.g. regenerating the depth in-formation from the left and right images) is much more difficult and computationallyexpensive than the generation of the stereograms. In addition, the reverse calculation cannever be 100% correct. Usually, there are individual points which are assigned false depthvalues.Analysis of random dot stereograms(Reverse calculation of depth information from stereograms)

Br�unl Parallaxis-III— 31 —11. September 19941.Comparison of the right image to the left image and search for matching pixelsleft right

Stereogram M

leftrightnoneboth

M YesNo

MatchingA pair of corresponding pixels (one pixel from left and right image each, at the sameposition) match if both pixels are black or both are white. This operation can be per-formed in parallel on all pixels.2.Shifting of the left image one pixel to the left and comparison with the right image leftrightnonebothleft imageright image

YesNoNo, due to border·

·····Level 1This shift step with subsequent comparison of left and right image (see step 1) iscarried out iteratively for each depth level. This gives the matching pixels for all heightlevels.3.Determining the depth of each Pixel

3 4 3 4 35 6 0 0 45 0 0 0 44 6 6 6 46 8 7 7 5

Level 0MMLevel 1

0 0 3 0 00 5 6 3 00 5 6 0 0 0 2 0 0 00 4 0 0 0This step is also carried out iteratively for each depth level, but in parallel for all pixels.Data from a 5 · 5 local neighbor field (only a 3 · 3 field is shown in the figure) witheight-way grid connections is used to determine the matching neighborhood for allpixels. Pixels not matching receive the value zero, while pixels matching receive thesum of all neighbor pixels that also match, plus one for themselves.

Br�unl Parallaxis-III— 32 —11. September 19944.Selection of the best fitting level (depth) for each pixelLevel 1

Level 0M

Level 1Level 0

Height Image Correct Height Image Ł� ł�˚

˚˚The level (depth) that gives the largest matching sum for each pixel is selected as thelevel for that pixel (in the case of equal values, the lower level is selected). If theneighborhood values for all levels are zero, the level of one of the neighbor pixels ischosen. This computation can be done in parallel for all pixels.The data from all the levels can be combined into a depth image (�false color im-age�), as shown here. For each pixel, its color represents its depth. The solution foundin the example is not totally correct, since differences of isolated pixels are notavoidable with this procedure. The correct depth image is shown in parentheses belowit.5.Filter (optional)In order to eliminate single pixel errors, a local 3 · 3 matrix can be used in each level,to sum the number of pixels already in that level. Pixels having too few neighbors inthis level (number < threshold) are assigned to another level. The filter operation can beperformed in parallel for all pixels.The algorithm for analyzing random dot stereograms shown here can very easily betranslated into a data parallel program. Function sum_3x3 returns the sum of a local 3·3neighborhood.PROCEDURE analyze_random_dot(l_pic,r_pic: b_image; steps: CARDINAL; VAR elev: g_image);VAR equal : b_image; level, maxlevel: i_image; i : INTEGER; PROCEDURE sum_3x3(val: i_image): i_image; VAR l_r: i_image; BEGIN l_r := val + MOVE.left(v) + MOVE.right(v); (* horiz. sum *) RETURN( l_r + MOVE.up(l_r) + MOVE.down(l_r) ); (* vert. sum *) END sum_3x3; (* cumulative *)BEGIN elev := 0; maxlevel := 0; FOR i := 0 TO steps DO (* add congruences in 5x5 neighborhood *) equal := l_pic = r_pic;

Br�unl Parallaxis-III— 33 —11. September 1994 level := sum_3x3( ORD(equal) ); (* find image plane with max. value *) IF equal AND (level > maxlevel) THEN elev := i; maxlevel := level; END; l_pic := MOVE.left(l_pic); (* move image *) END;END analyze_random_dot;Figure 2.10 shows a sample stereogram and the corresponding calculated depth infor-mation (containing a few inevitable defects) together with a subsequent smoothing using a3·3 median filter operation.Generated Random Dot Stereogram:left imageright image

Br�unl Parallaxis-III— 34 —11. September 1994

active PEs

Br�unl Parallaxis-III— 35 —11. September 1994[Thinking Machines 89] Thinking Machines Corporation, Connection Machine Model CM-2 TechnicalSummary, version 5.1, Technical Report, May 1989[Wirth 83]N. Wirth, Programming in Modula-2, Springer-Verlag, Berlin Heidelberg New York,1983

