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Preface

Mathematica is a comprehensive numeric and symbolic programming system with applica-
tions in a wide range of areas. The MathCode? code generation system presented in this
book adds very high performance, connectivity to external applications and easy-to-use ma-
trix arithmetic. The combined Mathematica & MathCode system becomes a very powerful
environment that support both design, prototyping, programming and documentation.

MathCode makes it possible to develop prototypes in the interactive Mathematica
environment which can be automatically translated to fast production code in C++ or
Fortran90 and, if necessary, linked to external applications. Generated code is typically
about 1000 times faster than plain Mathematica code, and often close to 100 times faster
than code generated by the standard Mathematica Conpi | e. Both standalone code and
connected code can be produced. Connectivity from Mathematica to C, C++, Fortran77 or
Fortran90 codeis obtained by automatically generating MathLink codefor calling generated
code and external applications.

Callbacks from external applications to Mathematica can be generated automatically.
Generation of stand-alone external code is supported. Symbolic Mathematica code can be
translated provided that the final result of symbolic operations are arithmetic expressions.

To summarize, MathCode opens up completely new possibilities for cost-effective
development of high performance computational applications in the highly productive
Mathematica environment.

Several people have contributed to particular subject matters regarding this book and
MathCode. Johan Gunnarsson contributed to the general design in anumber of places, most
of the chapter on array slice operations as well as their implementation in Mathematica,
parts of the high level code transformations, and several notebook examples. Vadim
Engelson implemented parts of the low level code generator and helped with the external
functions and trouble shooting chapter, as well as contributed to the MathCode array
package and the implementation of external functions and callbacks. Pontus Lidman made
most of the index to this book, most of the installation instructions, and helped with editing
and minor corrections. Mats Jirstrand gave useful comments regarding the manuscript.
Y elena Turetskaya checked the most recent version of this book. Many other people have



read the manuscript and given valuable comments. Thank you!

The MathCode system isinspired by the code generation facilitiesin an earlier research
prototype called ObjectMath, intended for object oriented mathematical modeling and
efficient code generation. This prototype was developed 1990-96 at the Programming
Environments Laboratory, Department of Computer and Information Science, Linkdping
University, with contributions by myself, Dag Fritzson, Niclas Andersson, Vadim Engelson,
Johan Herber, Patrik Hagglund, Lars Viklund, Rickard Westman, and Lars Willfor. Vadim
Engelson has maintained and further developed the system including the most recent
version. The development of ObjectMath was strongly influenced by the fruitful
cooperation with SKF, where the system was used for applicationsin bearing modeling and
simulation.

Linkdping, Sweden, 2004 Peter Fritzson



How to Read this Book

This section gives a short reader’ s guide to the contents of this book. Before starting to read,
note that installation instructions for MathCode are distributed together wth installation me-
dia, See distribution CD and read the instructions before you start software installation. A
MathCode FAQ (frequently asked questions)as well as latest software uodates are availiable
at www. mathcore.com

Chapter 1 gives a quick introduction to the basic facilities in MathCode, including a small
“hands-on” example for the reader to try out. This introduction is enough to be able to use
MathCode on simple applications.

Chapter 2 provides more comprehensive examples of translation. This includes both
symbolically expanded code and numeric code, how to organize your code into packages to
be translated by MathCode, as well as performance measurements of compiled code and
comparison with Matlab. After reading chapter 1 and looking at these examples you should
be able to use MathCode on medium sized applications, even though it is advisable to read
appropriate additional chapters for more complete information.

Chapter 3 covers the convenient array, vector, and matrix operations made available in
Mathematica by MathCode. This chapter should be read by anybody interested in array and
matrix operations.

Chapter 4 explains the notions of type system and static/dynamic typing. The need for
typing and some of the design decisions in MathCode are motivated. Reading this chapter
is not necessary in order to use MathCode but gives useful background information.

Additional information concerning declarations of constants, variables, arrays, and
functionsisgivenin Chapter 5, which is more detail ed than the quick overview in Chapter 1.

Chapter 6 presents an overview on data structure allocation and declaration, with special
emphasis on arrays. Related array issues such as array indexing are also covered.

Chapter 7 gives a comprehensive description of commands and options for code
generation, compilation, linking with compiled object modules and/or external libraries, and
building executables.

Chapter 8 presents the MathCode call interface to external code written in languages
such as C, C++, Fortran77 and Fortran90, as well as the callback mechanism to



Mathematica from code written in these languages.(Mathcode C++ only)

Chapter 9 presents system information, MathCode distribution structure and installation
instructions.

Chapter 10 explains the MathCode translation structure and gives hints on
troubleshooting.

The typed subset of Mathematica which can be compiled by MathCode is defined by
AppendixA. Use this appendix as a short reference guide.
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1.1 Introduction 17

Chapter 1 Quick Tour of MathCode

1.1 Introduction
MathCode is a Mathematica application package which includes the following:

* Translation of a subset of Mathematica to efficient Fortran90 code
» Type annotations compatible with standard Mathematica

» Availability of Matlab-like matrix operations on array sections both inMathematicaand
in compiled code

» Transparent calling of compiled executable code viaMathLink or stand-al one execution

The performance of compiled generated Fortran90 code is often approximately a factor of
1000 better than standard interpreted Mathematica, and often afactor of 100 better than code
compiled using the internal Mathematica compiler.

1.2 Small Example

The following small example shows one way of using the MathCode system. It is recom-
mended to try it yourself! Y ou must have a Fortran90 compiler installed on your system in
order for the generated code to be executable.

The following command will load MathCode:

Needs[ " Mat hCode™ "]

Y ou might want to set the working directory, e.g. to the subdirectory ".../DemosF90/Simpl e"
under the MathCode root directory, since all files produced by MathCode will be written to
the current directory.

Set Di r ect or y[ $MCRoot <>"/ DenpsF90/ Si npl e"] ;

Define a simple Mathematica function that sums the first n integers:
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sum nt[n_] := Modul e[{
res =0, i

}1

For[i=1, i<=n, i++,
res = res+i

|

res

1

Specify the types of the input parameters, function results, and local variables. Thisisdone
by a type markup syntax. The parameter, the result, and the local variables are declared as
integers:

Decl ar e[
sum nt[ I nteger x_]->Integer, {lnteger, Integer}]

Instead of declaring the types using a separate Decl ar e, you may put them directly inside
the function definition:

->l nteger := Modul e[{

sum nt[ | nteger n_]
= O,

Integer res
I nteger i

},

For[i=1, i<=n, i++,
res = res+i

1

res

1

Generate Fortran90 code of the functions, including suni nt , in the context " @ obal ™" 1

Then compile and link to an executable connected via MathLink:

Bui | dCode[ ]

Start and connect the generated external program seamlessly to Mathematica.
I nstall Code[];

The external variant of sum nt can now be called transparently in the same way as a func-
tion inside Mathematica:

1. Initially the default compiled package nameis @ obal if the package nameisnot given
explicitly as an argument to Bui | dCode. See also Section 7.3.1 on page 112.
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sum nt[ 10000]
Theresult is:

50005000

Give the command to look at the generated Fortran90 source file:

!'1d obal . f90
The generated source code:

function sumnt(n) result(nc_O1)
use Mat hCodePreci si on
use Mat hCodeSheep
inplicit none
integer(nc_int), intent(in) :: n
integer(nc_int) nc_OL
i nteger(nc_int)
integer(nc_int) res

res =0

i =1

do while (i <= n)
res = res+i
i =i+l

end do

nc_ Ol = res

end function sum nt

Uninstall the external code and clean up the directory:

Unl nst al | Code[];

Cl eanMat hCodeFi |l es[];
Remove[ "d obal “"];

1.3 Using the MathCode System

The MathCode application can easily be made available just by executing the following
command in Mathematica:

Needs[ " Mat hCode* "]
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Mathematica

packages, expressions
>
Mathematica MathCode
- Generator
Call symbolic evaluation |
\/

f00.f90, foomain.f90, footm.c, foo.tm, fooif.f90, foo.mh

Figure1.1: Generating Fortran90 code with MathCode, for a package called f 00.

To generate code for small examples it is convenient to write the functions directly in the
"d obal * " context as we did with the small example function suni nt above, which im-
plies that resulting name for the generated package will be" @ obal " . However, from now
on the package name " f 00" isassumed.

If you are compiling your own package, e.g. calledf oo, using MathCode, you also need
to mention Mat hCodeCont ext s within the path of the package as below:

Begi nPackage[ "foo' ", { Mat hCodeCont ext s} ]

foomain.f90 ————
£00.f90 I foo.exe e

Numerical

footm.c \ Library
foo.tm \‘ Package(s)
fooif ,fgo\A fooml.exe |¢———

—

Figure 1.2: Building two executables from package f 00, possibly including numerical libraries.

1.3.1 Code Generating Phase

The MathCode code generator translates aMathematica package, here calledf oo, to a cor-
responding Fortran90 sourcefile, here calledf oo. f 90. Additional fileswhich are automat-
ically produced are: the MathCode header file foo. mh, the MathLink related files
footm c,foo.tmandfooif.f90 whichenabletransparent calling of the Fortran90 ver-
sions of functionsinf oo from Mathematica, and f oormai n. f 90 which contains the pr o-
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gr ampart needed when building a stand-al one executable for f oo (Figurel.3)

1.3.2 Building Phase

Thegenerated file f oo. f 90 created from the package f oo together with additional filesare
compiled and linked into an executable: either f 0o. exe or f oom . exe. Numerical li-
braries may be included in the linking process by specifying inclusion of external libraries
(Figurel.2).

1.3.3 Executing Phase

The produced executable f oo. exel can be used for stand-alone execution whereas

f oom . exe isused when transparent calling from Mathematica via MathLink of the com-
piled Fortran90 functionsin f oonl . exe isdesired.

Mathematica MathLink

Needs["foo" "]

fooml.exe

foo.exe

Figure 1.3: Executing compiled code. The executablef 00. exe isused for stand-alone execution
whereasfunctionsin f oonl . exe are called interactively from Mathematicavia MathLink.

1.4 MathCode Type System

The MathCode type system allows the user to associate static type information with Math-
ematica variables and functions. This information is needed in order to generate efficient
codein strongly typed languages like Fortran90. Future versions of MathCode may support
inference of some type information, but the current version requires specification of types
for all variables and functions to be translated to Fortran90.

1. The. exe extension is also used under Unix systems such as Solaris, Linux, etc.
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141 Dual Type System

Standard Mathematica is dynamically typed; thus types may change during execution. For
example a variable x may be a symbol, then change into an expression and finally change
into a real floating-point number during evaluation. In order to constrain dynamically
changing types at run-time, Mathematica provides pattern-matching constructs. For exam-
ple: to only allow certain dynamic types of arguments when a functionf oo iscalled:

foo[x Real, y Integer] := ...

The functionf oo above can only be called with the first argument being a floating-point val-
ue and the second an integer value. It cannot be called for example for variables which are
still symbols, in which case the full expression is returned in unevaluated form.

On the other hand, in a static type system, one would like to express that a variable
always has the static type Real even though it sometimes is represented by a symbol,
sometimes by an expression and sometimes by a floating-point value. This is especially
relevant for compiling to statically typed languages and for static type checking. Another
need for static typesisfor user-defined types; for example avariable could have a static type
Vol t age even though it has a real value and would have matched the head Real in
Mathematica.

Thus, to handle both needs we need a dual type system where we can express both
dynamic and static types. In the following we describe how to declare static types as an
extension of the existing dynamic type system in Mathematica.

142 Basic Types
The following basic types are supported by the current version of MathCode:

I nt eger, Real

The Real type correspondsto |EEE double precision floating point typesin generated code.
Support for the following additional basic types is not yet implemented (except for a rudi-
mentary support for St ri ng andBool ean, as specified in Appendix A):

Conpl ex, Bool ean, String

1.4.3 Declarations
The types of global variables can be declared as follows:

Decl ar e[
Real ri,
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Integer i2 = 3,
Integer i3

]

For convenience and compatibility in notation with most programming languages, one or
more space characters are used to separate the type prefix1 from the variable name.

Several Decl ar e[ ] declarations may appear within the same Mathematica package,
and can be evaluated interactively. Local variables are declared in a similar fashion, but
within the standard curly braces{} inaModul e[ ],Bl ock[] orW t h[ ] body of afunction
definition:

... = Mdul e[
{
| nt eger n,
Real {y, z, W},
Real w2,
| nt eger i =1,
I nt eger j=0
b
y = X +i +j )
y

]

Declared variables can be initialized by some initialization expression, just as in standard
Mathematica. Initialization expressions for local variables are evaluated when the corre-
sponding function is called, whereas initialization and allocation of global variablesis per-
formed when the Decl ar e[ ] statement is evaluated, or optionally at a later point in time
by a special initialization function.

1.4.4  Function Signatures

A function signatureisthe set of properties that uniquely identifies a specific function. Usu-
aly the signature is the function name and the number and types of input and output argu-
ments. Function signatures of statically typed Mathematicafunctions are integrated into the
function definitions, or can be provided in a separate Decl ar e statement. The integration
of function signatures into function definitions has been made possible by an extension of
the standard := and -> operators. This does not change the behavior or performance of the
Mathematica functions, when executed interpretively within Mathematica, and is thus com-
pletely backwards compatible. The syntax has the following structure:

1. Attaching the typein front of the variable is represented as a kind of prefix operator in
the Mathematica Ful | For minternal representation.
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func[type; x4, ..., type, x,]-> ftype :=
Both static types and “ dynamic types’ can be specified, asin:
func[statictype x,_dynanmi ctypeq,...]->ftype := ...

The static type is only needed for code generation and does not influence the interpreted
function definition within Mathematica, whereas the dynamic type is the traditional Mathe-
matica pattern construct. For example, the function vf unc below will only match Real
number arguments during execution in Mathematica:

vfunc[ Vol tage x;_Real,...]->Voltage := ...

Multiple function results are allowed and specified as such:
func[...]->{ftype,, ... ftype,} = ...

An example with one function result:

nyt an[ Real x_]->Real := Sin[x]/Cos[Xx];

An example with two results:

sinandcos[ Real x_]->{Real,Real} := {Sin[x], Cos[x]};

When adding static type information to existing untyped Mathematica code, it may be more
convenient to use the Decl ar e method, as below, where the type information is provided
separately:

Decl are[ mytan[ Real x_]->Real ];
nytan[ x_]:=Si n[ x]/ Cos[ X] ;

Apart from the function signatures, the types for the local variables are also needed in order
to have full typeinformation for afunction. The keywordDecl ar e[ ] can be used to specify
both function signatures and types for local variables. The example below with aDecl ar e
statement combined with a function declaration, e.g.:

Decl are[ myfunc[Integer x , Real y ]->Real, {Real, Integer}]
nyfunc[x_,y_] := Mdul e[{nyreal, nyint},

gives the same result as:
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myfunc[Integer x_, Real y_]->Real := Mdule[{
Real myreal ,
I nteger nyint

ool

145 Arraysand Lists

A key data structure in Mathematicaisthelist structure. Nested list structures are commonly
used to represent matrices and other arrays. For example, a nested list
{{2.1,3.1},{2.2,3.2}} isatwo by two array of real numbers. The type of such (nest-
ed) list structures can be specified by array type declarations, as long as they have a matrix-
like shape and are homogenous, i.e. all elements have the same type.

It isinteresting to note that Mathematica internally implements lists as arrays. This has
the advantage of providing constant time indexing operations.

Basic Array Static Type Definition

Array types are represented by a type name parameterized by one or more dimension size
specifiers:

type[size,,...,size,]
Global array variables can be declared as below:

Decl ar e
type[sizeq,...,size,] arr

]

Examples

A type for athree dimensional array of real numbers:
Real [ 3, 6, 4]

Such an array could be declared as follows:

Decl are[ Real[3,6,4] arr]

The sizes of array dimensions can be specified by values of integer variables, e.g. n and m
below:

I nt eger[n, ni
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Unspecified Dimension Sizes

Typically, the sizes of arrays passed as function parameters or returned from a function are
not known until the function is executed. Such unspecified array dimension sizes are indi-
cated by the underscore (_) unnamed dimension placeholder or (i dent _) named dimension
placeholder. The actual values of dimension sizes may however be accessed later at runtime.
This new use of underscore is only valid within array type specifiers, as shown below:

type[_, _]

Named Dimension Placeholders

Named dimension placeholders like n__makes it possible to express that the sizes of several
dimensions are equal, as for square matrices. Such dimension placeholder names are local
to the function where the type is used.

type[n_, n_]

Thiswill giveriseto alocal variablen which isinitialized to the size of the array dimension
as defined by thefirst occurrence of n. Thisvariable can for example be used to declare local
arrays of the same size.

Array Sizesin Function Signatures

Named dimension placeholders makes it possible to express array dimension size con-
straints in function signatures. For example, the following function signature is used for a
matrix multiplication function, which multiplies two matrix parametersamat and bmat .

Matri xMult[Real[n_,k_ ] amat _, Real[k_,m] bmat_] -> Real[n,n] :=

This means that the dimension size parameters n, k, mare set to the dimension sizes of the
input array arguments, and can be used in the function body or to specify output matrix type.
No actual check is performed to verify that the second dimension of amat is equal to the
first dimension of brmat

Dimension Sizes of Array Parameters

Finding the dimension sizes at run time, e.g. for afunction array parameter mat , can be done
by just placing named dimension size placeholders in the input array type specifying those
sizes. The placeholder variables can later be used for declaring the local array | ocal mat :
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func[Real [n_, m] mat _]->Real := Mdule[{
Real [n, M | ocal mat

b
L

The sizes given for the output type is currently for documentation purposes only; no actual
checking is performed.
Initialization of Arraysin Declarations

Matrices can be initialized by a constant matrix, or elementwise by a scalar. Elementwise
initialization of amatrix by ascalar constant (general expressions currently not allowed) can
be done for example as below for locally or globally declared variables:

Real[2,3] mat = 5.0
which gives mat the following contents:
{{5.,5.,5.},
{5.,5.,5.}}

Initialization by a constant matrix can be done as follows:

Real [3,3] mat2 = { {1., 2., 3.},
{2., 3., 4.},
{3., 4., 5.} }

1.5 Compilation to Fortran90 code

MathCode provides facilities to compile statically typed Mathematica functions and vari-
ables to Fortran90 code. Functions always reside in some package (or to be more precise,
always in some context). If no package has been specified by the user, the default package
G obal isusually used. The compiler isinvoked by calling Conpi | ePackage. There are
essentially two ways to compile functions:

» Straight compilation of the code asitis

e Compilation combined with symbolic evaluation

The second way is used primarily to handle symbolic operations, e.g. symbolic integration,
simplification, substitution etc. which may be present in the function body to be compiled.

The default method of compiling typed functions is by straight compilation.
Compilation with symbolic evaluation is used for functions mentioned in the list of names
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to the optional parameter Eval uat eFuncti ons, and should only be used for functions
which contain symbolic operations, or when symbolic evaluation leads to increased
performance.

151 Calling the Code Generator

CompilePackage

The code generation is started by the command Conpi | ePackage, e.g.:
Conpi | ePackage[ " f 00"]

or

Conpi | ePackage[ " foo* "]

which collects the variables and functions defined in the package context f oo* , i.e. corre-
sponding to the symbols returned by:

Names[ "foo' *"]

All MathCode functionsthat take a package name as argument, can be called with or without
the backtick, as in the example above. By default MathCode compiles all typed functions
and typed global variables within the package. Typed functions and global variables are
those to whichMathCode type information has been added, either together with their decla-
ration or in a separate Decl ar e statement.