Br�unl Parallaxis-III— 36 —11. September 1994AppendixA.1.Data TypesParallaxis supports all data types available in Modula-2:INTEGERinteger numbers (4 bytes)CARDINALinteger numbers greater or equal to 0 (4 bytes)REALfloating point numbers (4 bytes)CHARcharacter values (1 byte),ordinal values ranging from 0 to 255BOOLEANtruth values (1 byte), equal to (FALSE,TRUE)ARRAY .. OF ..array of data valuesRECORD .. ENDcollecting several entries to a structured typeSET OF ..set of a simple typeBITSETequivalent to SET OF [0..31]POINTER TO ..pointer to a type, data has to be allocated dynamicallyPROCEDURE (..)procedure or function type,e.g.TYPE function = PROCEDURE (REAL): REAL;enumerationenumerating all values of a type (1 byte)e.g.TYPE day = (mo, tu, we, th, fr, sa, su);subrangelimited range of values (from 1 to 4 bytes)e.g.TYPE workday = [mo..fr]; digit = [0..9];A.2.Built-in Functions and ProceduresAll built-in functions and procedures may be called with either scalar or vector arguments.The return value of such a function is scalar if its argument is scalar, and vector if itsargument is vector. Type INTEGER always includes type CARDINAL.In Modula-2, mathematical functions and I/O-procedures are separate modules andtheir objects have to be imported. In Parallaxis, however, all these functions and procedurescan be used with either scalar or vector arguments. Therefore, they had to be included asbuilt-in functions and procedures.General FunctionsFLOAT(i)return real value of integer iTRUNC(t)return value of real r, truncated to an integerABS(i);return absolute value of x, type Integer or RealCHR(i)return character with ordinal number iVAL(t,i)return value of type t with ordinal number iORD(c)return ordinal number of c for character or enumeration type,starting with 0MAX(t)return maximum value of type t

Br�unl Parallaxis-III— 37 —11. September 1994MIN(t)return minimum value of type tSIZE(t)return number of bytes required for a variable of type tHIGH(a)return upper bound of open array aODD(i)return "i MOD 2 <> 0", type integer or charEVEN(i)return "i MOD 2 = 0", type integer or charCAP(c);return capital character, corresponding to cGeneral ProceduresNEW(p)allocate memory for a new data element, set p to addressDISPOSE(p)deallocate memory for the element point to by ppointer data type is POINTER TO base_typenil element is NILDEC(i)i := i —1, type integer or characterDEC(i,n)i := i —n, type integer or characterINC(i)i := i +1, type integer or characterINC(i,n)i := i +n, type integer or characterEXCL(s,n)exclude integer n from set sINCL(s,n)add integer n to set sHALTterminate program executionCommand Line ArgumentsPROCEDURE argc: CARDINAL;number of command line parametersPROCEDURE argv(index: CARDINAL; VAR arg: ARRAY OF CHAR);get command line parameters (range 1..argc)Mathematical FunctionsThe following functions have real arguments and return real values (scalar or vector).piconstant p = 3.1415926535897932385sqrt(r)square root, �‘rexp(r)exponent, erln(r)natural logarithm, ln(r)sin(r)sinearcsin(r)arcus sinecos(r)cosinearccos(r)arcus cosinetan(r)tangentarctan(r)arcus tangent, range —p/2 .. +p/2arctan2(r1,r2)arcus tangent of r1 / r2 in range —p .. +pThe following functions have real arguments and return integer values.ceiling(r)round r to the next higher integerfloor(r)round r to the next lower integerround(r)round r to the closest integerThe following functions generate random numbers. For the parallel versions, a vectorvariable may be used in lieu of a configuration name conf .RandomInt()generate a scalar integer random (0..MAX(INTEGER))RandomCard()generate a scalar cardinal random (0..MAX(CARDINAL))RandomReal()generate a scalar real random number (range 0..1)