SetCompilationOptions

Additional information needed to guide the compilation process can be specified using op-
tional parameters to Conpi | ePackage, or by inserting calls to Set Conpi | ati onOp-
t i ons within the package to be compiled.

Below we briefly examine the different items to be compiled, and some of the available
options.

Compiling Different Items

Variable Declarations

All typed global variables declared in Mathematicato be compiled (e.g. within the package
f 0o) are tranglated to declarations in Fortran90. Declarations and possible initialization
code are put into thefile f oo. f 90.
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Functions

The default isto translate typed Mathemati ca functionsinto Fortran90 without any symbolic
evaluation. This producestarget code similar to the original Mathematica code, i.e. loopsin
Mathematica become loops in Fortran90, if-statements are still if-statements, etc.

Functions With Symbolic Operations

Functions which contain symbolic operations cannot be directly translated to Fortran90.
Fortunately, in many cases symbolic operations can be eliminated by symbolic expansion.
In this way, symbolic operations such as symbolic integration, derivation, series expansion
etc. can be performed by Mathematica before the final code generation stage. The resulting
expression, which is assumed to contain only non-symbolic operations, is then passed to the
code generator which performs common subexpression elimination to speed up and reduce
the code size before finally translating to Fortran90 code. For thisto work reliably, the body
of the “symbolic function” should not contain side-effects such as assignments to global
variables or input/output. Neither should it contain loop constructs such as Wi | e, For etc.

For example, the function below contains a symbolic series expansion and a symbolic
substitution:

SynbSeriesSin[Real y_]->Real := Series[Sin[x],{x,0,10}] /. x->y;

Therefore, the function should be symbolically evaluated before final code generation, and
be specified as afunction for symbolic evaluation using the optionEval uat eFuncti ons:

Set Conpi | ati onOpti ons[ Eval uat eFuncti ons->{"SynbSeri esSi n"}]

Main Program Function

In case a stand-al one executabl e should be created, the option Mai nFi | eAndFuncti on can
be used to specify the pr ogr ampart needed in such an executable. The argument string
specifies the text from which the file f oomai n. f 90 fileis created (assuming the package
name isf 0o). In the example below the functionf iscalled and result is printed by the pro-
gram.

Set Conpi | ati onOpti ons[ Mai nFi | eAndFuncti on- >
"PRINT *, f(5)"]
1.5.2 Building

The building process compiles all produced Fortran90 files and links them into an execut-
able.
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MakeBinary
MakeBi nary[ " f 00"]

The call MakeBi nary[ " f 00"] builds al the files for either the stand-alone version of the
application (e.g. foo. exe), or for the interactively callable MathLink version (e.g.
foon . exe).

BuildCode
Bui | dCode[ "f 00" ]

The call Buil dCode["fo00"] calls Conpil ePackage["foo"] and then
MakeBi nary["foo"],i.e. acall toBui | dCode[ " f 00" ] will make acomplete code gen-
eration, compilation and linking of the Mathematica package “foo”. As mentioned earlier,
backtick is allowed as used in package context specifications in Mathematica:

Bui | dCode["fo0™ "]

153 Installing

If compiled functions should be directly callable from within Mathematica, the code must
be installed.

InstallCode

The call:

I nstal | Code["fo0"]
or, equivalently,

I nstal |l Code["foo™ "]

installs the binary f oom . exe into Mathematica. It first saves away (in the Mathematica
workspace, to be restored if uninstalled) the original interpreted functions and then creates
function definition stubs of the compiled package in Mathematica. This enables calling the
compiled functions from within Mathematicavia MathLink.

154  Executing

Functions in the compiled and installed package can be executed by standard function calls
just like functionsin any standard Mathematicapackage. If stand-alone execution isdesired,
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just run the created stand-alone executable (which does not have an Ml suffix in its name).

155 Uninstalling

When the compiled code should no longer be accessible and the MathLink connection
closed down, Uni nst al | Code should be called:

Uni nst al | Code[ "f 00"]

This will restore the original interpreted version of the package, (called f oo in the exam-
ple) .

1.6 Matrix Operations

In many engineering applications, matrices and matrix manipulation are very common. The
availability of an easy-to-use and short-handed notation for manipulating matricesisimpor-
tant for these application domains. Thus, we have extended the Part ([[ ]]) operationin
Mathematica to fulfill this objective.

The current basic set of matrix operations consists of operations on array sections. The
syntax is inspired by the syntax used by Matlab and Fortran 90, and is supported by the
MathCode code generator for up to 4-dimensional arrays, and within Mathematicafor an
arbitrary number of dimensions.

Asan example, create asmall matrix A containing indexed symbols of theformali,j]:

A=Table[a[i,j].{i.4},{i.5}]; A/ /MatrixForm

{ {a[1,1], a[1,2], a[1,3], a[1,4], a[1,5]},
{a[2,1], a[2,2], a[2,3], a[2,4], a[2,5]},
{a[3,1], a[3,2], a[3,3], a[3,4], a[3,5]},
{a[4,1], a[4,2], a[4,3], a[4,4], a[4,5]} }

Below we extract row 2 and 3, using the Matlab-style notationA[ [ 2| 3, _]] .

Compared to the standard Matlab syntax A(2: 3,:) we have made a Mathematica
compatible version by replacing colon as a binary range operator by vertical bar ( ), and
replacing colon as a placeholder for the whole range of a dimension by underscore ().

Al[2]3,_1] /! MatrixForm

{ {a[2,1], a[2,2], a[2,3], a[2,4], a[2,5]},
{a[3,1], a[3,2], a[3,3], a[3,4], a[3,5]} }
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Extract all but the first two columns, using A[ [ _, 3| _]] which corresponds to standard
Matlab syntax A(:, 3:) . The notation 3| _ here means the range from the 3:rd to the last
column.

A[_,3]_]1//MatrixForm

{{a[1,3], a[1,4], a[1,5]},
{a[2,3], a[2,4], a[2, 5]},
{a[3,3], a[3,4], a[3,5]},
{a[4,3], a[4,4], a[4,5]} }

Assign values to a submatrix of A:

A[[2]3,2]3]] ={{1, 2},
{3,4}};

A/l MatrixForm

{ {a[1,1], a[1,2], a[1,3], a[1,4], a[1,5]},
{a[2,1], 1, 2, a[2,4], a[2,5]},
{a[3,1], 3, 4, a[3,4], a[3,5]},
{a[4,1], a[4,2], a[4,3], a[4,4], a[4,5]} }

1.7 Implementing Missing Mathematica Functions

The MathCode system directly supports translation of a set of basic Mathematica
functions and operations, as defined in AppendixA. There are still quite a number of
standard Mathematica functions not yet included in this set.

Standard functions can be re-implemented by hand.

1.7.1 An ExamplesystemF90.nb Notebook

This particular notebook syst em nb contains an example syst em package (note lower-
case!) with an alternative implementation of the standard functionRot at eLef t , which ear-
lier was not in the standard subset supported by the MathCode translator.

Initialization Needed to use MathCode

Needs[ " Mat hCode* "]
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Package Header

Begi nPackage[ "system ", { Mat hCodeCont ext s}]

Public Exported Global Symbols

Begi n[ "systent "] ;
O f[ General :: shdwj

Introduce symbols that should be exported outside the package.
syst em Rot at eRi ght ;

End Public Section

On[ General ::shdw] (* avoid shadowi ng nessages from Mat hematica *)
End[];

Private Implementation Section
Begin["*Private'"];

Define implementations of the functions and variables.

RotateRight

Definition of RotateRight for integer vectors:
Rot at eRi ght[ Integer[_] a_]J->Integer[_] :=
Modul e[ {

I nt eger meDi mensions[a][[1]]

},
Modul e[ {
Integer[nm res

b
res[[2|m]=a[[1]m1]];

res[[1]]=a[[mM];
res

11

End of Private Section

End[];
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End of Package

EndPackage[];

Compiling
Compilethe syst empackage into Fortran90 code:

Compi | ePackage[ "systeni'];

Building
Compile the Fortran90 files to binaries and possibly link into an executable:

MakeBi nary[ "systent'];

Install and Test
I nstal | Code["systenl'];
Rot at eRi ght test example.

RotateRight[{1, 2, 3,4}]1=={4, 1, 2, 3}]
True

Note that the MathCode compiled version of syst em Rot at eRi ght is executed (via
MathLink) because it is earlier in the context path than the Mathematica builtin function
Rot at eRi ght .

1.8 Interfacing With External Libraries

This option is not implemented in the current version of MathCode F90.

1.9 MathCode Limitations

The main limitation of MathCode is of course that it cannot compile the full Mathematica
language. The compilable subset is defined in AppendixA. This subset will grow in future
releases of MathCode, but will never include the full Mathematica language since that
would entail a complete reimplementation of most of Mathematica.
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Chapter 2 Getting Started by Examples

The purpose of this chapter is to walk through some aspects of the MathCode system by
showing complete application examples, to help the user become acquainted with some of
the type and code generation facilities. Recall that a very simple example of the use of Math-
Code aready has been presented in Section 1.2 at the beginning of Chapter 1. The two ex-
amples in this chapter are slightly more advanced, showing the use of packages, symbolic
expansion and array slices.

The following applications will be presented:

* SnSurface, which computes and plots a Sin-like surface function on a 2D grid, using
symbolic series expansion to create the symbolic expression which is the body of the
surface function.

e Gauss which solves a linear equation system by a textbook Gauss elimination
algorithm, programmed using both for-loops and Matlab-like array slice matrix
operations.

Additional examples can be found in theDenosF90 directory of the MathCode distribution.

The performance of the generated code is measured for the presented applications. The
performance figures shown have been obtained for Mathematica 5.0 for Windows. Y ou
should re-run these examples to obtain the correct performance figures for your platform;
particularly the speedup when running MathCode compiled applications vary between
platforms.

This description isvalid for execution under Windows95/98/NT/2000/XP.

Other facilities, such as type declarations and array slice operations, works on all
Mathematica supported platforms.

To be able to run the system, there must be a valid Mathematica license on your
computer. Also, you must have installed the MathCode system. See installation description
in Chapter 9.
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2.1 Compilation and Code Generation

As briefly mentioned in the introductory overview chapter, there are several options con-
cerning the compilation and code generation facilities provided by MathCodefor translation
of typed Mathematica code:

e Target code. Specification of which type of code should be produced. Currently, only
C++ or Fortran90 code generation is supported, depending whether MathCode C++ or
MathCode F90 isinstalled on your computer.

» Execution integration. The compiled code can either be directly callable from within
Mathematica, or just be placed in some externa file.

* Symbolic expansion. The Mathematica code may contain symbolic operations which
should be evaluated and expanded in conjunction with code generation.

These options are explained in more detail in Chapter 7 which covers code generation. In
this chapter we present a few small application examples which illustrate some of these as-
pects.

To use typed declarations and code generation facilities for functions and data structures
in your own package, you always need to refer to the MathCode application by evaluating a
Needs statement:

Needs[ " Mat hCode' "]

In order to invoke code generation functions from within your package, you also need to in-
clude the MathCode contexts in the search path of your package, as below:

Begi nPackage[ " myPackage' ", { Mat hCodeCont exts, ... }]

2.2 Two Modes of Code Generation

The first example application is a rather contrived small Mathematica program called Sin-
Surface, which has been designed to illustrate the two basic modes of the code generator:
compiling without symbolic evaluation, which is default, and compilation preceded by sym-
bolic expansion, which isindicated by setting the option Eval uat eFunct i ons (see Sec-
tion 2.3.5).

e Sandard code generation. This is the default for generating procedural code from a
typed Mathematica function. The function body is translated, e.g. to Fortran90, asit is,
without applying any symbolic transformations. Such afunction may only contain non-
symbolic operations, typically numeric computations over arrays and scalars. When
translating to external code, e.g. in Fortran90, emitted code will be rather close to the
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original Mathematica code in structure.

» Code generation preceded by symbolic evaluation. Thisis used to generate code from a
function that may contain symbolic operations, e.g. series expansion, symbolic
integration, symbolic derivation, etc. Such symbolic operations are not meaningful to
perform in languages like C++ or Fortran90, and are therefore performed in
Mathematica before the final translation.

The result of the symbolic operations are expressions that should contain only non-
symbolic, typically numeric, operations. This is typically the case since Mathematica
always evaluates asfar as possible. Thus, the function body is expanded (and simplified)
into a usually huge symbolic expression before being transformed into e.g. Fortran90
code. Theresult israther unrecognizable compared to the original Mathematicafunction
since both symbolic expansion and optimizations such as common subexpression
elimination have been performed.

The following two sections present the actual application examples.
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2.3 TheSinSurface Application Example

Below we describe the SinSurface program example. It is structured as a standard Mathe-
matica package within a notebook file Si nSur f ace. nb. The actual computation is per-
formed by the functions cal cPl ot , si nFun2 and their help functions.

Thetwo functionscal cPl ot andsi nFun2 inthe SinSurface packagewill betranslated
to Fortran90 together with the declaration of the global array xyMat ri x.

 ThearrayxyMatri x representsa21x21 grid on which the numeric functionsi nFun2
will be computed.

e The functioncal cPl ot accepts four arguments which are coordinates that describe a
square in the x-y plane, and one counter §ter) to make the function repeat the
computation as many times as necessary for measuring execution time. For each point
on a 21x21 grid in that square, the numeric function si nFun2 is called to compute a
value that is stored as a matrix element in the matrix representing the grid.

e The function si nFun2 computes essentially the same values as Si n( x+y), but in a
more complicated way using a rather large expression obtained through conversion of
the arguments into polar coordinates (through ar c Tan) and then using series expansion
of both Si n and Cos in 10 terms. The resulting large symbolic expression (more than a
page) becomes the body of si nFun2, and isthen used asinput toConpi | ePackage] ]
withthe Eval uat eFuncti on option (see Section 7.5) to generate efficient Fortran90
code.

2.3.1 Introduction

The SinSurface example application computes a function (here si nFun2) over a 2-D grid.
The function values are first stored in the matrixxyMat r i x before being plotted. The exe-
cution of compiled Fortran90 code for the function si nFun2 is approximately 1000 times
faster than evaluating the same function interpretively withinMathematica.

To run this example, start Mathematica, open the notebook file “Si nSur f ace. nb”,
and either evaluate it cell by cell or the whole notebook at once.

2.3.2 Initialization

Check Current Directory

Check the current directory, since anumber of fileswill be placed there during the code gen-
eration process. This particular example shows directories from a computer with the Win-
dows platform.
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Directory[]
" C:\ Mat hCode\ DenbsF90\ Si nSur f ace\ "

Y ou might want to set the directory to some place where all generated files are put, e.g. the
one below, or some other directory.

Set Directory[" C:\ Mat hCode\ DenpsF90\ Si nSur f ace\ "]
" C:. \ Mat hCode\ DenosF90\ Si nSur f ace\ "

233 Start of the SinSurface Package
First put a Needs statement, to make sure that the MathCode application is loaded:

Needs[ " Mat hCode* "]

The Si nSur f ace package startsin the usual way by a Begi nPackage declaration which
references other packages. TheMat hCodeCont ext s variableisneeded in order to call the
code generation related functions.

Begi nPackage[ " Si nSurface'", {MathCodeContexts}];
Clear["SinSurface *"];

Exported Symbols

Define possibly exported symbols. Even though it is not necessary here, we enclose these
names within a Begi n[ " Si nSur face‘ "] .. End[] kind of “context bracket”, since this
can be put into a cell in the notebook, and conveniently re-evaluated (only this cell!) if new
names are added to the list below.

Begi n[ " Si nSur face' "]
xyMatri x;
cal cPl ot ;
si nFuni;
si nFun2;
ar cTan;
sin;

COS;

pl ot ;

cpl us;
plotfile;

End[ ]
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Setting Compilation Options

This defines how the functions and variables in the package should be compiled to
Fortran90. By default, all typed variables and functions are compiled. However, the compi-
lation process can be controlled in a more detailed manner by giving compilation options to
Conpi | ePackage or via Set Conpi | ati onOpt i ons. For example, in this package the
function si nFun2 should be symbolically evaluated before being translated to code since it
contains symbolic operations; the functionssi n, cos, and ar ¢ Tan should not be compiled
at all since they are expanded within the body of si nFun2. The remaining typed function,
cal cPl ot , will be compiled in the normal way.

Set Conpi | ati onOpti ons|
Eval uat eFuncti ons->{si nFun2},

UnConpi | edFuncti ons->{si n, cos, arcTan},
Mai nFi | eAndFuncti on->""

234 TheBody of the SinSurface Package

Begin the implementation section of the SinSurface package, where functions are defined.
Thisisusually private, to avoid accidental name shadowing due to identical local variables
in several packages.

Begi n[ " Si nSurface‘ Private'"];

2.35 Functionsand Declarationsto be Translated to Fortran90

Global Variables
Declare public global variables and private package-global variables:

Decl ar e
Real [ 21, 21] xyMatri x
1

sin, cos

Taylor-expanded si n and cos functions called by Si nFun2. A substitution of the symbol
z to the actual parameter x is necessary to force the series expansion before replacing with
the actual parameter:
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sin[Real x_ ]->Real Normal [ Series[Sin[z], {z,0,10}]]

[. z ->x;

cos[Real x_ ]->Real := Nornmal[Series[Cos[z], {z,0,10}]]
[. z ->x;

arcTan

Conversion of grid point to an angle, called by si nFun2.

arcTan[ Real x_, Real y_ ]->Real := (
If[x <0, Pi, 0] + If[ x == 0, Sign[y]*Pi/2, ArcTan[y/Xx] ]
)
sinFun2

The function si nFun2 is the function to be computed and plotted, called by cal cPl ot . It
provides a more complicated and computationally heavier way (series expansion) to cal cu-
late approximately the same asSi n[ x+y] . This gives an example of acombination of sym-
bolic and numeric operations as well as a rather standard mix of arithmetic operations. The
expanded symbolic expression which comprises the body of Si nFun2 is between 1 and 2
pages long when printed.

Note that the types of local variablesto si nFun2 need not be declared since setting the
Eval uat eFuncti ons option will make the whole function body be symbolically
expanded before translation to Fortran90 code.

Note also that a function in order to be symbolically expanded before final code
generation should be without side effects, e.g. no assignment to global variables or input/
output, since therelative order between these actions when executing the code often changes
when the symbolic expression is created and later rearranged and optimized by the code
generator.

sinFun2[ Real x_, Real y_]->Real := Block]

{

r, Xx,yy
b

r = Sqrt[x"2+y"2];

XX = r*cos[arcTan[ x, y]];
yy = r*sin[arcTan[x,y]];
Si n[ xx+yy]
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calcPlot

The functioncal cPl ot calculates datafor aplot of si nFun2 over a 21x21 grid, which is
returned asa 21" 21 array.

calcPlot[Real xmn_, Real xmax_, Real ymin_,

Real ymax_, Integer iter_] -> Real[21,21] :=
Modul e[ {
Integer n = 20,
Real {x,vy},
Integer {i,j,count}
b
For [ count =1, count <=i t er, count =count +1,
For[i=1, i<=(n+l), i=i+1,
For[j=1, j<=(n+l), j=j+1,
X = Xxmn+(xmax-xmn)*(i-1)/n
y = ymn+(ymax-ymn)*(j-1)/n;

xyMatrix[[i,j]] = sinFun2[x,y]
]
]
l;
XyMat ri x
l;

End of SinSurface Package

End[];
EndPackage[];

2.3.6 Execution

We first execute the application interpretively within Mathematica, and then compile the
key function and execute the application again. Then we compile the application to
Fortran90, build an executable, and call the same functions from Mathematica via Math-
Link.

MathematicaEvaluation

Let Mathematica calculate a plot.

meval = Timng[plot = calcPlot[-2., 2., -2., 2., 1] ][[1]]
0.672 Second
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Perform the plot:

Li st Pl ot 3D[ pl ot ] ;

Figure2.1: Plot of the21” 21 grid in the SinSurface example.

Using Mathematica Standard Compile][]

We redefine si nFun2 to become a compiled version, using Mathematica standard Com
pilel[]:

sinFun2 = Conpile[{x, y}, Evaluate[sinFun2[x, vylll;

conmpeval = Timing[plot = calcPlot[-2., 2., -2., 2., 1]; ]
{0.078 Second, Nul | }

conpeval = conpeval [[1]];
si nFun2 =.

2.3.7 Using the MathCode Code Gener ator
Compile the SinSurface package:
Conpi | ePackage[ " Si nSur face"]

Successful conpilation to Fortran90: 2 function(s)
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The Generated Fortran90 Code

Below follows the generated Fortran90 code from the Si nSur f ace program. Notice that
the package name is used to create a Fortran90 nodul e. Thus the Mathematica package
Si nSur f ace becomes nt_Si nSur f ace in Fortran90.

The generated code from Si nSur f ace* si nFun2 is produced from alarge expression
by the Eval uat eFuncti ons option. Therefore common subexpression elimination is
performed by the code generator, producing many temporary variables and subexpressions
which can be seen in the body of the Fortran90 function si nFun2.

By contrast, the Fortran90 code in the body of function cal cPl ot produced from the
Mathematica function Si nSurface‘ cal cPl ot, without the being specified by the
Eval uat eFunct i ons option, follows the structure of the original code quite closely.

We give acommand to type out the text of the generated Fortran90 file:

I'l'SinSurface. f90

The generated Si nSur f ace. f 90 fileisincluded below. Note that the exact appearance of
this file is very dependent on the exact MathCode version and may differ slightly on your
system.

nodul e nc_Si nSur f ace
use Mat hCodePreci si on
use Mat hCodeSheep
inmplicit none
real (nc_real) xyMatrix(21, 21)
cont ai ns
function calcPlot(xmn, xmax, ynmn, ymax, iter) result(nc_0O1)
use Mat hCodePreci si on

use Mat hCodeSheep
inmplicit none

real (nc_real), intent(in) :: xmn
real (nc_real), intent(in) :: xmax
real (nc_real), intent(in) :: ymn
real (nc_real), intent(in) :: ymx
integer(nc_int), intent(in) :: iter
real (nc_real), pointer :: nc_OL(:,:)

i nteger(nct_int) count
integer(nc_int) j
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i nteger(nc_int)
real (nc_real) vy
real (nc_real) x
integer(nc_int) n

n = 20

count =1
do while (count <= iter)

i =1
do while (i <= n+l)

j =1

do while (j <= n+l)
X = xmn+(((xmax+(-xmin))*(i+(-1)))/n)
y = ymn+(((ymax+(-ymn))*(j+(-1)))/n)
xyMatrix(j, i) = sinFun2 (x, y)

=i
end do
i =i+l
end do
count = count+1
end do

if (associated(nc_O1)) nullify(nc_0O1)
allocate(nc_0O1(21, 21))
nc_ Ol = xyMatrix

end function cal cPl ot

subroutine SinSurfacelnit()
use Mat hCodePreci si on
use Mat hCodeSheep
inplicit none

end subroutine SinSurfacelnit

function sinFun2(x, y) result(nc_0O1)
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use Mat hCodePreci si on
use Mat hCodeSheep
inmplicit none

real (nc_real), intent(in) :: X
real (nc_real), intent(in) :: vy
real (nc_real) nc_O1
real (nc_real) nc_T1
real (nc_real) nc_T2
real (nc_real) nc_T3
real (nc_real) nc_T4
real (nc_real) nc_T5
| ogical nc_T6
integer(nc_int) nc_T7
real (nc_real) nc_T8
real (nc_real) nc_T9
real (nc_real) nt_T10
real (nc_real) nc_T11
real (nc_real) nt_T12
| ogical nc_T13

real (nc_real) nc_T14
real (nc_real) nt_T15
real (nc_real) nc_T16
real (nc_real) nc_T17
real (nc_real) nc_T18
real (nc_real) nc_T19
real (nc_real) nc_T20
real (nc_real) nc_T21
real (nc_real) nct_T22
real (nc_real) nct_T23
real (nc_real) nc_T24
real (nc_real) nc_T25
real (nc_real) nc_T26
real (nc_real) nt_T27
real (nc_real) nt_T28
real (nc_real) nc_T29
real (nc_real) nc_T30
real (nc_real) nc_T31
real (nc_real) nt_T32
real (nc_real) nct_T33
real (nc_real) nc_T34
real (nc_real) nc_T35
real (nc_real) nc_T36
real (nc_real) nt_T37
real (nc_real) nt_T38
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real (nc_real) nc_T39
real (nc_real) nc_T40
real (nc_real) nc_T41
real (nc_real) nc_T42
real (nc_real) nc_T43
real (nc_real) nc_T44
real (nc_real) nc_T45
real (nc_real) nc_T46
real (nc_real) nc_T47
real (nc_real) nc_T48
real (nc_real) nc_T49
real (nc_real) nc_T50
real (nc_real) nc_T51
real (nc_real) nc_T52

nc_T1l = x**2
nc_T2 = y**2

nc_T3 = nc_T1l+nc_T2

nc_T4 =real (1)/2

nc_T5 = nc_T3**nc_T4

nc_T6 = x ==

nc_T7 = sign(1l.0D0, vy)

nc_T8 = 3.1415926535897932_nt_real *nc_T7
nc_T9 = nc_T8/2

nc_T10 = y/x
nc_T11 = atan(nc_T10)
if (nc_T6) then
nc_T12 = nc_T9
el se
nc_T12 = nc_TI11
end if
nc_T13 = x <0
if (nc_T13) then
nc_T14 = 3.1415926535897932_nt_rea
el se
nc_T14 = 0
end if
nc_T15 real ((-1))/6
nc_T16 nc_T12+nc_T14
nmc_T17 = nc_T16**3
nc_T18 = nc_T15*nc_T17

nc_T19 = nc_T16**5
nc_T20 = nt_T19/120
nc_T21 = real ((-1))/5040
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nc_T22
nc_T23
nc_T24
nc_T25
nc_T26
nc_T27
nc_T28
nc_T29
nc_T30
nc_T31
nc_T32
nc_T33
nc_T34
nc_T35
nc_T36
nc_T37
nc_T38
nc_T39
nc_T40
nc_T41
nc_T42
nc_T43
nc_T44
nc_T45
nc_T46
nc_T47
nc_T48
nc_T49
nc_T50
nc_T51
nc_T52
nc_O1

nc_T16**7
nc_T21*nc_T22
nc_T16**9

nc_T24/ 362880
nc_T12+nc_T14+nc_T18+nc_T20+nc_T23+nc_T25
nc_T5*nc_T26

real ((-1))/2
nc_T16**2
nc_T28*nc_T29
nc_T16**4
nc_T31/ 24

real ((-1))/720
nc_T16**6
nc_T33*nc_T34
nc_T16**8

nc_T36/ 40320

real ((-1))/3628800
nc_T16** 10
nc_T38*nc_T39
1+nc_T30+nc_T32+nc_T35+nc_T37+nc_T40
nc_T5*nc_T41
nc_T27+nc_T42
nc_T43**3
nc_T15*nc_T44
nc_T43**5

nc_T46/ 120
nc_T43**7
nc_T21*nc_T48
nc_T43**9

nc_T50/ 362880
nc_T27+nc_T42+nc_TA45+nc_T47+nc_T49+nc_T51
nc_T52

end function sinFun2

end nodul e nc_Si nSurface

Compiling and Linking the Fortran90 Code

The command MakeBi nary compiles the generated Fortran90 code using some Fortran90
compiler (e.g. Digital Visual Fortran). The object code is by default linked into the execut-
able: Si nSur f acem . exe for calling the compiled code via MathLink.

MakeBi nary[];
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If any problems are encountered during code compilation the warning and error messages
are shown in the notebook. Otherwise no messages are shown. WhenMakeBi nary iscalled
without arguments, the call applies to the current package.

Installing and Connecting to Mathematica

The command| nst al | Code installsand connects the external process containing the com-
piled and linked SinSurface code.

I nstall Code[ " Si nSurface"]

Define an elapsed time measurement function called AbsTi me with a resolution of 1 sec-
ond:

Set Attri butes[ AbsTi ne, Hol dFi rst];

AbsTi me[x_] := Modul e[ {
start,res

}

start = Absol uteTine[];
r es=x;
{(Absol uteTine[]-start) Second,res}

l;
Execution of generated Fortran90 Code

Perform the computation and the plot:

(plot = calcPlot[-2.0,2.0,-2.0,2.0,3000];) // AbsTine
{0. 7816 Second, Nul I}

Since the external computation was performed 3000 times, the time needed for one external
computation is:

external eval = %[ 1]]/3000
0. 0002603867 Second

Check that the result appears graphically the same:

Li st Pl ot 3D[ pl ot ] ;
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Figure2.2: Plot of the SinSurface function computed by generated Fortran90 code.

2.3.8 Performance Comparison

The performance between the three forms of execution are compared in the table below. The
generated Fortran90 code for this example is roughly 2580 times faster than standard inter-
preted Mathematica code, and almost a 300 times faster than expression code compiled by
the internal Mathematica Conpi | e[ ] command. This test is performed on a 2.6 Ghz Pen-
tium 4 running Windows XP, Mathematica 5.0, Digital Visual Fortran 6.0.

Execution form Timeconsumed Relative
Standard Mathematica 0.672 2580.78.
Compil€[] 0.078 299.555

External Fortran90 via MathLink 0.0002603867 1.00
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2.4 The Gauss Application Example

The Gauss application example uses a text-book Gauss-elimination algorithm to solve alin-
ear equation system. Two versions of the Gauss elimination algorithm are presented:

» GaussSolveArrayslice The algorithm is largely coded using the Matlab-like array slice
operations.

» GaussSolveForLoops. The algorithm is coded using traditional for-loops.
Both versions of the algorithm are compiled to Fortran90 code. The performance is mea-
sured, both including and without MathLink overhead.

24.1 The Gauss Package

Initialization of the Package
Needs[ " Mat hCode" "]

Y ou might want to check in which directory you are, and set where you want to be, since
some files are generated during the compilation process. Y ou can use the$MCRoot variable
that points to the root directory of your MathCode installation.

Set Di r ect or y[ $MCRoot <>"/ DenmbsF90/ Gauss" ]

Start the Package

Begi nPackage[ " Gauss' ", { Mat hCodeCont ext s} ] ;

Define Exported Symbols
Begi n[ " Gauss' "]
GaussSol veArraysli ce;

GaussSol veFor Loops;
End[ ]

Define the Functionsand Variables
Begin the “private” implementation section:

Begin["* Private'"];
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GaussSolveArrayslice

The GaussSol veArraysl i ce function

GaussSol veArrayslice[
Real [n_,n_] ain_,
Real [n_,m] bin_ ,
Integer iterations_]-> Real[n,nmM :=

Modul e[ {
Real [ n] dunc,
Real [n,n] a,
Real [n,m b,
Integer[n] {ipiv, indxr, indxc},
I nt eger {i,k,I,irowicol},
Real {pivinv, amax, tnp},
I nt eger {beficol, afticol, count}
},
For [ count =1, count <=i terati ons, count =count +1, (
a=ai n;
b=bi n;
For [k=1, k<=n, k=k+1,
i piv[[k]]=0
l;
For [i=1,i<=n, is=i+1,
(* Algorithmfirst finds absolutely largest matri x el ement *)
amax=0. 0;
For [k=1, k<=n, k=k+1,
It [ ipiv[[k]]==0,
For [1=1,1<=n, |=l+1,

If [ ipiv[[I]]==0,
If [ Abs[a[[k,I]]] > amax,
amax= Abs[a[[k,I]]11;
i row=k;
i col =I

111115

ipiv[[icol]]=ipiv[[icol]]+1;
[f[ipiv[[icol]]>1,
Print["*** Gauss2 input data error ***"]:
Br eak] ;
[f[ irow =icol |,
For [k=1, k<=n, k=k+1,
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tmp=a[[irow, Kk]] ;
a[[irow, k]]=a[[icol,K]];
a[[icol,k]]=tnmp];

For [k=1, k<=m k=k+1,
tmp=b[[irow k]] ;
b[[irow, k]]=b[[icol,Kk]];
b[[icol, k]]=tnp]

l;

indxr[[i]]=irow,
i ndxc[[i]]=icol
If [ a[[icol,icol]]==0,

Print["*** Gauss2 input data error 2 ***"]:

Br eak] ;

pivinv=l.0 / a[[icol,icol]];
a[[icol,icol]]=1.0;

a[[icol, ]]=a[[icol, _]]*pivinv;
b[[icol, ]]1=b[[icol,_]]*pivinyv;
dunc=a[[_,icol]];

For [k=1, k<=n, k=k+1, a[[k,icol]]=0];

a[[icol,icol]]= pivinv;

For [k=1, k<=n, k=k+1,
If[ k '=icol,
a[[k, _]]=a[[k, _]]- dunc[[k]]*a[[icol
| b[[k, _]11= bl[k, _]]- dunc[[k]]*b[[icol
]
l;

For [l=n,1>=1, |=l-1,
For [k=1, k<=n, k=k+1,
tmp= a[[k,indxr[[I]]]];
a[[k,indxr[[IT]1]1]=al[k,indxc[[I1]11];
a[[k,indxc[[I]]]]=tnp
1]
)1
b
1

11
11
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GaussSolveFor L oops

The GaussSol veFor Loops function:

GaussSol veFor Loops]
Real [n_,n_] ain_,
Real [n_,m] bin_,
Integer iterations_ ]-> Real[n,m :=

Modul e [ {
Real [ n] dunc,
Real [n,n] a,
Real [n,m b,
Integer[n] {ipiv, indxr, indxc},
I nt eger {i, k, I, irow, icol},
Real {pivinv, amax, tnp},
I nt eger {beficol, afticol, count}
},
For [ count =1, count <=i terati ons, count =count +1, (
a=ai n;
b=bi n;
For [k=1, k<=n, k=k+1,
i piv[[k]]=0
l;
For [i=1,i<=n, is=i+1,
(* Algorithmfirst finds absolutely largest matri x el ement *)
amax=0. 0;

For [k=1, k<=n, k=k+1,
If [ ipiv[[k]]==0,
For [1=1,1<=n, |=l+1,
If [ ipiv[[I]]==0,
If [ Abs[a[[k,I]]] > anex,
amax= Abs[a[[k,I]]1];
i row=k;
i col =I

111115

ipiv[[icol]]=ipiv[[icol]]+1;
[f[ipiv[[icol]]>1,
Print["*** Gauss2 input data error ***"]:
Br eak] ;
[f[ irow =icol |,
For [k=1, k<=n, k=k+1,
tmp=a[[irow, k]] ;



2.4 The Gauss Application Example

a[[irow, k]]=a[[icol,K]];
a[[icol,k]]=tnmp];

For [k=1, k<=m k=k+1,
tmp=b[[irow k]] ;
b[[irow, k]]=b[[icol,Kk]];
b[[icol, k]]=tnp]

l;

indxr[[i]]=irow,

i ndxc[[i]]=icol;

If [ a[[icol,icol]]==0,
Print["*** Gauss2 input data error 2 ***"]:
Br eak] ;

pivinv=l.0 / a[[icol,icol]];
a[[icol,icol]]=1.0;

For [k=1, k<=n, k=k+1,
a[[icol,k]]=a[[icol,Kk]]*pivinv];

For [k=1, k<=m k=k+1,
b[[icol,k]]=b[[icol,k]]*pivinv];

For [k=1, k<=n, k=k+1,
dunc[[Kk]]=a[[k,icol]];a[[k,icol]]=0];

a[[icol,icol]]= pivinv;

For [k=1, k<=n, k=k+1,

If [ k !=icol,
For [1=1,1<=n, |=l+1,
a[[k,IT]1=a[[k,I']]- dunc[[K]]* a[[icol,I]]];
For [1=1,1<=m | =l +1,
. b[[k,1]1T= b[[k,I]]- dunc[[k]]* b[[icol,I]]]
l;
For [l=n,1>=1, |=l-1,

For [k=1, k<=n, k=k+1,
tmp= a[[k,indxr[[I]]]];
a[[k,indxr[[IT]1]1]=al[k,indxc[[I1]11];
a[[k,indxc[[I]]]]=tnp
1]

)1

b

1
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The Compiled GaussSolveFor L oops function, using Compile[]
GaussSol veFor LoopsC=

Conpil e[{{ain, _Real, 2}, {bin, _Real,2},{iterations,_Integer}},
Modul e[ {

n=Di mensi ons[ain][[1]],

n=Di nensions[bin][[2]],

dunc=Tabl e[ 0. 0, {n}],

a=Tabl e[ 0.0,{n},{n}],

b=Tabl e[ 0.0, {n}, {n}],

i pi

v=Tabl e[ 0, {n}],

i ndxr =Tabl e[ 0, {n}],
ndxc=Tabl e[ 0, {n}],

=0, k=0, =0, irow=0, icol=0,
pi vi nv=0. 0, anmax=0.0, tnp=0.0,
beficol =0, afticol =0, count=0

.