Br�unl Parallaxis-III— 38 —11. September 1994RandomChar()generate a scalar character random value (CHR(0..255))RandomBool()generate a scalar boolean random value (TRUE or FALSE)RandomInt(conf)generate a vector integer random (0..MAX(INTEGER))RandomCard(conf)generate a vector cardinal random (0..MAX(CARDINAL))RandomReal(conf)generate a vector real random number (range 0..1)RandomChar(conf)generate a vector character random value (CHR(0..255))RandomBool(conf)generate a vector boolean random value (TRUE or FALSE)Input/Output ProceduresThe following procedures may take either scalar or vector arguments. I/O operations do notgenerate run-time errors, but set the scalar boolean variable Done according to the successof the operation. All read operations besides Read set the scalar character variable termCH.Vector data is printed in ascending ID order for all active PEs. Some rudimentaryformatting is performed, when printing vector data. All integer, real, boolean, or stringvector data (but not vector characters) will be separated by blanks when printed. A carriagereturn (new line) is inserted after the end of each dimension (e.g. this will print a two-dimensional vector in matrix format).WriteLn;Start a new line (no arguments)Write(c);Write character cWriteString(s)Write string sWriteInt(i,l);Write integer i using l print spaces(right adjusted: add blanks in front of number)WriteCard(c,l);Write cardinal c using l print spacesWriteReal(r,l);Write real r using l print spacesWriteFixPt(r,l,m);Write real r using l print spaces and m decimalsWriteBool(b,l);Write boolean b using l print spaces(left adjusted: add blanks after string)Read(c);Read character cReadString(s)Read string sReadInt(i);Read integer iReadCard(c);Read cardinal cReadReal(r);Read real rReadBool(b);Read boolean bThe following procedures take scalar arguments only.OpenOutput(s);Open file with name s for writing(if s is empty, then the user is prompted for a filename; following write operations write to file)CloseOutput;Close file, redirect output to stdoutOpenInput(s);Open file with name s for reading(if s is empty, then the user is prompted for a filename; following read operations read from file)CloseInput;Close file, redirect input back to stdinVector FunctionsFor the following functions and procedures, who take a configuration name as argument, avector variable may be used in lieu of a configuration name. Argument num is a positiveinteger, dims is a vector array of integers.

Br�unl Parallaxis-III— 39 —11. September 1994ID(conf)returns a vector of identification numbers from 1 toLEN(conf) for configuration confDIM(conf,num)returns a vector of position numbers according to thedimension declaration of conf, dimensions arenumbered from right to left from 1 to RANK(conf)LEN(conf)returns the total number of PEs of a configurationLEN(conf,num)returns the size of a dimensionRANK(conf)returns the number of dimensionsUPPER(conf,num)returns the upper bound of a dimensionLOWER(conf,num)returns the lower bound of a dimensionDIM2ID(conf,dims)transforms the appropriate number of dim-valuesinto the corresponding id-value, may be used withscalar or vector parametersMOVE.dir(val)data transfer in predefined direction dir, sender andreceiver have to be activeRECEIVE.dir(val)data transfer in predefined direction dir, only receiverhas to be activeREDUCE.func(val)reduces vector val to a scalar value, by applying func(predefined: SUM, PRODUCT, MAX, MIN, AND, OR,FIRST, LAST, or user function with two inputparameters and a return value of identical type)Vector ProceduresID2DIM(conf,num,dims)transforms an id-value into an array of correspond-ing dim-values, may be used with scalar or vectorparametersSEND.dir(val, var)data transfer in predefined direction dir, variable varreceives expression val, only sender has to be activeA.3.Graphics InterfaceX Window GraphicsModule Graphics provides a convenient interface in Parallaxis for generating graphics,based on the X window system. Like read/write operations, graphics operations do notgenerate runtime errors, but set the variable Done according to the success of an operation.Type CARDINAL restricts INTEGER to positive numbers (‡ 0).DEFINITION MODULE Graphics;

(* created: T. Braunl, Oct.94 *)

TYPE binary = BOOLEAN;

gray = [0..255];

color = RECORD red, green, blue: gray

END;

window = CARDINAL;