For

[ count =1, count <=i t erati ons, count =count +1, (
a=ain; (* The argunments are al ways generated as const references
and t herefore cannot be changed. Actuall we get waste

of space and tine here when they are copied. *)
b=bi n;
For [k=1, k<=n, k=k+1,ipiv[[k]]=0];
For [i=1,i<=n, i=i+l

(* Algorithmfirst finds absolutely largest matri x el enent *)
amax=0. 0;
For [k=1, k<=n, k=k+1
If [ ipiv[[k]]==0,
For [I1=1,1<=n, |=l+1
It [ ipiv[[I]]==0,
If [ Abs[a[[k,I]]] > amax,
amax= Abs[a[[k,I]]1];
i row=k;
i col =I
111115
ipiv[[icol]]=ipiv[[icol]]+1;
If[ipiv[[icol]]>1,
Print["*** Gauss2 input data error ***"];
Br eak] ;
[f[ irow =ico
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For [k=1, k<=n, k=k+1,
tmp=a[[irow k]] ;
a[[irow,k]]=a[[icol,6k]];
a[[icol,k]]=tnp];
For [k=1, k<=m k=k+1,
tmp=b[[irow k]] ;
b[[irow, k]]=b[[icol,k]];
b[[icol, k]]=tnp]
l;
indxr[[i]]=irow,
i ndxc[[i]]=icol;
If [ a[[icol,icol]]==0,
Print["*** Gauss2 input data error 2 ***"]:
Br eak] ;
pivinv=1.0 / a[[icol,icol]];
a[[icol,icol]]=1.0;
For [k=1, k<=n, k=k+1,
a[[icol,k]]=a[[icol,k]]*pivinv];
For [k=1, k<=m k=k+1,
b[[icol,k]]=b[[icol,k]]*pivinv];
For [k=1, k<=n, k=k+1,
dunc[[Kk]]=a[[k,icol]];a[[k,icol]]=0];
a[[icol,icol]]= pivinv;
For [k=1, k<=n, k=k+1,

If [ k !=icol,
For [1=1,1<=n, |=l+1,
a[[k,1T]= a[[k,I']]- dunmc[[k]]* a[[icol,I]]];
For [1=1,1<=m |=l+1,
b[[k,1]1T= bl[k,I]]- dunc[[k]]* b[[icol,I]]]
1]
l;
For [l=n,1>=1, |=l-1,

For [k=1, k<=n, k=k+1,
tnp=a[[k,indxr[[I]]]];
a[[k,indxr[[I]]]]=a[[k,indxc[[I]]]];
a[[k,indxc[[I]]]]=tnp

11
b

11;
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End of the Gauss Package

End of the package:
End[];
EndPackage[];

24.2 Executing theInterpreted Version in Mathematica

First we need to create two arrays to be used as input to the solver.

a=Tabl e[ Randon{ ], {10}, {10}];
b=Tabl e[ Randon{ ], {10}, {2}];

Run GaussSolveArrayslice

Call the solver:

s=(c=GaussSol veArrayslice[a, b, 1];)//Ti m ng;

nmeval =s[[1]];

Print["TIM NG FOR NON- COMPI LED VERSI ON=", neval ] ;

The result:

TI'M NG FOR NON- COWPI LED VERSI ON= 0. 1672 Second

Run the For-loop Version

Execute the version with for loops:

s=(c=GaussSol veFor Loops[ a, b, 1] ;) // Ti m ng;
meval For=s[[1]];

Print["TI M NG FOR NON- COVPI LED VERSI ON ( FOR- LOOPS) =", meval For] ;

TI'M NG FOR NON- COVPI LED VERSI ON ( FOR-LOOPS) = 0. 1094 Second

243 Generation of Fortran90 code

The command Conpi | ePackage translates the package to Fortran90 code:

Conmpi | ePackage[ " Gauss™"]
Successful conpilation to Fortran90: 2 function(s)
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The Produced Fortran90 Code for Gauss

To save some space, we only show the Fortran90 code of the translated GaussSol veAr -
raysl i ce function (which in fact also contains afew for-loops). The actual code generated
on your system may differ slightly, asit is very dependent on the exact version of MathCode
used.

function GaussSol veArraySlice(ain,bin,iterations) result(nc_O1)

use Mat hCodePr eci si on
use Mat hCodeSheep
inplicit none

real (nc_real), intent(in) :: ain(:,:)
real (nc_real), intent(in) :: bin(:,:)
integer(nc_int), intent(in) :: iterations

real (nc_real) nc_O1(SI ZE(bin, 3-2),SlIZE(ain, 3-1))
i nteger(nc_int) count

integer(nc_int) aftico

integer(nc_int) befico

real (nc_real) tnp

real (nc_real) anax

real (nc_real) pivinv

nteger(nc_int) ico

nteger(nc_int) irow

nt eger (nc_int)

nteger(nc_int) k

nt eger (nc_int)

nteger(nc_int) indxc(SlIZE(ain, 3-1))
nteger(nc_int) indxr(SIZE(ain, 3-1))
nteger(nc_int) ipiv(SlZE(ain, 3-1))

real (nc_real) b(SIZE(bin, 3-2),SlIZE(ain, 3-1))
real (nc_real) a(SlZE(ain, 3-1),SlIZE(ain, 3-1))
real (nc_real) dunc(SlIZE(ain, 3-1))
integer(nc_int) m

integer(nc_int) n

m = Sl ZE(bin, 3-2)

n = Sl ZE(ain, 3-1)

count =1

do while (count <= iterations)

a =ain
b = bin
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k =1
do while (k <= n)
ipiv(k) =0
k = k+1
end do
i =1

do while (i <= n)
amax = 0. DO
k =1
do while (k <= n)
if (ipiv(k) == 0) then
I =1
do while (I <= n)
if (ipiv(l) == 0) then
if (abs(a(l, k)) > amax) then

amax = abs(a(l, k))
irow = k
icol =1
end if
end if
| =1+1
end do
end if
k = k+1
end do
ipiv(icol) = ipiv(icol)+1

if (ipiv(icol) > 1) then
PRI NT *, "*** (Gauss2 input data error ***"
exit
end if

if (irow/=icol) then
k =1
do while (k <= n)
tnmp = a(k, irow)
a(k, irow = a(k, icol)

a(k, icol) tnp
k = k+1

end do

k =1

do while (k <= m

tnmp = b(k, irow)

b(k, irow) = b(k, icol)
b(k, icol) = tnp
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k = k+1
end do
end if
indxr(i) = irow
i ndxc(i) = icol
if (a(icol, icol) == 0) then
print *, "*** Gauss2 input data error 2 ***"
exit
end if

pivinv = 1.D0/a(icol, icol)
a(icol, icol) = 1.D0

a(:, icol) = a(:, icol)*pivinv
b(:, icol) = b(:, icol)*pivinv
dunc = a(icol, :)

k =1

do while (k <= n)
a(icol, k) =0
k = k+1
end do
a(icol, icol) = pivinv
k =1
do while (k <= n)
if (k /=1icol) then
a(:, k) = a(:, k)+((-dunc(k)*a(:, icol)))
b(:, k) = b(:, K)Y+((-dunc(k)*b(:, icol)))
end if
k = k+1
end do
i =i+l
end do
Il =n
do while (I >= 1)
k =1
do while (k <= n)
tmp = a(indxr(l), k)
a(indxr(l), k) a(indxc(l), k)
a(indxc(l), k) tnmp
k = k+1
end do
I = 1+(-1)
end do
count = count +1
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end do
nc_ Ol = b
end function GaussSolveArraySlice

244  Building the Executable
Call MakeBi nar y to compile the generated Fortran90 code and build the executable(s).
MakeBi nar y[ ]

Here, no package is given to MakeBi nar y. This means that the current package should be
used.
245 Installing Compiled Code

Interpreted versions are removed, and compiled ones are used instead by using the | n-
st al | Code function:

I nstal | Code[ " Gauss"];

246 Preparefor Execution

Define atime measurement function, AbsTi nme:

Set Attri butes[ AbsTi me, Hol dFirst];

AbsTinme[x_] := Modul e[{start,res},
start = AbsoluteTine[];
res=x;

{(Absol uteTine[]-start) Second, res}
l;

247 External Execution

External Execution of Array Slice Version

Call the version of GaussSolve which contains array slice operations. Repeat the solution
process several thousands times in order to get a measurable time. The external compiled
GaussSol veArraysl i ce functionis called via MathLink, in the same way as calling an
internal Mathematica function. Recall that we defined test matrices a and b earlier. The
same matrices will be used for this test.
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| oops=8000 * factor;

ext ernal eval =((cc=GaussSol veArrayslice[a, b, | oops]; )
[ AbsTinme)[[1] ]/ oops

0. 000015019427 Second

External Array Slice Version, MathLink in each Iteration

Call the GaussSolve externally compiled code via MathLink as before, but perform the so-
lution process only once per call. This causes the MathLink communication overhead to
dominate (almost afactor of 80) over the time needed to perform the actual solution process.

| oops=100*f act or;

ext ernal eval Pass=((Do[ cc=GaussSol veArrayslice[ aa, bb, 1], {l oops}];)
/1 AbsTinme)[[1] ]/ oops

0. 000013124328 Second

External Execution of For Loop Version

The for loop version of GaussSolve is executed externally several thousand times, which is
sufficient to get an execution time long enough for reliable measurements. The compiled
code is slightly faster than the array slice version, since the generated code avoids some
overhead in creating array objects. On the other hand, the array slice code is ailmost as fast,
and is more concise and more convenient to write and to understand.

| oops=8000* factor;

ext ernal eval For =((cc=CGaussSol veFor Loops|[ aa, bb, | oops]; )
[ AbsTinme)[[1] ]/ oops

0. 000013437156 Second

External For-loop Version, MathLink in each Iteration

As before with the array slice version, if acall viaMathLink is performed in each iteration,
the MathLink communication overhead will dominate over the actual computation time.

| oops=100;
ext er nal eval PassFor =
((Do[ cc=GaussSol veFor Loops| aa, bb, 1], {l oops}];)
[ AbsTinme)[[1] ]/ oops
0.0012497360 Second
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Internal Execution of Linear Solve as a Comparison

As a comparison, we call the builtin Mathematica function Li near Sol ve for solution of
linear equation system. Li near Sol ve uses an efficient solution algorithm from the Lin-
Pack library, which has been linked into the Mathematica kernel.

| oops=800*fact or;

i nt ernal Eval =((Do[ cc=Li near Sol ve[ a, b]; {loops}];)
/1 AbsTinme)[[1] ]/ oops

0. 000154021472 Second

Internal execution of Compiled version
| oops=200*f act or;
s=(c=GaussSol veFor LoopsC[ a, b, | oops];)// Ti ni ng

nmeval ForC=s[[ 1] ]/ oops;
Print["TIM NG FOR VERSI ON ( FOR-LOOPS) with Conmpile[]=", neval For(C];
Dot[a,c] - b /] MatrixForm

TIM NG FOR VERSI ON ( FOR-LOOPS) with Conpil e[]=0.000989667 Second
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24.8 Performance Comparison

The performance of the different execution formsis compared below (on Pentium4, 2.6 GHz
WindowsXP, using Digital Visual Fortran 6.0).

Execution on Pentium4, 2.4GHz, WindowsXP Timeconsumed Relative
Digital Viual Fortran Fortran 6.0 compiler (seconds)
GaussArrayslice, Standard Mathematica 0.1646| 10897
GaussForLoop, Standard Mathematica 0.107267 7101.43
GaussArrayslice. Mathlink overhead in each iteration 0.0012396468 82.06897
GaussForLoop. Mathlink overhead in each iteration 0.0012292296 81.37931
GaussArrayslice, no MathLink overhead 0.00001510494 1.000
GaussForLoop, no MathLink overhead 0.0000131517 0.870697
LinearSolve 0.00008984835 5.948276
GaussForLoop, usibg Compile[] 0.000989667| 1010.44
24.9 Cleanup

The calls below uninstalls the MathLink package, and removes temporary files produced
during the code generation process.

Uni nst al | Code[ " Gauss" ]
Cl eanMat hCodeFi | es[]

Cl eanMat hCodeFi | es can also be given an argument to specify which package to clean
up. The default is to clean up the last package compiled, which is used above.



66

2.4 The Gauss Application Example




3.1 Examples of Array Operations 67

Chapter 3 Matrix and Vector Operations

In many engineering applications, matrices and matrix manipulation operations are very
common. The availability of an easy-to-use and short-handed notation for manipulating ma-
tricesisimportant for these application domains. Thus, we have extended thePart ([[ ]])
operation in Mathematica to fulfill this objective.

The basic set of matrix operations in typed Mathematica presented in this chapter is
currently limited to operations on array sections. Declaration of array variablesis described
in Chapter 5 and dynamic array allocation and initialization in Chapter 6.

The syntax is inspired by the syntax used by Matlab, Fortran90 and Modelica, and is
supported by the MathCode code generator for up to 4-dimensional arrays, and within
Mathematica for an arbitrary number of dimensions.

Only operations on homogenous arrays, i.e. al elements have the same type, are
supported by the code generator. Also, arrays must have a matrix-like shape, i.e. there must
be the same number of elementsin each row or column of a matrix. This constraint applies
to generated code, but not necessarily within Mathematica.

3.1 Examplesof Array Operations

Before going into detail about the index notation, the differences between vectors and ma-
trices, and operations on those, we just show afew array slice operations to give an intuitive
understanding. First create a small matrix A with symbolic components of the form
ali,jl:

A=Tabl e[a[i,j], {i,4},{j,5}]
Result:

{{a[1,1], a[1,2], a[1,3], a[1,4], a[1,5]},
{a[2,1], a[2,2], a[2,3], a[2,4], a[2,5]},
{a[3,1], a[3,2], a[3,3], a[3,4], a[3,5]},
{a[4,1], a[4,2], a[4,3], a[4,4], a[4,5]}}
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Extract row 2 and 3:
Al[2]3,_]]

{{a[2,1], a[2,2], a[2,3], a[2,4], a[2,5]},
{a[3,1], a[3,2], a[3,3], a[3,4], a[3,5]}}

Extract all but the first two columns, i.e. from the 3:rd to the last column:

All_, 3l_]]

{{al[1,3], a[1,4], a[1,5]},
{a[2,3], a[2,4], a[2, 5]},
{a[3,3], a[3,4], a[3,5]},
{a[4,3], a[4,4], a[4,5]}}

3.2 Index Range Notation

When manipulating sections of arrays, it isimportant to have a concise and readabl e notation
for index ranges. Such as notation is currently missing from standard Mathematica. There
isastandard colon (: ) notation used both by Matlab and Fortran90, which unfortunately was
not possible to employ directly in Mathematica due to parsing problems. Instead we chose
the vertical bar (] ) which has a similar graphical layout as a colon and parses without prob-
lems in Mathematica. For example, an index range from 2 to n is expressed as follows in
Matlab and Fortran90:

2:n
and in our Mathematica notation as:

2| n

321 Omitting End of Index Range

There are index range colon expressions in Matlab and Fortran90 without right hand side,
which implies that the largest value implied by the context should be used. For example:

2:
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The2: in Matlab or Fortran90 means the same as2: n if there are at most n elementsin the
matrix dimension where this range is used, sincen then isthe largest value implied by con-
text.

In Mathematica the vertical bar is always a binary operator, which means that a
placeholder must be provided for the missing right hand side. We use underscore (_) asthis
placeholder, since that notation is aready used for placeholders in Mathematica patterns.
Thus the Matlab and Fortran90 example 2: is represented by the following Mathematica
syntax:

2| _

3.22 Omitting Start of Index Range

Alternatively, the left hand side of the colon can be omitted in Matlab and Fortran90, for
example:

'n-1

This means that the lowest index value should be used, which is always 1 in Matlab and
Fortran90, as well as in Mathematica. The Mathematica counterpart then becomes:;

1| n-1

3.23 Omitting Both Start and End of a Range

It is possible to omit both the start and the end of an index range, which in Matlab and
Fortran90 becomes a single colon and is equivalent to1: n for adimension of sizen;

In Mathematicathis can be represented by:
1l _

Thisisavery common specia case denoting the whole range of amatrix dimension. There-
fore we also provide the compact notation of a single underscore (_) to represent the whole
range of adimension:
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3.3 VectorsVersus Rowsand Columns

In Matlab all arrays including rows or columns of matrices are 2-dimensional matrices,
whereas in Mathematica and Fortran90 either 1-dimensional vectors or 2-dimensional row
vectors or column vectors are possible.

331 Onedimensional Vectors
One dimensional vector variables are type declared using one index dimension, e.g.:

Decl ar e[
Real [5] x;
]

A one-dimensional vector (i.e. an1” 5 array value with symbolic components might appear
as follows in Mathematica:

{x[(1], x[2], x[3], x[4], x[5]}

3.3.2 Row Vectors

A row vector extracted from a matrix is always atwo-dimensional (e.g.1" n) array in Mat-
|ab, whereas in Mathematica and Fortran90 it can be either atwo-dimensional or a one-di-
mensional entity. Most operations in Mathematica and Fortran90 accept either representa-
tion by performing automatic type conversion to the appropriate vector type, but certain op-
erations such as dot product can be sensitive to the type of vector. An extracted Mathematica
row-vector with symbolic components can appear as follows:

{ {a[2,1], a[2,2], a[2,3], a[2,4], a[2,5]} }
or with numeric components:

{ {1.1, 3.5, 2.3, 5., 6.2} }

The corresponding typeis:

Real [ 1, 5]

Thus, amore appropriate term for row vector would be row matrix, sinceit really isamatrix.

3.3.3 Column Vectors

Analogous to the case for row vectors, a column vector extracted from a matrix is always a
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two-dimensional (e.g. n” 1) array in Matlab, whereas in Mathematica and Fortran90 it can
be either a two-dimensional or a one-dimensional entity. An extracted Mathematica col-
umn-vector (i.e. an 1" 4 array) with symbolic components can appear as follows:;

{{a[1,2]},
{a[2,2]},
{a[3,2]},
{a[4,2]}}

or with numeric components:

{{5.5},

{6.7},

{8.98},

{9.35}}
The corresponding typeis:
Real [ 4, 1]

In line with the previous case, a more appropriate term for column vector would be column
matrix, since this also is a matrix.

3.4 Extracting or Assigning Vectors From Vectors

A range of elements forming a vector can be extracted or assigned from/to another vector.
For example, first we create a vector X containing symbolic elements:

X = Tabl e[ x[i], {i,1,4}]
{x[1], x[2], x[3], x[4]}
Extract the two middle elements:
X[[2]3]]

{x[2], x[3]}

Assign the last three elements:
x[[2]4]] = {22,33, 44}

{x[1], 22, 33, 44}
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3.5 Extracting VectorsFrom Matrices

Either one-dimensional vectors or two-dimensional row- or column vectors can be extracted
from rows and columns of matrices. However, in amost all cases the one-dimensional ver-
sion is desired when programming in Mathematica or Fortran90. This gives slightly more
efficient code, and allows indexing the vector using one index instead of two.

3.5.1 Extracting One-dimensional Vectors

Extraction operators using a single number or expression, e.g. 2 below, will always produce
1-dimensional vectors. For example:

Extraction of arow as a 1-dimensional vector:
All2,_]]
{a[2,1],a[2,2],a[2,3],a[2,4],a[2,5]}
Extraction of a column as a 1-dimensional vector:
All_ 2]]

{a[1,2],a[2,2],a[3,2],a[4, 2]}

3.5.2 Extracting Vectorsas Submatricesof Shapel norn” 1

The index range notations {i 2} and i 1| i 2 always produce vectors as two-dimensional
submatrices, whereas just i 2 gives one-dimensional vectors as presented in Section 3.5.1.
For example:

Extraction of a column as a column-vector, i.e. asan n” 1 submatrix:

Al_. {2}]]

{{a[1, 2]},
{a[2,2]},
{a[3,2]},
{a[4,2]}}

The n1| n2 syntax aways gives a submatrix. Here it is used to extract a column-vector
which isann x 1 submatrix as in the previous example:

ALL_, 4] 4]]
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{{a[1, 4]},
{a[2,4]},
{a[3,4]},
{al[4,4]}}

Extraction of arow as an 1xn submatrix:
Al[{2}, _]]
{ {a[2,1],a[2,2],a[2,3],a[2,4],a[2,5]} }

The notation { 2} isequivalent to2] 2.

3.6 Assigning Vectorsto Rowsor Columns of Matrices

The examples in this section assume that A is re-initialized as shown in section 3.1 before
execution of each.

The following sets the contents of arow to the contents of avector. For example, setting
row 2 to another value:

Al[2, 11 = {11, 22, 33, 44, 55}

{{a[1,1], a[1,2], a[1,3], a[1,4], a[1,5]},
{11, 22, 33, 44, 55 },
{a[3,1], a[3,2], a[3,3], a[3,4], a[3,5]},
{a[4,1], a[4,2], a[4,3], a[4,4], a[4,5]}}

Due to the list representation of arraysin Mathematica, it is possible to get identical results
by assigning to arow by only giving the row dimension on the left hand side, e.g.:

A[[2]] = {11, 22, 33, 44, 55}

A column can be assigned the value of a one-dimensional vector:
Al[_,3]] = {11, 22, 33, 44}

Result:

{{a[1,1], a[1,2], 11, a[1,4], a[1,5]},
{a[2,1], a[2,2], 22, a[2,4], a[2,5]},
{a[3,1], a[3,2], 33, a[3,4], a[3,5]},
{a[4,1], a[4,2], 44, a[4,4], a[4,5]}}
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Row- and column vectors or two-dimensional shapel’ n orn” 1 can also be assigned to rows
or columns of amatrix. However, be careful to specify such shapes also on the left hand side.
For example, assigning al” n row vector:

Al[_,212]]1 = {{11, 22, 33, 44, 55}}
Assigning an n” 1 column vector:
Al 33]] = {{11},

{22},

{33},
{44}}

3.7 Extracting and Assigning Arbitrary Submatrices

Arbitrary submatrices can be extracted or assigned by using complete range specifications.
For example:

Extractinga2” 2 submatrix from A:
Al[2]3, 2[3]]
Result:

{{a[2,2], a[2,3]},
{a[3,2], a[3,3]}}

Assigning values to a submatrix of A:

A[[2]3, 2|3]] = {{1, 2},
{3, 4}};

Result:

A // MatrixFornmt

{ {a[1,1], a[1,2], a[1,3], a[1,4], a[1,5]},
{a[2,1], 1, 2, a[2,4], a[2,5]},
{a[3,1], 3, 4, a[3,4], a[3,5]},
{a[4,1], a[4,2], a[4, 3], a[4, 4], a[4,5]} }

1. Actually, amatrix formatted using Mat r i xFor min areal notebook |ooks nicer than what
is shown in thistext.
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3.8 Promotion of Scalarsto Vectorsor Matrices

The standard Mathematica assignment operation will allow assigning ascalar value to ama-
trix variable even though it has been declared and initialized as a matrix:

A=5
A has now been converted to a scalar integer variable with the value 5:

A

5

Such assignments will give rise to atype error in generated Fortran90 code. However, it is
possible to perform elementwise initialization of arrays by scalar values both in Mathemat-
icaand in generated code by specifying the dimensionsin the left hand side. Then the scalar
value will automatically be promoted to constant array of compatible shape when perform-
ing the assignment.

For example, the two last columns (from 4 to the end) of A should be set to zero. The
scalar 0 in the example below can be regarded as being promoted to a4’ 2 constant array of
zeroes before performing the actual assignment.

All_, 411 =0;

A/l MatrixForm

{{a[1, 1], a[1, 2], a[1, 3], O, 0},
{a[2, 1], 1, 2, 0, 01},
{a[3, 1], 3, 4, 0, 0},
{a[4, 1], a[4, 2], a[4, 3], 0, O0}}

It is possible to set all elements of the array to the same scalar value:
All_, _]] = 555
A/l MatrixForm

{{555, 555, 555, 555, 555 },
{555, 555, 555, 555, 555 },
{555, 555, 555, 555, 555 },
{555, 555, 555, 555, 555 }}
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3.9 An ExampleMatrix Function

This example function, called mat r i xt est f unc, is completely meaningless from a com-
putational point of view, but still illustrates how matrices can be declared asaformal param-
eters, as local arrays, returned as function values, and operated on by a number of assign-
ment and value-extraction array section operations. The local variablesa, b, ¢ and d arejust
initialized to integer constants. The syntax used for declaring arraysis explained in more de-
tail in Chapter 5.

matri xtestfunc[Real[n_,n_] ain_]->Real[n,n] := Mdul e[{
Real [n,n] v;
I nt eger {a=2, b=3, c=2, d=4};
b,
yl[_ 2]]=ain[[_,2]];
yll[_ al_]l]l=ain[[_ al_]];
yl[_ cldl]=ain[[_ c|d]];
ylla _]]=ain[[a, _]];
yllal_, _1]l=ain[[al_ _1];
yll[alb, _J]=ain[[alb, _]];
yllal_,cl_]]=ain[[a] _,c|_]];
yllal_ cld]l]=ain[[a]_, c|d]];
yll[alb,cl]_]]=ain[[a]b,c|_]];
yl[alb,cld]]=ain[[a]b,c|d]];
yl[_ bl]=ain[[_,b]];
ylla _]]=ain[[a, _]];
| y

3.10 Current Limitations

The current MathCode code generator is limited to array section operations on up to 4-di-
mensional homogenous arrays. Also, it is currently not possible to specify a different stride
(i.e. step size) than the default 1, as can be done in both Matlab and Fortran90.
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Chapter 4 Rationale for Type
Declarations in Mathematica

Previously, in Chapter 1, we presented some examples of static type declarations in Mathe-
matica code needed to use the MathCode code generator. In this chapter, the type declara-
tion notation, or “type system”, is motivated and presented in broader perspective—a type
system can be used for more purposes than just to provide the necessary typing needed for
acode generator.

Right now the main reason to introduce static typing in Mathematica is to be able to
generate efficient code in languages like C++ and Fortran90. Future perspectives are more
convenient internal compilation of Mathematica code, and provisions for a future type
checker of Mathematica code. Such functionality is usually not possible without static type
information, since there are a number of cases where the interpretation of parts of
Mathematica programs are ambiguous when used as input for code generation.

The static type system presented here is designed to be well integrated into
Mathematica. The syntax is Mathematica compatible, which makes it possible to use the
type extensions in ordinary Mathematica code.

The type declarations are treated as code annotations within Mathematica, i.e. loosely
associated additional information. Thus, they have no effect on execution and symbolic
transformations within Mathematica apart from introducing the names of declared typesand
variables in the current Mathematica context. The only exceptions are typed array variable
declarations with or without initialization parts, where the declared variable is allocated
automatically to the specified dimensions and size.

Certain advanced features of the type system such as class declarations, records, etc.
which sometimes are briefly hinted at in the text are not implemented in the current version
of MathCode, but are planned to become available in a future version.

4.1 Why Type Declarations?

There are several reasons why a static type system is a useful extension to Mathematica:



78 4.2 Types for Code Generation

» Precise static type information is needed for generation of efficient executable code.
» Atypecheckerisuseful for finding errors during software devel opment in Mathematica.

* Object oriented typing is useful to handle complexity when building large applications
and equation-based simulation models.

Additional requirements of atype system are:

» Ease of use Thetype system should be easy to understand and use.

* Readability and standardization. The type notation should be readable, and conform to
common program language standards, as well as conform to relevant Mathematica
conventions.

« Compatibility. Typed Mathematica code should execute together with untyped code.
Adding type information should be a pure extension—existing code should in general
not need to be changed.

First we discuss the motivation behind a static type system is some more detail.

4.2 Typesfor Code Generation

Precise static type information is needed for translating Mathematica into efficient code in
strongly typed languages such as C++, Fortran90 and Java. It is also needed for more effi-
cient internal compilation of Mathematicato efficient code as evidenced by the type infor-
mation parameters to the standard Mathematica Conpi | e function.

Experience from research on code generation to C++ and Fortran90 from the
ObjectMath! extension to Mathematica made it clear that precise static type information
could not be automatically deduced from dynamically typed Mathematica code in all cases,
especially when list structures (arrays) were involved. Therefore explicit declaration of
static type information was introduced. However, in many cases it is possible to
automatically derive static type information through type inference.

Precise static typing is especially important to provide consistent handling of arrays
between Mathematica, C++, Fortran90, Java, etc., including compatibility with array
representations used in common numerical subroutine libraries.

4.3 TheNeed for Type Checking

Debugging Mathematica programs can be hard. Simple spelling errors and other mistakes

1. Article in IEEE Software, July 1995.
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may cause pattern matching to fail, which causes huge unevaluated expressions to be re-
turned to the user. It isusually not so easy to realize where the source of the error islocated.
Partial dynamic type checking of function parameters can be turned on, but will only be able
to catch errors for the particular test cases which are used during debugging and testing.

A static type checker can be of great help here, in finding simple mistakes such as
spelling errors of variables or function names, wrong number of arguments to functions,
mismatch of actual argument types and formal parameter types, etc. Concerning parameter
types, most builtin Mathematica functions have numeric parameters which will be assigned
thetype Real inthe static type system. The static type Real is of course an approximation,
since there are several numeric formsinMathematica such asinfinite precision numbers and
fractions. However, the approximation to Real fits well with code generation to statically
type languages such as C++ or Fortran90 as well as being a reasonable static type
approximation for execution within Mathematica, since the exact numeric type may change
dynamically during execution.

A relevant question is whether the static type system would be able to detect enough
errors, since most functions in Mathematica are numeric anyway, and declaring the type
Real for function parameters and results will not add that much information. There are
however many functions which accept parameters that are vectors and arrays of different
forms, and for which precise type information is quite useful for type checking. Other
functions accept parameters which are records represented as tagged tuples. Additionally,
checking the number of function parameters and whether a function or variable has been
declared would catch many common mistakes by Mathematica programmers.

4.4 Typesfor Object Oriented Simulation M odeling

Simulation models are usually constructed to simulate some model of aspects of the external
world. This is precisely where object orientation is most useful. For example, typical me-
chanical systems consist of anumber of mechanical components which can be described by
classes containing equations that describe motion, forces, material properties, etc. Simula-
tion models of mechanical and other systems can be put together by connecting such objects
from classlibraries.

For example, a car contains connected objects such as motor, transmission, wheels, etc.
Inheritance provides reuse of equations and function definitions when inheriting from
general classes to more application specific instances. Thus, object oriented type and class
mechanisms provide structuring and reuse when building mathematical simulation models
of physical systems. A future extension of the MathCode system will provide object oriented
typing for simulation applications.
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4.5 Introducing Declarationsin Mathematica

When introducing declarations and static typing as an extension to Mathematica, some key-
words and names need to be reserved. The chosen keywords should preferably not be used
for other purposes within Mathematica, be intuitive and easy to understand, and correspond
to common practice in other programming languages.

The same requirements hold for the syntax of typed definitions. It should be readable,
easy to use, be compatible with Mathematica syntax, and correspond to common
programming language conventions.

4.6 Declarationsin Mathematica Packages

The notion of declaration is already present in standard Mathematica, although it is not very
pronounced. A Mathematica package can be regarded as a sequence of untyped variable and
function declarations. For example:

Begi nPackage[ " Exanpl ePackage™ "]

var nanel,
var nane2=35;

funclla_, b_] .
func2[x_,y ] := ...;

EndPackage[ ]

The untyped “declarations” of variables var namel and var nane2 introduce these names
into the name context of the package. The “declaration” of var name2 also initializes the
variable. The “declarations” of functionsf uncl and f unc2 define these functions.

4.7 Basic Types

The basic type namesReal , | nt eger ,Conpl ex, Synbol , St ri ng etc. are already defined
by Mathematica to be used in patterns and as head tags of basic objects. However, since the
meaning of these words is essentially the same when used in a static type system, there
should not be a problem to continue using these type names. To choose other names would
be confusing for the user.

We introduce the type name Bool ean as the type of values Tr ue or Fal se, and Nul |
to indicate the empty type or absence of type, e.g. for a procedure that does not return any
datavalue.

The type name Any Ty pe indicates that an object may have any type, which is useful to
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describe the type of certain objects, e.g. the element type of an array that may contain a
mixture of objects such as real numbers, integers, strings etc. See section 5.1 that explains
which basic types are actually implemented in MathCode F90

4.8 Dual Type System

Are Mathematica patterns the same as types? One might be tempted to answer yes to this
guestion since both notions describe sets of objects which fulfill a pattern or type constraint.
There are however certain differences between patterns and types as known from languages
such as C++ or Fortran90:

* A pattern language is designed to express structural properties to be dynamically tested
during execution, whereas a static type system describes properties to be checked
statically before execution starts. This tendsto influence the pattern or type notation.

» Certain aspects of the static type system, e.g. user-defined type names, record types,
arrays, classes, etc. do not fit well into the Mathematica pattern language.

» Static type information can be approximate when used for type checking. For example,
our Real typeisan annotation that tells the system that a certain object (e.g. afunction
call) has a potential numeric non-integer (Real or Rat i onal ) valueif all argumentsto
such an object are numeric and not symbolic.

* Precise static type information is needed for generation of efficient code in statically
compiled languages. Sometimes thisinformation must be provided by the user to obtain
the precise intended meaning for generated code.

Mathematica patternsisin fact a mechanism to describedynamic types— i.e. types that can
change during execution. For example avariable x may be a symbol, then change into an
expression and finally change into areal floating-point number during evaluation.

On the other hand, in a static type system, one would like to express that a variable
always has the static type Real even though it sometimes is represented by a symbol,
sometimes by an expression and sometimes by a floating-point value. This is especially
needed for compiling to statically typed languages and for static type checking. Another
need for static typesisfor user-defined types; for example avariable could have a static type
Vol t age even though it has a real value and would have matched the head Real in
Mathematica.

Hence we need static typing. Combined with the Mathematica patterns, MathCode thus
provides adual type system, fulfilling both requirements.
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4.9 Typed Function Declarations

Regard the following four variants of the same untyped function f 2 in Mathematica, for
which the second and third rules are attempts to include some dynamic type information; the
variable x could be a symbol, an expression, a floating point number etc.:

f2[x_] := x+2;
f2[x: _Integer] := x+2;
f2[x:(_ | _Integer)] := x+2;

f2 = Function[{x}, x+2];

The first definition of f 2 works for both symbolic and numeric arguments, which is often
what the user intends, e.g. when producing symbolic expressions that will eventually be
computed numerically. If an _I nt eger patternisprovided asaparameter “type” in the sec-
ond definition, the function will unfortunately no longer work for symbolic arguments such
as names of variables with potential integer values. The third definition can both handle
symbolic arguments and provide some type information, but may collide with some uses of
Al'ternative (| ) and still does not specify afunction return type. The fourth version does
not include any type information at all, analogous to the first version.

Therefore, for reasons mentioned in the previous section, we provide static argument
types and the function type in a function signature integrated into the function head. Type
prefixes are separated from formal parameter names by one or more spaces, which is
represented by a special kind of prefix operator in the Mathematica Ful | Form
representation’. An arrow in the signature indicates mapping from input argument types to
output result types. Some examples are shown below.

sin2[Real x_] -> Real = Sin[x]+2.0;
nyprint[Real x_] -> Null := Print[x];
nmyrandon{] -> Real = Randoni];
nyfunc[Integer x_, Real y_] -> Real := x+y*y;

sincos3[Real x_, Real y_] -> Integer :=
Fl oor [ Si n[ x] +Cos[y] +nyfunc[x, y]];

1. The exact form of this FullForm prefix operator will change in future MathCode releas-
es. Users should not make themselves dependent on the current Full Form representation
of the prefix operator.
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Noticethat the: = must be on the same line as the function head. Otherwise the Mathematica
parser will read the first line separately and the type information will not become associated
with the declared function. The following is not allowed:

sincos3[ Real x_, Real y_]->Integer
= Floor[Sin[x]+Cos[y] +myfunc[x,y]];

Below isthe Ful | For mof the first definition (si n2). As can be seen, the arrow from the
function prototype to the result type becomes a Rul e[ ] node.

Set Del ayed]
Rul e[ sin2[ Real [Pattern[x, Bl ank[]]]],Real], Plus[Sin[x], 2.]

]

Since Rul e[ ] nodes are essentially never used as function names in normal Mathematica
code (they are expressions, not names), the: = operator (Set Del ayed) can for Rul e[ ]
nodes be redefined to perform the special action of storing away type information in a sym-
bol table, aswell as defining an untypedsi n2 function as usual. This stored type informa-
tion is then used for type checking and code generation. The untyped si n2 function can be
executed interpretively within Mathematica, which gives full compatibility with interpreted
Mathematica code.

49.1 TypeArgumentsto the Mathematica Compile Function

The example below illustrates the rather drastic changes that would need to be doneto atyp-
ical user-defined function such assi ncos3, in order to use the standard Mathematica Com
pi | e function. Thisviolates our requirements of compatibility and co-existence with inter-
preted Mathematica code and makes the function definition much less readable. Therefore
this notation is not a viable option for typed Mathematica function definitions.

sincos3 = Conpile[{{x, _Real}, {y, _Real}},
Fl oor [ Si n[ x] +Cos[y] +myfunc[ x, y] 1,
{{nmyfunc[__], _Integer}}]

4.10 Typed Declarations

There are several kinds of declarations where static type information can be supplied. For
example, the type signatures of functions and the types of global variables need to be de-
clared. We introduce the Decl ar e[ ] declarator for declaring global variables, as shown in
the example package below. Declared variables may be initialized, as for the variable
var name2 below:
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Begi nPackage[ " TypedExanpl ePackage™ "]

Decl ar e[
Real var nanmel,
I nteger varnanme2 = 35;

1

nyfunc[ Real x_, Real y_]->Real := x+y*y;

sincos[Real x_, Real y_]->Real Si n[ x] +Cos[ y] +nmyfunc[ x, y] ;

EndPackage[ ]

Decl ar e can also be used to declare function signatures, i.e. provide separate static type
information for previously untyped Mathematica functions:;

Begi nPackage[ " TypedExanpl ePackage™ "]

Decl ar e[
Real var nanel;
I nt eger varnane2 = 35;
nmyfunc[Real x_, Real y_]->Real;
sincos[ Real x_, Real y_]->Real

1

myfunc[x_,y_] := x+y*y;

sincos[x_,vy_] Si n[ x] +Cos[ y] +nmyfunc[ x, y] ;

EndPackage[ ]
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Chapter 5 More on Typing and Declarations

A previously mentioned, the typed extension to Mathematica provides language extensions
for declaring static types of Mathematica variables, arrays and functions, and augments the
pattern facilities for functions already present inMathematica. This static typing scheme is
general enough to provide a consistent strong typing of the compilable Mathematica subset,
described in more detail in AppendixA. Thisis the basic subset of Mathematica handled by
the code generator. This subset is extensible via definitions provided by the syst empack-
age (see Section 7.8 on page 124).

5.1 Basic Types

As mentioned in the previous chapter, the basic type names Real , | nt eger, Conpl ex,
Synbol, St ring, etc. are aready defined by Mathematica to be used in patterns and as
head tags of basic objects. We continue to use some of these type names in the static type
system.

* Real —In generated code the Real type is represented by the |IEEE double precision
floating point type (REAL(8)). When executing within Mathematica the Real type has
awider range, including infinite precision rational numbers.

* | nt eger —Ingenerated codethe Integer typeisrepresented by astandard integer type,
INTEGER(4). When executing within Mathematica integers with unlimited number of
digits are supported. This may lead to difference in numerical results.

* Nul I —This represents the absence of a typed value, e.g. for functions which do not
return any value. In standard Mathematica Null is used in several circumstances to
indicate the absence of something, e.g. a non-existent value, a missing expression or
statement, etc. There is no such type in Fortran. Mathematica functions that return a
value are translated to Fortran functions. Mathematica functions that do not return any
value are translated to Fortran subroutines.

All other types are not part of the compilable subset
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5.2 Declarations

There are several kinds of declarations where type information can be supplied, including
declarations of constants, variables, and user-defined types.

521 VariableDeclarations

The types of variables need to be declared for reasons mentioned previously, although type
inferencing techniques can be introduced to deduce the types of some, but not all, variables.

Earlier we introduced the Decl are[] declarator for declaring global variables, as
shown in the example Mathematica package below. Declared variables may be initialized,
asfor thevariable i 2 below.

Decl ar e[
Real ri,
Integer i2 = 35
l;

The Decl ar e[ ] declarator is not needed for declarations of local variablesin Modul e[ ],
Bl ock[] orW t h[] bodies of typed functions, asin the contrived example below. This ex-
ample also showsthe syntax of simultaneous declaration of several variables (here:y, z, w)
with the same type. Note that the variabley isreturned as the value of the function f by be-
ing the last expression (which thus must be without ending semicolon) at the end of the func-
tion body.

f[Real x_]->Real := Module[{
I nteger n,
Real {y,z,w},
I nteger i 1,
I nteger | 0

}

y = x+iHj;
y
1

The following example shows how both function signatures and global variables can be de-
clared separately using Decl ar e:

Decl ar e[
nyt an[ Real x_] - >Real
Real [ 3,3] nyarr

]
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mytan[ x_]: =Si n[ x]/ Cos[x];

The reader might ask how typed local variable declarations can work, since such declara-
tions are not allowed by Mathematica for Modul e[ ] or Bl ock[] sectionswithin ordinary
untyped functions. The reason that thisworksisthat the MathCodetype analyzer during the
analysis of typed function declarations removes and stores elsewhere all type information
from local variable declarations, and simultaneously produces an ordinary untyped version
of the function that can execute as usual within Mathematica. Thisis done just once during
declaration elaboration, before the function is called, so that the Mathematica code is not
slowed down by any additional type checking at run-time.