Br�unl Parallaxis-III— 40 —11. September 1994CONST b_black = FALSE;

b_white = TRUE;

g_black = 0;

g_white = 255;

c_black = color( 0, 0, 0);

c_white = color(255,255,255);

c_red = color(255, 0, 0);

c_green = color( 0,255, 0);

c_blue = color( 0, 0,255);

PROCEDURE OpenWindow(title: ARRAY OF CHAR; width,height: CARDINAL):

window;

PROCEDURE CloseWindow(window_num: window);

PROCEDURE SelectWindow(window_num: window);

(* OpenWindow: Open a new window of specified title and size in *)

(* pixels, return window number, activate new window *)

(* CloseWindow: close window; SelectWindow: activate window *)

PROCEDURE GetScreenSize(VAR width,height: CARDINAL);

PROCEDURE GetWindowSize(VAR width,height: CARDINAL);

(* Returns size in pixels of whole screen or active window, resp. *)

PROCEDURE SetArea (c: VECTOR OF color);

PROCEDURE SetgArea(c: VECTOR OF gray);

PROCEDURE SetbArea(c: VECTOR OF binary);

PROCEDURE SetAreaXYZ (c: VECTOR OF color; x,y,zoom: INTEGER);

PROCEDURE SetgAreaXYZ(c: VECTOR OF gray; x,y,zoom: INTEGER);

PROCEDURE SetbAreaXYZ(c: VECTOR OF binary; x,y,zoom: INTEGER);

(* All active PEs write one pixel each, assuming a 2-dim. grid *)

(* configuration of appropriate size, image will be truncated or *)

(* left partly unchanged if PE grid size does not match image size *)

(* origin is top left corner with coordinates 0, 0 *)

(* version "g" for gray data, version "b" for binary data *)

(* versions "XYZ" with offset and zoom (both pos. or neg.) *)

(* zoom range 1..256 determines pixel size, neg. zoom reduces size *)

PROCEDURE SetLine (c: VECTOR OF color; line: CARDINAL);

PROCEDURE SetgLine(c: VECTOR OF gray; line: CARDINAL);

PROCEDURE SetbLine(c: VECTOR OF binary; line: CARDINAL);

(* print PE data along specified line, top line has no. 0 *)

PROCEDURE SetColumn (c: VECTOR OF color; col: CARDINAL);

PROCEDURE SetgColumn(c: VECTOR OF gray; col: CARDINAL);

PROCEDURE SetbColumn(c: VECTOR OF binary; lin: CARDINAL);

(* print PE data along specified column, leftmost line has no. 0 *)

PROCEDURE SetColor (c: color);

PROCEDURE SetgColor(c: gray);

PROCEDURE SetbColor(c: binary);

(* Specify color for subsequent pixel/line/draw commands *)

(* "g" and "b" version for gray and binary data *)

Br�unl Parallaxis-III— 41 —11. September 1994PROCEDURE SetPixel(x,y: CARDINAL);

PROCEDURE GetPixel(x,y: CARDINAL): color;

PROCEDURE Line(x1,y1, x2,y2: CARDINAL);

(* scalar functions for writing or reading a single pixel *)

(* scalar line: straight line from y1,x1 to y2,x2 *)

PROCEDURE DrawAt(x,y: CARDINAL);

(* Set drawing position for subsequent drawing commands *)

(* initialized with lower left character position (1,1) *)

(* position will be updated by each drawing command *)

PROCEDURE Draw (c: CHAR);

PROCEDURE DrawString(s: ARRAY OF CHAR);

PROCEDURE DrawInt (i,l: INTEGER);

PROCEDURE DrawCard (c,l: CARDINAL);

PROCEDURE DrawReal (r: REAL; l: CARDINAL);

PROCEDURE DrawFixPt (r: REAL; l,m: CARDINAL);

PROCEDURE DrawBool (b: BOOLEAN; l:CARDINAL);

PROCEDURE DrawLn;

(* Draw character c in window; Draw string s in window *)

(* Draw integer/cardinal i in window, using l print spaces *)

(* Draw real r in window, using l print spaces *)

(* Draw boolean value b in window, using l print spaces left adj. *)

(* DrawLn set drawing position to new line *)

END Graphics.