5.2.2 Constant Declarations

Named compile-time constants are available in several languages such as C, C++, Fortran,
etc. When tranglating from Mathematica to those languages, it is useful to be able to gener-
ate declarations of such symbolic constants since this guarantees that generated code and
hand-written code referring to such a constant references exactly the same constant value.
Symbolic constants are al so quite useful when specifying the dimension sizesin declarations
of fixed sized arrays. Currently the constants used in symbolically evaluated functions are
replaced by their values. All declared constants are represented as global variables in the
generated code and are initialized by corresponding constant expressions.

The constant declaration sets the Constant attribute for the constant name in
Mathematica, which is relevant for symbolic derivatives, as well as setting the attribute
Pr ot ect ed which prevents accidental assignment of a new value to the constant. Some
examples are shown below.

Decl ar e
Const ant one = 1,
Const ant age = 5.5,

Const ant | nteger vsi ze = 100,

Const ant Real Pi,

Constant Real [10] constvec = {1,2,3,4,5,6,7,8,9, 10}
1

As can be seen from the examples, a constant may or may not be initialized, and can have
an associated optional type. If no type is specified, the type isinferred from the type of the
initialization expression, if possible. If no valueis supplied, the constant is either used only
for symbolic computations where the val ue is not needed, or the value has already been pre-
defined as in the case of Pi .
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5.3 TypeConstructorsand Data Constructors

A type constructor is afunction that can create types, and may have types or other entities
as arguments. Essentially any type name can be used as a type constructor.

For example, Real isaO0-ary (i.e. nullary—no arguments) type constructor that creates
the Real type. By contrast, a data constructor is a function or tag that creates and marks a
datavalue.

531 List Structuresand Array Types

Arrays in the compilable Mathematica subset are homogenous, ordered collections of ele-
ments, all belonging to a common base type (e.gReal , | nt eger). In standard Mathemati-
ca, arrays are known aslist structures. However, these are internally implemented as dynam-
ically extensible arrays.

Arrays can be declared as one-dimensional, two-dimensional or multi-dimensional. If
the Mathematica program is going to be translated to Fortran90, there is a limitation of at
most 7 dimensions. For translation to C++ thereis currently alimitation of 4 dimensions.

Arrays can be passed as arguments to Mathematica functions, and be returned as
function values.

5.3.2 Array TypeConstructors

Compared to the previous example where Real was a nullary type constructor, in Re-
al [ 10] thenameReal isaunary (one argument) type constructor that creates the type: ar-
ray of ten real numbers. Inl nt eger [ 5, 5] , thenamel nt eger isabinary (two arguments)
type constructor that creates the type: square 5 by 5 matrices of integers. Thus, the element
type with one or more arguments is used as a type constructor for arrays of one or more di-
mensions. Some examples:

Real [ 3] (* A typefor one-dimensional arrays of 3 real numbers *)
Real [ 5, 4, 10] (* A three-dimensional real array type *)

| nt eger [ 4, 4] (* A typefor 4x4 arrays of integers *)

Integer[ _, ] (* A typefor 2-dim arrays of integers with

unspecified number of rows/columns *)

The symbols mand n in the array type below can be named integer constants or global vari-
ables assigned to only once, in which case they are sometimes referred to as execution pa-
rameters (see page 97), or local variables which have been initialized to the dimension sizes
of the array:
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I nt eger[ m n]

5.3.3 Data Constructors

In contrast to type constructors, data constructors are functions or tags which build or mark
data values. For example, the tag Conpl ex in Mathematicais a data constructor that builds
and tags complex numbers.

The basic type names Real , | nt eger, Synbol , St ri ng might also be regarded as a
kind of basic data constructors, sinceHead[ 3. 2353] returnsReal , and Head[ 55] returns
I nt eger,Head["astring"] returnsStri ng andHead[ MyX] returnsSynbol .

54 Array Variable Declarations

Below is an example of declaring global array variables, enclosed within the Decl ar e[ ]
declarator needed to specify global variables:

Decl ar e[
Real [ 10] X,
Integer[n,m vy
]

Local array variables in functions are declared within the list of local variables in a
Modul e[],Bl ock[] orWth[]:

Modul e[ {
Real [ 10] X,
Integer[n,m vy

b

54.1 Declaring Multiple Array Variables

The syntax for declaring multiple array variables of the same type is the same as when de-
claring several scalar variables of the sametype, asfor examplein the declaration of the sca-
lar variables x, y, z and the array variables xvec, yvec, zvec below:

Real {x, vy, z}
Real [2] {xvec, yvec, zvec }

Initialization parts are possible in both cases:
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Real {x=val uel, y=value2, z=35.4}
Real [ 2] {xvec={1l.,1.}, yvec={3.,4.}, zvec={10.,5.5} }

5.5 Functions

Functions can be declared with zero or more argument types and a return type which might
beNul | toindicate the absence of areturn value. The first example shows afunction Dou-
bl eSi x which accepts one integer parameter and returns areal result:

Doubl eSi x[ I nteger x_]->Real := 6.0+x+X;

Static type signatures of functions can also be specified in aseparateDecl ar e statement as
shown below:

Decl ar e[ Doubl esi x[ I nteger x_]->Real ];

Doubl eSi x[ x_] := 6.0+x+X;

Both static and dynamic typesl (e.g. see Section 4.8 on page 81) can be specified as below:
Decl ar e[ Doubl esi x[ I nteger x_]->Real ];

Doubl eSi x[ x_I nteger] := 6. 0+x+x;

55.1 Functionswith No Input Parameters

Functions without input parameters are specified with an empty [ ] representing the empty
list of input parameter types, e.g.:

Six[]->Real := 6.0

5.5.2 Functionswith Multiple Return Values

An example of afunction with multiple return values is shown below. This function accepts
onereal parameter value and returns two real values. When translating to C++ or Fortran90,
multiple return values are handled by adding additional output parametersin the code of the
translated functions.

SinCos[Real x_]->{Real, Real} :={ Sin[x], Cos[x] };

1. The“dynamic type” is an ordinary Mathematica pattern like _Integer or _Real that is
used for ordinary dynamic pattern matching.
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Functions with multiple return values should be called in the right hand side of an assign-
ment statement with several variables on the left hand side, e.g.:

{y,z} = SinCos[5.5];

Note that from atyping point of view thisis different from a function returning an array of
two elements, which could be declared as follows:

Si nCos2Vec[ Real x_]->Real[2] :={ Sin[x], Cos[x] };
and called as below:

y2vec = Si nCos2Vec[5.5];

5.5.3 Functions Returning Arrays

Arrays can be passed as parameters to functions, as in the functionAddThr ee below:
AddThree[ Real [ 3] vec_]->Real := vec[[1l]]+vec[[2]]+vec[[3]];

and arrays can be returned as function values:

OneTwoTree[]->Real [3] := { 1., 2., 3. };

55.4 Functionswith No Return Value

Some functions (usually called procedures) do not return any values. They just perform
computations and usually perform side effects like assigning values to global variables or
performing input/output.

The function Assi gnl nt var below is an imperative function (really a procedure) that
does not return anything (just Nul | ) but has a side effect by changing the declared global
integer variablel nt var :

Assignintvar[Integer x ]J->Null := ( Intvar = x+5; );
An example of afunction lacking both input parameters and result val ue:

Assignintvar[]->Null := ( Intvar = 5; );

555 Functionswith Local Variables

The type information for local variables uses the same syntax as for globally declared vari-
ables but with the keywordDecl ar e[ ] omitted. For example the function body
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foo[ Real x_]->Real := Modul e[
{

| nt eger n,

Real w2,

I nt eger i =1

b
.

will create the local variables n, w2, andi with the types | nt eger, Real , and I nt eger
respectively.

The Decl are[] command can be used to separately specify the types for the local
variables in combination with function signatures as follows

Decl are[ function signature, {local variable types}]

Thellist of local variable types must be given immediately after the corresponding function
signature. Several function signatures can be given in a Decl ar e[ ] statement combined
with local variable type specifications. If the function body consists of several nested blocks
the types for the local variables are assumed to match the topmost block.

The previous example appears as follows when local variable type specifications are
separated from the function itself asin the Decl ar e[ ] statement below

Decl are[ foo[Real x_]->Real, {lInteger, Real, I|nteger}]
foo[x_] := Modul e[

{ n w2, i =1},

]

55.6  Structureof a Small Example Package with Typed Functions

The following small package example shows the recommended structure of atypical pack-
age using constructs in typed Mathematica. More compl ete package examples have already
been presented in Chapter 2.

There are two sections containing names. The first contains publicly visible names that
can be referenced outside the package. The second contains global names that only should
be visible within the package. There are several reasons to have these as separate sections.
For example, if the package is stored in a notebook, one can have each of these sectionsin
aseparate cell. It isthen easy to add a new public or private global name just by adding it to
the appropriate list, and re-evaluate the corresponding cell. Other reasons to have a private
global name list isfor documentation purposes, and to make it easy to move names between
the public and private global name lists as need arises.
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Needs[ " Mat hCode' "]
Begi nPackage[ " TypedExanpl ePackage’ "]

(* Interface section with exported, publicly visible nanes *)
Begi n[ " TypedExanpl ePackage’ "]

ri,

ext func;

End[ ]

(* Private global nanes, only visible within the package *)
Begi n[ " TypedExanpl ePackage’ Pri vate‘ "]

i2;

b3;

si ncos;
End[ ]

(* I'nplenmentation section *)
Begi n[ " TypedExanpl ePackage’ Pri vate‘ "]

(* dobal variables *)

Decl ar e
Real ri,
Integer 12 = 35,
Bool ean b3 = Fal se

1

(* Typed function definitions *)

extfunc[Real x_, Real y_ ]->Real := x+y*y;

sincos[Real x_, Real y ]->Real := Sin[x]+Cos[y]+extfunc[x,y];

(* End of inplenentation section *)
End[ ]

(* End of Package *)
EndPackage[];
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Chapter 6 DataAllocation and Initialization

The standard Mathematica semantics of variable declarations separates the declaration of
the variable, i.e. the introduction of the name of the variable, from the allocation/initializa-
tion of avalue for that variable. This makes sense, since many computations inMathematica
are symbolic and thus involve symbolic hamesrather than (numerical) values.

Thus the separation of type declaration and memory allocation for a variable means that
alocation is specified by a separate explicit allocation/initialization part. This is different
from languages with implicit allocation. Complete separation goes even further—
declaration of the type for a variable is completely separated from allocation and
initialization which can occur later, even in a separate part of the program.

Below we compare Mathematica with possible target languages for generated code.

» Mathematica. Declaration of type is separate from allocation/initialization. Allocation
and initialization is explicitly specified in an initialization part. Allocation and
initialization are coupled, i.e. aways occur together. The initialization part of
declarations is optional. Complete separation of type declaration and allocation is
possible by leaving out the initialization part.

* Fortran90. Declaration of variables with simple types (Real , | nt eger ,...) implicitly
allocate memory. Regarding the declaration of variables with structured types (arrays,
records), both explicit and implicit models are possible. Declarations can either cause
implicit allocation or require separate explicit allocation depending on how constructor
functions are defined and used. The MathCode library used by the MathCode code
generator supports implicit allocation in conjunction with variable declaration. The
initialization part is optional. Complete separation of type declaration and allocation is
possible in Fortran90 via pointer variables.

Implicit allocation of declared variables is a safer programming practice and usually gives
better performance of the compiled code compared to complete separation of declaration
and allocation. Therefore, Mathematica variable declarations with or without initialization
part are compiled to variable declarations with implicit allocation whenever possible.
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6.1 When Should Allocation and I nitialization be Performed?

The rules for variable allocation and initialization are specific for each programming lan-
guage. Here we are primarily interested in transparent allocation/initialization behavior for
typed Mathematica compared to generated code in Fortran90, i.e. initialization code should
execute in essentially the same way.

For typical computing applications there is often a set of global variables which in a
sense are execution parameters for the whole application, and thus should obtain their
values quite early. We need a way to structure the computation so that these execution
parameters obtain their values before the actual computation occur, and before the all ocation
of non-constant sized data structures.

6.1.1 Initialization of Global Variables

There are three cases of declarations of global variables to consider:

» Global variables with statically known size. Examples are scalar variables or array
variables with constant dimension sizes, e.g. in a declaration such as:

Decl are[ Real [ 3, 3] xmat =initializer]

Such variables can be alocated and initialized statically before execution. This is
usually done automatically in Fortran90. For typed Mathematica, allocation is
performed when the declaration statement is first encountered and eval uated.

However, if the initializer contains a non-constant expression that refers to some
variables whose values are not yet defined, the initialization should be done later when
these variables have received their values, e.g. as for the El ect r ons example in the
next paragraph. This should be done via a user-specified call to the function
packagename nit[]. This function is generated automatically when
Conpi | ePackage is caled. For example, for a package nypack this function would
be called mypacklnit[].

» Global array variables for which the allocated size is not fixed until runtime, and which
can be dependent on the values of one or more integer variables. Such integer variables
are someti mes called execution parameter ssince they may parameterize array allocation
for the whole computation.

An example could be the simulation of an atom, for which the valuen of the number
of electrons need to be read in before descriptive array variableslikeEl ect r ons inthe
following declaration are allocated:

Decl are[ Real [n] Electrons = initializer]

The desired behavior is to allocate such array variables after the relevant execution
parameters have received their values but before the array variables are first used.
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Therefore the system generates a function called packagenamel nit[] in each
compiled package. This function allocates and initializes global variables declared in
that package For Mathematica code intended to be translated to stand-alone code, acall
to this alocation/initialization function should be inserted explicitly by the user at the
appropriate point in the code, usually quite early in the computation. This function is
automatically called to perform initialization at the start of a C++ computation when the
applicationisinstalled by | nst al | Code[] from the Mathematica environment.

» Global variables with unknown sizes and explicit initialization code. Allocation occurs
when the relevant explicit allocation/initialization user-written code is executed. Such
allocations and initializations which are part of the declaration initializer are performed
when the package specific packagename ni t [ ] functioniscalled.

Local Variables

Declared local variables are allocated and possibly initialized when the function body is en-
tered and these declarations are elaborated. Thisis done both for Mathematicaand for target
languages like C++ and Fortran90. Thus, such variables pose no special problem.

6.1.2 Execution Parameters

For typical applications such as simulations and numerical experiments there is a kind of
global or class variables that might be called execution parameterssince they in a sense are
parameters for each execution of the whole application.

These variables should be assigned values only once, quite early during execution,
before the allocation of all “static” variable-sized data structures, and before execution of
non-constant initializers. An example is the parameter n, which determines the size of
allocated arrays for the atom simulation mentioned in Section 6.1.1.

6.2 Array Allocation and Initialization

A declared array usually needs to be allocated and initialized in order to be used for further
numeric or symbolic computations. Mathematica alwaysinitializes arrays when they are al-
located, whereas languages like C++ and Fortran90 allows the (sometimes error prone)
practice of allocating without initialization.

There are two cases where an array variable does not need to be allocated; the first is
when it isaformal parameter to afunction and thus already has been allocated. The second
case iswhen declaring an un-allocated array variable which eventually obtainsits allocated
value by assigning the results from some function that returns array values.
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6.2.1 Array Usage and Representation in Mathematica

In Mathematica several options are available for creating and storing arrays, i.e. homoge-
nous list structures. There is a need for several variants of array storage and representation
because of different needsin different situations. For example, there might be a need to work
either symbolically or numerically, to evaluate as soon as possible, or to defer evaluation.
Additional aspects concern storage allocation and initialization at array allocation time. The
four most important aspects are:

» Symbolic or numeric array elements

» Immediate or deferred evaluation

» Storage alocation and representation

» Initialization

By comparison, languages like Fortran90 and C++ always perform numeric computation,

have immediate evaluation, usually allocate storage immediately, and may or may not ini-
tialize data at array creation.

6.2.2 Array Initialization by Promoted Scalar Values

It is often the case that a numeric array needs to be allocated and each element initialized to
zero. This can be expressed rather clumsily by explicit initialization to a constant array value
as in the declaration below:

Real [3,3] mat = {{0.,0.,0.}, {0.,0.,0.}, {0.,0.,0.}}

A more elegant way is to introduce promotion of scalar values like 0.0 to array values of
appropriate size and dimensions. Thisis possible since the element type, size and dimension
information is available within the declaration. Such promotion is already standard in Math-
ematica for arithmetic expressions consisting of mixed scalars and arrays, since arithmetic
operations have theLi st abl e attribute. Thus, the following concise and readable notation
is supported in typed Mathematica:

Real [3,3] mat = 0.0

What actually happens is that the system replaces 0.0 by the call Tabl e[ 0. 0, {3}, {3}]
which allocates the desired zero-initialized array. The above example will give the array
variable mat the following initial value:

{{0.,0.,0.}, {0.,0.,0.}, {0.,0.,0.}}
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A declaration and initialization of such a global variable can be expressed as follows:

Decl ar e[
Real [3,3] mat = 0.0
l;

Remember that the Decl ar e[ ] declarator is only used for the declaration of global vari-
ables—not for local variables.

Initialization of Runtime Sized Arrays

A common case is when the sizes of array dimensions are not known until runtime. Essen-
tialy all codein general numerical librariesiswritten in that way. The variable names n and
mare used instead of constants for array dimension sizes in the example below:

Real [n,m mat = 0.0

In this case, the symbolic names n and mwill still be part of the type specification of mat ,
and the values of n and mwill be used when creating an array of appropriate size.

Dimension size variables like n and m can be any integer local variable, function
parameter or global variable. Good programming practice is to regard these variables as
single assignment, i.e. they should be assigned the dimension sizes just once and not
changed afterwards, to avoid making the values of dimension size variables inconsistent
with the actual dimension sizes of the array. If n and mhave not been assigned integer val ues,
arun-time error will occur in Mathematica.

Also regard the declaration of a square matrix below:

Real [n,n] squaremat = 0.0

This declaration expresses two type constraints. The first is that both dimension sizes are
equal, i.e. a square matrix. The second constraint is that the sizes of both dimensions are
equal to the value of the integer variable n at the point in time when the array is allocated
and initialized—and hopefully also afterwards.

Allocation Without | nitialization

Type declaration of an array together with allocation without requiring initialization can be
specified for an array variable by just leaving out the initialization part. When executing in
typed Mathematica the array variable is in effect initialized to some array of unspecified
content—often an array filled with some unspecified internal value (e.g. -999), in order to
catch possible access-before-definition errors.

Generated code in C++ and Fortran90 becomes slightly faster when using this
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alternative since initialization to zero is not required. The first example below shows
allocation of afixed sized array without explicit initialization:

Real [ 3, 3] mat

The second version declares and allocates an array for which the sizes of the dimensions are
determined by two variables n and m whose values are not known until run-time:

Real [n, M mat

General Initializers

Explicit initialization of array elementsto some arbitrary value or expression, e.g. the value
150 below, is also possible, using one of Mathematica’s array data constructors Ar r ay or
Tabl e, or any other Mathematica function that returns an array with the appropriate dimen-
sions and sizes. For example:

Real [ 3, 3] mat Array[ 150. & {3, 3}]
or

Real [ 3, 3] mat

Tabl e[ 150., {3}, {3}]
which both initializes mat to the same array value:
{{150.,150.,150.}, {150.,150.,150.}, {150.,150.,150.}}

The Array form is more general than Tabl e, but slower when running interpretively in
Mathematica (more than a factor of ten) for large arrays, since Ar r ay computes a supplied
function (in the above exampl e the constant anonymous function 150. &) for each element,
whereas Tabl e just computes an expression for each array element.

Two examples of allocation and initialization of matrices with special structure are the
callsto I dentityMatri x and Di agonal Mat ri x below, where n is a global or local
integer variable.

Real [n,n] mati I dentityMatrix[n]

Real [n,n] matd Di agonal Matri x[ Range[ n] ]
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Unspecified Dimension Sizes

It isalso possibleto declare the type of arraysfor which the size of dimensionsis not known
even when the declaration is elaborated. In such a case, the size indicator of each dimension
is replaced by an underscore (_) placeholder, asin the example below:

Real [ _, ] mat

Since the dimension sizes are not known in the type, no implicit allocation of the array vari-
able is possible. Initialization by promoting scalar values to such an array is also not possi-
ble. However, initialization by an array value with well-defined dimension sizes like
Array[ 150. &, {3, 3}] isof course possible.

This kind of declaration is seldom needed in new code apart from the common case of
adding static array typesto variablesin previously untyped Mathematica code. One possible
use is however to declare an array variable which (later) is assigned an array value of
unknown size returned by some function:

Real [ _, ] mat = FuncUnknownSi zedArr[]

From atyping point of view it is equivalent to use either underscore (_) or asymbolic name
followed by underscore (n_) when denoting an unknown size of a single dimension.

Named size placeholders like n_ have the advantage that some type constraints can be
expressed in a general way. For example, the fact that both dimensions of square matrices
always are equal can be expressed without limiting the square matrix type to any specific
size variable or constant:

Real [n_,n_] squarenat

The scope of hamed dimension size placeholders (like n_, k_, m_) islimited to the body of
the function in which formal parameter list the type is used. This is convenient to express
size constraints on array parameters and function results. For example, the matrix multipli-
cation function signature below expresses that multiplication of ann” k matrix by ak”™ m
matrix givesan n” m matrix as a result.

Mat Mult[Real [n_,k_] amat_, Real[k_,m] bmat_]->Real[n,n] := ...

Note that a placeholder variable that occurs more than once is initialized according to the
first occurrence, and that no equality checking for the different occurrencesis currently per-
formed.
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6.2.3 Summary of Array Dimension Specification

In the two subsequent sections we summarize the different forms of specifying dimension
information in array types. There are two main cases to consider:

* Arrays which are passed as function parameters or returned as function values, where
the actual array value previously has been allocated.

» Declaration of array variables, usually specifying both the type and the allocation of the
declared array.

Array Dimensionsfor Function Parameters and Results

There are five allowed forms of specifying array dimension sizesin array types for function
arguments and results:

» Integer constant dimension sizes, e.g. Real [ 3, 4] .

e Symbolic constant dimension sizes, e.g. Real [t hree, four] .

» Unknown dimension sizes with unnamed placeholders, eg. Real [ _, _].
» Unknown dimension sizes with named placeholders, e.g.Real [n_, m ] .

» Unknown dimension sizes with variables as dimension sizes, e.g. Real [ n, n

The dimension sizes can be constant, in which case the size information is part of the type.
Alternatively, the sizes are unknown and thus fixed later at runtime when the array is allo-
cated. Such unknown dimension sizes are specified through named (e.g. n_) or unnamed ()
placeholders.

All array values which are passed as arguments at function calls have already been
allocated at runtime. Thustheir sizes are already determined. These sizes might however be
different for different calls. Thereforeit isnot allowed to specify conflicting dimension sizes
through integer variablesin array types of function parameters or results, as can be done for
ordinary declared variables. Only constants, named, or unnamed placeholders are allowed.

Array Dimensionsfor Declared Variables

Below are the five different kinds of forms for expressing array dimension information in
variable declarations. The example shows a global variable declaration using the De-
cl are[] declarator, but the same kind of declarations can be used also for local declara-
tionsin functions.

The fifth case is where sizes are specified through integer variables. This is needed to
handle declaration and allocation of arrays for which the sizes are not determined until at
runtime.
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* Integer constant dimension sizes, e.g. for an example array arr :

Decl are[Real [ 3,4] arr];

* Symbolic constant dimension sizes, e.g.

Decl are[ Real [three,four] arr];

» Unknown dimension sizes with unnamed placeholders, e.g.

Declare[Real [ _, ] arr];

« Unknown dimension sizes with named placeholders, e.g.

Declare[Real [k_,m] arr];

* Unknown dimension sizes which are specified by integer variables such as function
parameters, local or global variables that arevisible from the declaration, e.g.

Decl are[Real [n, M arr];

Note that Decl ar e is not needed for local variables.

Such integer variables, e.g. n, m are assumed to be assigned once, i.e. their values
are not changed after theinitial assignment so that the declared sizes of allocated arrays
are kept consistent with the values of those variables. This single-assignment property
is not checked by the current version of the system, however. Thus, the user is
responsible for maintaining such consistency.

6.3 Array Index Bounds

Obtaining and using array index bounds and dimension sizes isimportant in general array-
based programming. Below we examine how to obtain and use index bounds in Mathemat-
ica and briefly discuss these issues for the target languages of the code generator.

6.3.1 ArrayIndex Lower Bounds

In Mathematica the lower bound for array indexing is always 1, which is compatible with
traditional mathematical indexing and enumeration notation. The lower bound for indexing
in anumeric array processing language such as Fortran90 is also 1.

Unfortunately the C language and languages derived from C, e.g. C++ and Java, use zero
as the lower bound for indexing of the builtin array type, which is incompatible with
Mathematica. Thereis however no standard object based array type defined for C++ — only
the old C array construct which is too static and inconvenient to be used for serious
numerical computing. The efficient MathCode array library in C++ was however designed
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with a lower index bound of 1 in order to be compatible with both Mathematica and with

standard Fortran subroutine libraries. However, when generating Fortran90 code the

MathCode array library is not needed since the array functions are built into the language.
Thus, we have the following situation:

» Mathematica—lower index bound is 1.

« MathCode array library in C++—lower index bound is 1.
» Fortran90—Iower index bound is 1.

» Matlab —lower index bound is 1.

» Java—Ilower index bound is 0. All index expressions must be converted by adding one
to these expressions in generated code. An alternative would be a special MathCode
array library in Java, designed to have alower index bound of 1.

6.3.2 Dimension Sizesand Upper Index Bounds

The actual sizes of the dimensions of variable-sized arrays can be obtained through a call to
the standard Mathematica function Di nensi ons, by passing the array as an argument and
returning one or more results depending on the dimensions of the array. The size of adimen-
sion isthe same as the upper index bound of the corresponding dimension for aMathematica
array. The following example shows how to obtain the dimension sizes for atwo-dimension-
a array mat :

di mL
di n2

Di mensi ons[ mat ]
Di mensi ons[ mat ]

[[1]]
[[2]]

6.3.3 Declaring Local Arrayswith Variable Dimension Sizes

Thereisaspecial problem in obtaining and using array parameter dimension sizeswhich are
needed to declare and allocate local arrays of compatible sizes—which is necessary when
implementing general size-independent algorithms for arrays.

The problem stems from the fact that the Mathematica Modul e[ ] construct initializes
al local variables at the same time. Therefore it is not intrinsically possible to obtain the
dimension sizes from the first variables in the list in order to declare and initialize array
variables later in the list. The following example shows how a typed Mathematica function
can be written, within which values of n and mmust be available for declaration of the two
local arraysi pi v and Rx:

foo[Real[n_,k_ ] ain_, Real[k_,m] bin_]->Real[n,nmM:=
Modul e[ {
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I nteger[n] ipiv,
Real[mmM Rx
H
|

The example below shows the solution to this problem used by the MathCode compiler: by
using adouble Modul e[ ] structure. The variables n and mare initialized to appropriate di-
mension sizes in the outer Modul e and subsequently used for declaring and allocating vari-
ables in the inner Modul e. The above code fragment is thus expanded internally to:

foo[Real[n_,k_] ain_, Real[k_,m] bin_]->Real[n,n:=
Modul e[ {
I nteger n= Dinensions[ain][[1]]
Integer n= Dinensions[bin][[2]]
}., Modul e[ {
Integer[n] ipiv,
Real[mmM Rx
},

]
]

Negative Indices
In Mathematica negative indices may occur which is not allowed in Fortran90 or C++.
The use of negative indicesinMathematica indicates access relative to the end of an array.
When x ina[[x]] isnegative, arange check error will be triggered if range checking
in turned on using Set Conpi | ati onOpti ons[ Conpi | er Opti ons->"/CB"]. If range
check isturned off (default) the result is unpredictable.

6.4 Array Constructor Functions

There are two general data constructor functionsfor creating arraysin Mathematica, Ar r ay
and Tabl e. There are also afew more specialized array constructors.

* Array[elemfunc, {diml,dim2,...}]. The Array function creates an array object of
the specified dimensions, calling the user-supplied elemfunc function on the indices of
each array element in order to initialize each element. If elemfunc is an undefined
function symbol, e.g. f, symbolic array elements like f[ 1, 3] etc. are left in
unevaluated form. In the current MathCode version elemfunc is restricted to constant
functions. One common special case for elemfunc is 0. 0&, which means that each
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element isinitialized with the real constant 0.0.

Tabl e[ expr, {dim1}, {dim2},...]. The Tabl e function creates an array object of
the specified dimensions, initializing each array element by evaluating the expression
expr. A more general formisfor exampleTabl e[ expr, {i, imin, imax, istep}, {]j,
jmin, jmax, jstep},...],inwhichexpr often containstheiterator variablesi andj .
The special caseTabl e[ 0. 0, { diml1}, {dim2}] creates arrays approximately 10 times
faster than the corresponding Ar r ay call when executed interpretively inMathematica.

IdentityMatrix[n]. Thiscreatesa2D n x n | nteger identity matrix of integers,
with integer constants 1 along the diagonal and zeros elsewhere.

Di agonal Mat ri x[ vec] . This creates a 2D matrix with elements from the vector vec
along the diagonal.

Range[] . The Range function occurs in three forms. Range[ n] creates a vector of
integer valuesin therange 1..n, e.g. Range[ 2] gives{1, 2} . Range[ start,end] creates
an array (real or integer depending on the start value) of elements starting at start with
stride 1, e.qg. Range[ 2. 5, 4. 5] gives{2.5, 3.5, 4. 5}. Thethree-parameter version
Range[ start,end,stride] also specifies the stride when generating the range, e.g.
Range[ 2.5, 10, 2] gives{2.5, 4.5, 6.5, 8.5}.

6.4.1 Array Dimension Size Functions

Sizes of array dimensions are obtained by calling the Di nensi ons function in Mathemati-
ca, which returns a short array of integers giving the sizes of each array. TheLengt h func-
tion in Mathematica returns the number of rows when applied to a matrix. Since arrays are
statically typed in C++ and Fortran90, callslikeTensor Rank, Dept h etc. become compile
time constantsin generated code. UsingDi nmensi ons[] inMathematicaisusually the most
efficient choice, except for 1-dimensional arrayswhereLengt h[ ] isslightly moreefficient.

Sze of dimension i for an array arr. The size of dimensioni of an array arr is usually
expressed asDi mensi ons[ arr] [ [ dim] ] in Mathematica. An alternative way isto use
Lengt h, where for example Lengt h[ arr] gives the size of dimension 1 and
Length[arr[[1]]] gives the size of dimension 2 for a matrix. Thus,
Lengt h[ Array[ 0&, {4, 3}]] gives4.

For example, obtaining the size of the second dimension of a2Dmatrix is compiled to a

Fortran90 call si ze(t, 1) . The numbering of dimensionsin Fortran90 codeis opposite to
numbering in Mathematica. Analogously for dimensions up to 4.

Tensor Rank[ arr] . This is equivalent to Lengt h[ Di nensi ons[ arr]] and returns
the number of dimensions of a homogenous array object. Remember that homogenous
array objects, i.e. array objects where all elements have the same type, may be compiled
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to C++ or Fortran90.

* Depth[arr]. Thisis essentially Tensor Rank[ arr] +1 for homogenous array objects,
i.e. the function gives the number of dimensions+1.

* Vectord arr]. GivesTrue for 1-dimensional arrays.

e Matrixd arr]. GivesTr ue for 2-dimensional arrays.
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Chapter 7 Compilation and Code
Generation

MathCode provides aflexible programming interface that controls code generation and ex-
ecution facilities. This chapter presents that interface in more detail. An easy-to-use subset
of these facilities was earlier presented in Chapter 1 and Chapter 2. As briefly described in
Chapter 1, typed variable declarations and function definitions can either be directly trans-
lated into efficient target code (e.g. Fortran90), or function bodies can first be symbolically
evaluated and then translated during the first phase of the code generation process.

foo.mh
Mathematica :
expressions f ' MathCode]
. »| MathCode oo.mc —
Mathematica [ "1 converter — | Generator
Call symbolic evaluation MathLink CaIIS/
A
.callbacks »
foomain.f90 foo.f90 fooif.f90 foo.tm
. |
) foo!m.c
\\ |
Y Y
Fortran90 compiler C compiler
foon!laj n.obj foo'iobj fooif.&lbj fo!l)tm.obj MathCode
Y v v Y R / F90 Library
. Linker <
[ - ] | N Optional external
v " - .. MathLink libraries
foo.exe calls - - - - »fooml.exe

Figure 7.1: Generating Fortran90 code with MathCode, for a package called f 00.
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7.1 Overall System Structure

Compilation and code generation in the MathCode context can be described from the per-
spective of anumber of largely orthogonal dimensions. For example, to whichtype of target
code should the Mathematica code be translated? What is the compilation scope, i.e. which
parts of the Mathematica program should be translated? Should the Mathematica code be
symbolically evaluated as the first step of code generation or not? Should the compiled code
be integrated, i.e. be set up to be transparently callable from Mathematica, or should it just
be placed on some external file? Others issues concern how to invoke the code generator.

Thetypical case of generating Fortran90 code from aMathematica package (e.g. called
f 00), is depicted in Figure7.1. Some parts of the MathCode code generator run within
Mathematica (MathCode converter), but most of it resides in a separate process called via
MathLink (MathCode Generator). Thisisinvisible to the user, for whom the code generator
appears to be an ordinary Mathematica package.

Partly translated Mathematica expressions analyzed by the MathCode converter are
written to the intermediate form in the file f oo. nti which is sent over to the external
process, MathCode Generator. Sometimes the MathCode generator needs to call back to
Mathematica to perform symbolic evaluation of expressions. In this case the result of the
symbolic evaluation is sent to the MathCode Generator via Mathlink calls.

The package f oo is translated to Fortran90 code in the file f oo. f 90. A MathLink
templatefilef oo. t m together with MathLink interfacing codein filesf ooi f . f 90 arealso
produced. The nprep tool from the standard Mathematica distribution is used by
MathCode to generate thefilef oot m ¢ fromf oo. t m A main program filef oomai n. f 90
is produced for the case when the user wants to build a stand-alone executable from the
generated code. The MathCode header file f 0o. mh is a Mathematica package file which
lists all functions generated by MathCode from the package f oo and as well as types
referenced by those function signatures. The compilation options used when the f oo
package was compiled to Fortran90 are also stored in the file f oo. mh. The information in
the MathCode header file is used by I nstal | Code, and for situations when code is
generated for packages using typed functions from other packages.

7.2 Compilation and Code Generation Aspects

There are four main aspects of code generation in MathCode which are largely orthogonal,
i.e. they describe independent properties that can be combined in almost any way.

721 Target Code Type

The target code option specifies which type of code should be produced by the code gener-
ator. The only available choices right now are C++ and Fortran90, but other options such as
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Java, or Mathematica byte code might become available in the future.

The code generator produces efficient code in Fortran90 that often is a factor of 1000
faster than interpreted Mathematica code, or a factor of 100 faster than internally compiled
code.

7.2.2 Evaluation of Symbolic Operations

Many Mathematica operations are symbolic in nature, i.e. they produce symbolic Mathe-
matica expressions. Examples are symbolic integration and differentiation, simplification,
substitution of expressions, etc. Such symbolic operations are not meaningful to translate to
strongly typed languages, e.g. C++ or Fortran90, since this would entail reimplementation
of alarge part of the functionality of a computer algebra system, and would probably not
give better performance than the original system.

However, most symbolic operations eventually produce symbolic expressions which are
(numerically) computable when symbolic variable names are replaced by data values. This
makes it meaningful to perform all symbolic operations before generating the target code,
since the result of the symbolic operations in most cases will be executable expressions
without symbolic operations. It is of course also possible to partially evaluate expressions
with a mixture of symbolic and numeric operations before passing those on to the code
generator.

The code generator is informed about which functions should be symbolically
evaluated/expanded in conjunction with code generation by setting the
Eval uat eFunct i ons option, see Section 7.3.2 on page 113.

7.2.3 Integration

The integration property determines whether the compiled code will be integrated for direct
execution with Mathematica, or whether the generated code just should be stored on some
external file. Such integrated functions are callable in exactly the same way as internal in-
terpreted Mathematica functions.

There are several aspects of code integration:

* Compiled code integration. Compiled function definitions can be integrated to be
directly callable from Mathematica. Alternatively, they are just linked into an
executable for stand-alone execution.

« External codeintegration. Function definitionsin external libraries or software modules
can be integrated to be callable from Mathematica and/or from generated code. This
option is not available in the current release of MathCode F90.

» Callbacks. Some Mathematica functions cannot be translated to external code. Such



112 7.3 Invoking the Code Generator

function calls can be evaluated bycallbacks to Mathematica. Thisoptionisnot available
in the current release of MathCode F90.

7.3 Invoking the Code Generator

The code generation facilities can be invoked by calling a number of Mathematica func-
tions, defined in the Mathematica package Mat hCode. Some of these functions are actually
just stubs which call corresponding routines in the MathCode code generator process via
MathLink. Below we describe the avail able code generation functions. Note that in all Math-
Codefunctions taking a package argument, the package name can be given with or without
backtick (* ).

7.3.1 CompilePackage[]—the Primary Code Generation Function

The function Conpi | ePackage controls the compilation of whole Mathematica packages
which contain typed and/or untyped function definitions, variable declarations etc. Howev-
er, only typed definitions are compiled. Untyped definitions will be ignored.

CompilePackage] packagename]

This function generates code for aMathematica package. For example:
Conmpi | ePackage[ "nypackage"]

It can also be called with the customary backtick:

Conpi | ePackage[ "nmypackage' "]

Note! The package name " mypackage' " (or " nmypackage") refers to the context name
rather than the package itself. Conpi | ePackage[ " mypackage' "] searches typed vari-
ables and function in the context " nypackage‘". Conpi | ePackage[ " d obal ‘"] is
therefore generating code for all types variables and function belonging to the default con-
text " d obal ‘ ".

If no package name is provided as an argument to Conpil ePackage (or to
Bui | dCode, MakeBi nary), the most recently used package name in calls to these
functionsis used as default. The initial defaultis" @ obal * . For example:

Compi | ePackage] ]
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Different Itemsto be Compiled

Conpi | ePackage compiles the different items in the package as follows:

* Variable declarations

All typed global variables declared in a Mathematica package to be compiled (e.g.
packagef oo) aretranslated to declarations in Fortran90.

* Functions

The default is to translate typed Mathematica functions into Fortran90 without any
symbolic evaluation. This produces target code similar to the origina Mathematica
code, i.e. loops in Mathematica become loops in Fortran90 etc.

* Functions with symbolic operations

Functions which contain symbolic operations such as symbolic integration, substitution
etc. should be symbolically expanded (see Section 7.5) before final code generation.
Those functions should be indicated using the option Eval uat eFunct i ons described
in Section 7.3.2 below.