Image File TransferModule ImageIO contains a number of operations for reading images from files andwriting images to files (no X window interface is needed). The binary versions of the PPM(portable pixel map) file format are used for color, gray scale, and binary images.DEFINITION MODULE ImageIO;

(* created: T. Braunl, Oct.94 *)

(* ************************************************* *)

(* read_c_image read color image in ppm P6 format *)

(* into a vector variable *)

(* read_g_image read gray image in ppm P5 format *)

(* read_b_image read binary image in ppm P4 format *)

(* *)

(* write_c_image write volor image in P6 format *)

(* write_g_image write gray image in P5 format *)

(* write_b_image write binary image in P4 format *)

(* PE-ID 1 (origin) is top left *)

CONST b_black = FALSE;

b_white = TRUE;

g_black = 0;

g_white = 255;

Br�unl Parallaxis-III— 42 —11. September 1994 c_black = color( 0, 0, 0);

c_white = color(255,255,255);

c_red = color(255, 0, 0);

c_green = color( 0,255, 0);

c_blue = color( 0, 0,255);

TYPE binary = BOOLEAN;

gray = [0..255];

color = RECORD red, green, blue: gray

END;

PROCEDURE read_c_image (VAR im: VECTOR OF color;filename: ARRAY OF CHAR;

VAR width,height: CARDINAL);

PROCEDURE read_g_image (VAR im: VECTOR OF gray; filename: ARRAY OF CHAR;

PROCEDURE read_b_image (VAR im: VECTOR OF binary;filename:ARRAY OF CHAR;

PROCEDURE write_c_image (im: VECTOR OF color; filename: ARRAY OF CHAR;

width,height: CARDINAL);

PROCEDURE write_g_image (im: VECTOR OF gray; filename: ARRAY OF CHAR;

PROCEDURE write_b_image (im: VECTOR OF binary; filename: ARRAY OF CHAR;

END ImageIO.

Br�unl Parallaxis-III— 43 —11. September 1994A.4.Parallaxis-III SyntaxParallaxis-III Syntax is specified in EBNF (Extended Backus-Naur-Form).1CompilationUnit=ProgramModule| DefinitionModule| ImplementationModule| ForeignModule .2ProgramModule=MODULE Ident ’;’ { Import } Block Ident ’.’ .3DefinitionModule=DEFINITION MODULE Ident ’;’{ Import } [ Export ] { Definition } END Ident ’.’ .4ImplementationModule=IMPLEMENTATION MODULE Ident ’;’{ Import } Block Ident ’.’ .5ForeignModule=FOREIGN MODULE Ident ’;’{ Import } [ Export ] { Definition } END Ident ’.’ .6Definition=CONFIGURATION {ConfigDeclaration ’;’}’| CONNECTION { ConnectionDeclaration ’;’}| CONST {ConstantDeclaration ’;’}| TYPE {Ident [ ’=’ GeneralType ] ’;’}| VAR {VariableDeclaration ’;’}| ProcedureHeading ’;’ .7Import=[ FROM Ident ] IMPORT IdentList ’;’ .8Export=EXPORT [ QUALIFIED ] IdentList ’;’ .9Block={Declaration } [ BEGIN StatementSequence ] END .10Declaration=CONFIGURATION {ConfigDeclaration ’;’}| CONNECTION {ConnectionDeclaration ’;’}| CONST {ConstantDeclaration ’;’}| TYPE {TypeDeclaration ’;’}| VAR {VariableDeclaration ’;’}| ProcedureDeclaration ’;’ .11ConfigDeclarartion=Config {’;’ Config } .12Config=[ Ident [ ’=’ Qualident ] ConfigRange { ’,’ ConfigRange } ] .13ConfigRange=’[’ ConstExpression ’..’ ConstExpression ’]�| ’[’ ’*’ ’]’ .14ConnectionDeclaration=TransferFunction| FOR Ident ’:=’ Expression TO Expression DOTransferFunction {’;’ TransferFunction } END .15TransferFunction=[ Direction ’:’ Qualident ’[’ Source {’,’ Source }’]’( ’—>’ Dest1 {’,’ Dest1} | ’<—>’ Dest2 {’,’ Dest2} ) ]16Direction=Ident [ ’[’ Source ’]’ ] .17Source=Ident| Integer| String| ’*’ .18Dest1=[ Discriminant ] Qualident ’[’ DestExprList ’]’ .19Dest2=[ Discriminant ] Qualident ’[’ DestExprList ’]’ :’ Ident[ ’[’ Expression ’]’ ] .20DestExprList=DestExpr {’,’ DestExpr } .21DestExpr=Expression| Expression ’..’ Expression| ’*’ .22Discriminant=’{’ Expression ’}’ .23ConstantDeclaration=Ident ’=’ ConstExpression .24ConstExpression=Expression .25TypeDeclaration=Ident ’=’ GeneralType .26GenaralType=SimpleType| GeneralArrayType| GeneralRecordType| SetType

Br�unl Parallaxis-III— 44 —11. September 1994| PointerType| ProcedureType| ( VECTOR | Qualident ) [ Qualident ] OF ScalarType .27ScalarType=SimpleType| ScalarArrayType| ScalarRecordType| SetType| PointerType| ProcedureType .28GeneralArrayType=ARRAY SimpleType { ’,’ SimpleType } OF GeneralType .29GeneralRecordType=RECORD FieldListSequence1 END .30FieldListSequence1=[ FieldList1 { ’;’ FieldList1 } ] .31FieldList1=IdentList ’:’ GeneralType| CASE [ Ident ] ’:’ Qualident OF Variant { ’|’ Variant}[ ELSE FieldListSequence2 ] END .32Variant=[ CaseLabelList ’:’ FieldListSequence2 ] .33CaseLabelList=CaseLabels { �,’ CaseLabels } .34CaseLabels=ConstExpression [ ’..’ ConstExpression ] .35ScalarArrayType=ARRAY SimpleType { ’,’ SimpleType } OF ScalarType .36ScalarRecordType=RECORD FieldListSequence2 END .37FieldListSequence2=[ FieldList2 {’;’ FieldList2 } ] .38FieldList2=IdentList ’:’ ScalarType| CASE [ Ident ] ’:’ Qualident OF Variant { ’|’ Variant }[ ELSE FieldListSequence2 ] END .39SimpleType=Qualident| Enumeration| SubrangeType .40Enumeration=’(’ IdentList ’)’ .41SubrangeType=[ Qualident ] ’[� ConstExpression ’..’ ConstExpression ’]’ .42SetType=SET OF SimpleType .43PointerType=POINTER TO GeneralType .44ProcedureType=PROCEDURE [ FormalTypeList ] .45FormalTypeList=’(’ [ [ VAR ] FormalType { ’;’ [ VAR ] FormalType } ] ’)’[ ’:’ [ ( VECTOR | Qualident ) OF ] Qualident .46FormalType=[ ( VECTOR | Qualident ) OF ] [ ARRAY OF ] Qualident .47VariableDeclaration=IdentList ’:’ GeneralType .48ProcedureDeclaration=ProcedureHeading ’;’ Block Ident .49ProcedureHeading=PROCEDURE Ident [ FormalParameters ] .50FormalParameters=’(’ [ Parameter { ’;’ Parameter } ] ’)’ [ ’:’ Qualident ] .51Parameter=[ VAR ] IdentList ’:’ FormalType .52StatementSequence=Statement {’;’ Statement } .53Statement=[ Assignment| ProcedureCall| IfStatement| CaseStatement| WhileStatement| RepeatStatemen| LoopStatement| ForStatement| WithStatement| EXIT| RETURN [ Expression ]| AllStatement| SendStatement| LoadStatement| StoreStatement ] .54Assignment=Designator ’:=’ Expression .55ExprList=Expression { ’,’ Expression } .

Br�unl Parallaxis-III— 45 —11. September 199456Expression=SimpleExpression { RelationOperator SimpleExpression }.57RelationOperator=’=’ | ’#’ | ’<>’ | ’<’ | ’<=’ | ’>’ | ’>=’ | IN .58SimpleExpression=[ ’+’ | ’—’ ] Term { AddOperator Term } .59AddOperator=’+’ | ’—’ | OR .60Term=Power { MulOperator Power } .61MulOperator=’*’ | ’/’ | DIV | MOD | AND | ’&’ .62Power=Factor { ’**’ Factor } .63Factor=Number| String| Set| Designator [ ActualParameters ]| MoveFunction| ReceiveFunction| ReduceFunction| ArrayInitializer| RecordInitializer| ’(’ Expression ’)’| NOT Factor| ’~’ Factor .64Set=[ Qualident ] ’{’ [ Element { ’,’ Element } ] ’}’ .65Element=ConstExpression [ ’..’ ConstExpression ] .66ActualParameters=’(’ [ ExprList ] ’)’ .67MoveFunction=MOVE ’.’ DirSpecifier ’(’ Expression ’)’ .68DirSpecifier=Ident [ ’[’ Expression ’]’ ] [ ’:#’ ReductIdent ]| ’<<’ Expression ’>>’ [ ’:#’ ReductIdent ]| ’<:’ Dimension { ’,’ Dimension } ’:>’ [ ’:#’ ReductIdent ].69SendSpecifier=Ident [ ’[’ Expression ’]’ ] [ ’:’ StepSpecifier ] [ ’:#’ ReductIdent ]| ’<<’ Expression ’>>’ [ ’:#’ ReductIdent ]| ’<:’ Dimension { ’,’ Dimension } ’:>’ [ ’:#’ ReductIdent ] .70StepSpecifier=’(’ Expression ’)’ | Qualident | Integer .71ReductIdent=AND | OR | Qualident .72ReceiveFunction=RECEIVE ’.’ DirSpecifier ’(’ Expression ’)’ .73ReduceFunction=REDUCE ’.’ ReductIdent ’(’ Expression ’)’ .74ArrayInitializer=Qualident ’(’ ExprList ’)’ .75RecordInitializer=Qualident ’(’ ExprList ’)’ .76ProcedureCall=Designator [ ActualParameters ] .77IfStatement=IF Expression THEN StatementSequence{ ELSIF Expression THEN StatementSequence}[ ELSE StatementSequence ] END .78CaseStatement=CASE Expression OF Case { ’|’ Case }[ ELSE StatementSequence ] END .79Case=[ CaseLabelList ’:’ StatementSequence ] .80WhileStatement=WHILE Expression DO StatementSequence END .81RepeatStatement=REPEAT StatementSequence UNTIL Expression .82ForStatement=FOR Ident ’:=’ Expression TO Expression[ BY ConstExpression ] DO StatementSequence END .83LoopStatement=LOOP [ OF Qualident DO ] StatementSequence END .84WithStatement=WITH Designator DO StatementSequence END .85AllStatement=ALL Qualident DO StatementSequence END .86SendStatement=SEND ’.’ SendSpecifier ’(’ Expression ’,’ Designator ’)’ .87LoadStatement=LOAD ’(’ Designator ’,’ Designator [ ’,’ Designator ] ’)’ .88StoreStatement=STORE ’(’ Designator ’,’ Designator [ ’,’ Designator ] ’)’ .89Designator=Qualident { << Expression >> | <: ExprList :>| ’.’ Ident | ’[’ ExprList ’]’ | ’^’ } .90Dimension=Expression | ’*’ | ’#’ ReductIdent .

Br�unl Parallaxis-III— 46 —11. September 199491Qualident=Ident [ ’.’ Ident ] .92IdentList=Ident { ’,’ Ident } .93Ident=Letter { Letter | Digit } .94Letter=( ’A’ .. ’Z’ | ’a’ .. ’z’ | ’_’ ) .95String=’ ’ ’ { Character } ’ ’ ’ | ’ " ’ { Character } ’ " ’ .96Number=Integer | Real .97Integer=Digit { Digit } [ ’D’ ]| OctalDigit { OctalDigit } ( ’B’ | ’C’ )| Digit { HexDigit } ’H’ .98Real=Digit { Digit } ’.� { Digit } [ ScaleFactor ] .99ScaleFactor=’E’ [ ’+’ | ’—’ ] Digit { Digit } .100HexDigit=Digit | ’A’ | ’B’ | ’C’ | ’D’ | ’E’ | ’F’ .101Digit=OctalDigit | ’8’ | ’9’ .102OctalDigit= ’0’ | ’1’ | ’2’ | ’3’ | ’4’ | ’5’ | ’6’ | ’7’ .