* Main programfunction

In case a stand-al one executabl e should be created, the option Mai nFi | eAndFuncti on
described on page 115 can be used to specify the progr ampart needed in such an
executable.

7.3.2 Optional Parametersto Control Code Generation

There are several optional parametersto Conpi | ePackage that provide more detailed con-
trol over the code generation process. However, instead of passing such parametersto Com
pi | ePackage it isusually more convenient to set these optionsviacallstoSet Conpi | a-
ti onOpti ons which are placed at the beginning of the package to be compiled.

SetCompilationOptions

Additional information needed to guide the compilation process can be specified using op-
tional parameters to Conpi | ePackage and/or MakeBi nar y, or by inserting calls to Set -
Conpi | ati onOpt i ons within the package to be compiled. Section 7.4 on page 118 shows
the recommended placement of such calls.

Below we briefly examine the available options.
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Priority of Parameter Settings

Options passed directly to Conpi | ePackage and MakeBi nary have the highest priority,
i.e. they override the settings madeviaSet Conpi | ati onOpt i ons. If acompilation option
is cleared, any existing individual attribute settings will apply.

Option EvaluateFunctions

As mentioned above, Conpi | ePackage automatically compiles all typed functions and
variables in the package. The default assumption is that those functions should be compiled
without symbolic evaluation using Conpi | eFuncti on.

However, side-effect free function bodies which contain symbolic operations (see
Section 7.5 on page 118) should be compiled using Conpi | eEval uat eFuncti on instead
of Conpi | eFuncti on. The set of functions which should be compiled in this way can be
specified using the Eval uat eFunct i ons option. For example:

Conpi | ePackage[ "nmypackage", Eval uat eFuncti ons->{funcl, func2}]
or defining Set Conpi | at i onOpt i ons in the package context:

nmypackage‘ Set Conpi | ati onOpti ons[ Eval uat eFuncti ons->{funcl, func2}]

Option UnCompiledFunctions

This option prevents sometyped functions in the package from being compiled. This might
be the case for functions which are only meant to be expanded within the body of some other
symbolically evaluated function. For example:

Set Conpi | ati onOpti ons[ UnConpi | edFuncti ons->{sin, cos, arcTan}]

See Section 2.3.5 on page 40 for an example where this option is used.

Option DisabledMathLinkFunctions

Thisoption (used in very rare cases) prevents some typed functions of the package from be-
ing called viaMathLink. By default all functionsin the package given as argument tovake-
Bi nary can be called by MathLink from the Mathematica environment. This option might
be useful in case the installed MathLink function confuses Mathematica, or if its call tem-
plate is generated with errors. Thisis primarily intended as atemporary workaround in case
of errors. Example:

Set Conpi | ati onOpti ons[ Di sabl edMat hLi nkFuncti ons->{f o001, f 002}]
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Option MainFileAndFunction

In case a stand-alone executable should be created, the option Mai nFi | eAndFuncti on
can be used to specify the pr ogr ampart needed in such an executable. The argument string
specifiesthe text of the pr ogr ampartinthefilef oomai n. f 90. (see section 7.6.1 regarding
the St andAl oneExecut abl e option).For example:

Set Conpi | ati onOpti ons|
Mai nFi | eAndFunction->"i = i +1"]

or

Compi | ePackage[ " foo",
Mai nFi | eAndFunction->"i = i +1"]

Note that MathCode generates the contents of the f oomai n. f 90 file. The example above
will generate the following Fortran90 code:

PROGRAM Mat hCodeSt andal oneMai n

USE nt_d obal

I MPLI CI' T NONE

i = i+1

END PROGRAM Mat hCodeSt andal oneMai n

Option NeedsExternalLibrary

This options informs about the need for external libraries where called external functions
might be defined. Thisis an option toSet Conpi | ati onOpt i ons and MakeBi nary.

MakeBi nar y[ NeedsExt ernal Li brary->{"extlibl", "extlib2"},
NeedsExt er nal Obj ect Modul e->{"fil e3"} ]

Option NeedsExternal ObjectModule

This options informs about the need for external modules where called external functions
might be defined. Thisis an option toSet Conpi | ati onOpti ons and MakeBi nary.

MakeBi nar y[ NeedsExt er nal Cbj ect Modul e->{"fil e3"} ]

Note that an object module f ee. obj produced by MathCode corresponding to a package
f ee that is used (by e.g. callingNeeds[ " f ee"]) within another package f oo, is automat-
ically linked into the binaries for f oo by MakeBi nari es["foo0"], if fee. obj isinthe
current directory. The option NeedsExt er nal Obj ect Modul e is not needed in that case.
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Option DebugFlag

The option DebugFl ag (value Tr ue or Fal se) controls whether a debugging trace of the
code converter is printed. Thisflag is mainly intended for internal use by the MathCode de-
velopers.

Set Conpi | ati onOpti ons[ DebugFl ag- >Tr ue]

Option Language

The Language option (currently only C++ and Fortran90 is supported) controls which tar-
get language MathCode will generate code for. MathCode will use the default compiler for
the specified language, which is chosen at the installation of MathCode. In order to use a
certain language, you need aMathCode license for that |language. Examples of selecting the
language:

Conpi | ePackage[ Language- >"Fortran90"]

Conpi | ePackage[ Language- >" C++"]

Option Compiler

The Compiler option makes it possible to select which compiler should be used to compile
generated code in a given target language. The option value should be one of the symbolic
names (strings) of compilers defined duringMathCode installation and stored in the Mat h-
CodeConfi g. m configuration file. The Conpi | er option to MakeBi nary overrides the
default compiler specified for the selected language. Example:

MakeBi nary[ Conpi | er - >"df 60" ]

Asusual, Bui | dCode[] can begiven both Conpi | ePackage[] andMakeBi nary[] op-
tions. The following example will generate Fortran90 code and use the " df 60" compiler to
compile it, overriding any default specification:

Bui | dCode[ Language- >"Fortran90", Conpil er->"df 60"]

Option CompilerOptions

Conpi | er Opt i onsisanoptiontoMakeBi nary[].Conpi | er Opti ons->"opts" addsthe
string "opts' to the set of options given to the Fortran90 compiler. The default value of this
option is"". The makefile variable CCOPT in the makefile is assigned the string "opts'. The
file Mat hCodeConf i g. mcontains a string with the name of the makefile used by Math-
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Code to produce executable binaries. See also Section 7.6.1 about MakeBi nar y for further
information. Example:

Set Conpi | ati onOpti ons[ Conpi | er Opti ons->"/ CB"]
or
MakeBi nar y[ " Foo", Conpil erOptions->"/CB"]

This assigns the string "/ CB" as the value of the makefile variable CCOPT, which subse-
guently can be used within compilation commands, linking commands, such as below:

ifort -c GAobal.f90 /CB

The option/ CB tellsto the computer to perform range checking for array indexes at runtime

Option LinkerOptions

Li nker Opti ons is an option to MakeBi nary[]. Li nker Opti ons->"opts" adds the
string "opts" to the set of options given to the linker. The default value of this option is"".
The makefile variable LI NKOPT in theactual makefile isassigned the string " opts". See also

Section 7.6.1 about MakeBi nar y for further information. An example:

Set Conpi | ati onOpti ons[ Li nker Opti ons->"/ MAP"]

The option / MAP tells to the linker to create a map file

Option MathCodeM akeFile

Mat hCodeMakeFi | e isan option toMakeBi nar y[ ] that makes it possible to replace the
standard makefile by a user specified one. Mat hCodeMakeFi | e->"filenamé' specifies the
makefile template to be used for building the executables. The fileiMakefi | eConfi g. m
contains a string with the name of the makefile used by MathCode to produce binaries.

MakeBi nar y[ " Foo", Mat hCodeMakeFi | e- >"/ hone/ put t e/ mynmake. mak" ]

This command has the effect that the makefile mymake. mak is used instead of the default
makefile.
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7.4 Standard Layout of a Package to be Compiled

Before going into more detail about code generation we present the layout of atypical Math-
ematica package (named by the dummy name f 0o) to be compiled by MathCode. All ex-
ample packages in Chapter 2 have this structure.

The call to Set Conpi | ati onOpti ons regarding functions is best placed after the
sections for public names and package global names since those names need to be declared
first, asin the example packagef oo below, whereas the information about external libraries
can be specified at the same place or closer to the beginning of the package. Note that the
object module for feel. obj is automatically invoked if the package feel has been
compiled before.

The typical recommended package layout is as follows:

Needs[ " Mat hCode' "]

Begi nPackage["foo' ", { Mat hCodeCont exts, "feel'",...}]
(* Public, exported nanes *)
(* Private, package-global nanmes *)

(* Possible setting of conpilation options for certain functions?*)
Set Conpi | ati onOpti ons[ Eval uat eFuncti ons->{funcl, func2}];

(* Private inplenentation section *)
Begin["* foo' Private"]

End[];
EndPackage[];

7.5 Code Generation of Symbolically Evaluated Expressions

The following example illustrates code generation for (usually huge) symbolic expressions
that are created by Mathematica during symbolic evaluation when calling Conpi | ePack-
age with the Eval uat eFunct i ons option. Common subexpression elimination is per-
formed on such code in order to break it into pieces and to make it execute more efficiently.
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Common Subexpression Elimination

The code generator takes advantage of the fact that pure (i.e. side effect free) functions like
sin, cos, andtan are devoid of side-effectsin order to eliminate common subexpressions that
the Fortran90 compiler sometimes cannot optimize since it normally cannot assume that all
library functions are side effect free. Note that it is necessary to eliminate all common sub-
expressions (even if the compiler can handle the ones involving only arithmetic operators)
so that we do not miss any opportunities for further optimizations. Temporary variables
which hold the results of subexpressions are also introduced. Thus the code generator must
derive the type of each subexpression, including the types of intermediate arrays.

Even without the common subexpression elimination some partitioning of the symbolic
expressions would be necessary since the expressions otherwise may become so large that
the target language compiler cannot handle them—many compilers have abuilt-in hard limit
on the size of expressions.

A Small Example

As an example, consider the following Mathematica function.
func[Real a_] -> Real :=
Cos[a+5] * Sin[a]*Sin[a+5] + Sin[a]*Cos[a]*Cos[a]*(ath);

The code generator, invoked by

Compi | ePackage[ Eval uat eFuncti ons->{func}].
The following Fortran90 code is generated:

function func(a) result(nc_O1)

use Mat hCodePr eci si on
use Mat hCodeSheep
inmplicit none

real (nmc_real), intent(in)
real (nc_real) nc_O1

real (nc_real) nc_T1

real (nc_real) nc_T2

real (nc_real) nc_T3

real (nc_real) nc_T4

real (nc_real) nc_T5

real (nc_real) nc_T6

real (nc_real) nc_T7

real (nc_real) nc_T8

real (nc_real) nc_T9

Q

nc_T1 = 5+a

nc_T2 = sin(nc_T1)
nc_T3 = sin(a)
nc_T4 = cos(nc_T1)
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mc 15 = nc_T4*nc_T3*nc_T2
nc_T6 = cos(a)

nc_T7 = nc_T6**2

nmc_ T8 = nc_Tl*nc _T7*nc T3
nmc_ T9 = nc_T8+nc_T5

mc_ Ol = nc_T9

end function func

The only common subexpressionsin thisexampleare 5+a (stored innc_T1 and used three
times) and Si n[ a] (stored in nc_T3 and used twice). For complicated expressionsin re-
alistic applications, the common subexpression elimination often reduces the size of the
generated code by afactor of ten or more.

Different numerical programs can be generated from the same Mathematica program
depending on how much information we supply before generating and compiling the code.
If Mathematica variables are declared as constants and initialized to constant numerical
values before such code generation, symbolic simplification usually results in a more
efficient but less general program. This can be viewed as aform of partial evaluation of the
program.

7.6 Building Executables

The building process compiles all produced Fortran90 files and links them into one (or two)
executables. An overview is presented in figure 7.2

foo.f90 <
foomain.exe [¢——

] Numerical
foomain.f9 Library
footm.c Package(s)
foo.tm :b’ fooml.exe |[¢——
fooif f90 —

Figure 7.2: Building two executables from package f oo, possibly including numerical libraries.

7.6.1 MakeBinary[" packagenamé']

The call MakeBi nary[ " f 00"] buildsal thefiles for the stand-alone version of the appli-
cation (e.g. f 0o. exe if the package is called f 00), or for the interactively callable Math-
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Link version (e.g. f oond . exe). This process includes compiling the generated Fortran90
source code using some externally available Fortran90 compiler which already should bein-
stalled on the used computer. See Chapter 9 regarding system specific information about
computer platforms and compilers.

If no arguments are supplied toMakeBi nary, it will assume that all packages translated
to Fortran90 by the most recent calls to Conpi | ePackage should be compiled using the
external Fortran90 compiler and linked into a MathLink callable executable (e.g.
foon . exe).

Setting Compilation Optionsfor the Fortran90 Compiler

Usually thereisno need to use Conpi | er Opt i ons->"opts' to manually specify the options
given to the Fortran90 compiler. The default value of this option is"", which is the normal
case. An example:

MakeBi nar y[ " Foo", Conpil erOptions->"/CB"]

This assigns the string "/ CB" as the value of the makefile variable CCOPT, which subse-
guently can be used within compilation commands within the makefile. See page 116 for
more information.

Controlling Type of Binary Executable

By default, the MathLink version of the binary executable is built by a call such as Make-
Bi nary[] . Thisisequivalent to the call:

MakeBi nar y[ St andAl oneExecut abl e- >Fal se]

However, the following call instead builds a stand-al one executable:
MakeBi nar y[ St andAl oneExecut abl e- >Tr ue]

Both versions can be built by two successive calls to MakeBi nary:
MakeBi nar y[ St andAl oneExecut abl e- >Fal se]

MakeBi nar y[ St andAl oneExecut abl e- >Tr ue]

7.6.2 BuildCode[" packagename" |

The call Bui |l dCode["foo"] cals Conpi | ePackage["foo"] and then MakeBi na-
ry["foo"], i.e acal to Buil dCode["fo0"] will make a complete code generation,
compilation and linking of the Mathematica package " f oo* " .
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Bui | dCode[ " f 00" ]

7.7 Integration

As already mentioned, the integration property determinesif compiled or external code will
be integrated for direct execution with Mathematica. Such integrated functions are callable
in exactly the same way as internal interpreted Mathematica functions.

7.7.1 Calling Compiled Generated Codevia MathLink

Integrated functions are compiled and linked into an executable, e.g. as f oonml . exe in
Figure7.3 below, which is connected to Mathematica via MathLink.

Generated code to be executed stand-alone, i.e. in anon-integrated fashion, islinked into
astand-alone executable, for examplef oo. exe in Figure7.3.

Mathematica MathLink
|

fooml.exe
Needs["foo'"]

foo.exe

Figure 7.3: Integrating generated code from the package f oo with Mathematica. Functionsin
f oonl . exe can be called interactively from Mathematicavia MathLink. The binary filef oo. exe
can be used for non-integrated stand-alone execution.

The following MathCode functions control the integration of compiled code with Mathe-
matica. It is possible to switch back and forth between executing the compiled versions of
Mathematica functions and the original interpreted versions by successively calling Act i -
vat eCode[] and Deacti vat eCode[] . This is useful for testing purposes and perfor-
mance comparisons. The names of both interpreted and compiled functions are always kept
within the original context.

Only the functions within the package specified as an argument to MakeBi nary or
Bui | dCode will be made callable via MathLink. If multiple compiled packages are linked
together, functions in other packages are currently not made automatically available via
MathLink. The current workaround is to insert stub functions into the main package whose
only purpose isto call those functions you want to access interactively.
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I nstal | Code[]. Instals compiled code for possible execution from within
Mathematica through stub functions for calls via MathLink. MathLink stub! functions
to generated code are stored under Ext er nal DownVal ues. Each interpreted function
definition in the relevant package is moved from DownVal ues[funchame to
Sour ceDownVal ues[funcname]. Then an ActivateCode[], see below, is
performed. Thus, | nst al | Code[] performs the following actions:

— Reads the MathCode header file corresponding to the package, to find the list of
functions for which there is external code generated and compiled.

— Saves away interpreted function definitions for the relevant functions under
Sour ceDownVal ues, and clears DownVal ues for these functions.

— Performs Mathematica | nst al | [] if the generated code is callable via MathLink,
and saves the stub functions under Ext er nal DownVal ues|[] .

— Saves the MathLink descriptor to the open MathLink connection, so that it can be
closed later by Uni nst al | Code[] . In the case of compiled bytecode this is not
necessary.

Act i vat eCode[]. When the compiled code is activated, the interpreted function
definitions are removed and saved away under Sour ceDownVal ues[ funcname] for
each function. Instead the compiled function definitions are activated for possible
execution by settingDownVal ues[ f] toExt er nal DownVal ues| f] .

Deact i vat eCode[ ] . Deactivates previously installed and activated compiled code, by
restoring the interpreted function versions if available, i.e. resetting DownVal ues to
Sour ceDownVal ues.

Uni nst al | Code[] . First perform a Deact i vat eCode[] . Then close possible open
MathLink connections and remove MathLink stub functions.

Code Storage Places

Where is compiled Mathematica code stored? We have already seen (Figure7.1) that gen-
erated code in languages like C++ or Fortran90 is placed on external files, which are then
further compiled and linked into a binary executable file.

However, internal storage places within Mathematica are needed both for storing the

original interpreted definitions of compiled Mathematica functions, the stub functions
needed for possible communication with compiled code via MathLink, and compiled
bytecode in case Mathematica functions are compiled to bytecode. Information about these

1. A stub function is an interface function that performs no action of its own apart from
possibly re-ordering/re-packaging the function arguments before passing them on to the
function that does the actual work.
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storage places is hot necessary in order to use MathCode, but might be of some help for the
advanced Mathematica programmer.
The following code storage places are employed by MathCode within Mathematica:

e DownVal ues. The currently active definition rules for a Mathematica function f are
obtained through DownVal ues][ f] , or assigned by DownVal ues| f] =...

e Sour ceDownVal ues. The standard interpreted Mathematica source versions of the
functions are saved here when the interpreted versions are replaced by stub functions or
compiled versions.

¢ Ext er nal DownVal ues. Function definitions which are Ext er nal Cal | expressions
calling external executable code via MathLink. External Cal | is a Mathematica
builtin function used to call external MathLink objects.

7.7.2 Integration of External Libraries and Software Modules

Theintegration of external software meansthat external code, availablein libraries or object
modules and originally implemented in languages like Fortran, C, C++ or even Java, isin-
tegrated with the Mathematica execution environment so that functionsin the external code
can be transparently called from within Mathematica. Such code is typically implemented
manually and has not been generated by the MathCode code generator. See Section 7.7.1
regarding interactive calling via MathLink for functions in other modules than the main
module.

7.7.3 Callbacksto Mathematica

Currently this option is available in MathCode C++ only

7.8 Providing Missing Mathematica Functions

The MathCodetranslator directly supports a set of basic Mathematica functions and opera-
tions, as defined in AppendixA. There are still quite a number of standard Mathematica
functions not yet included in this set. Standard functions can be re-implemented by hand.

7.9 Code Compilation from Command Shell

Instead of using MakeBi nary[] call every time you can also use the standard command
shell for compilations.
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7.9.1 Command Shell Compilation in Windows
MakeBi nary creates the command script named packagename cnd. The shell command:
nmake @ackagenane. cnd

invokesthe nmake utility, which in turn invokes the Fortran90 compiler and linker. Either
the stand-alone or the MathLink version of the executable file is created depending on the
setting of the option St andAl oneExecut abl e. System requirements are described in the
MathCode distribution.

7.9.2 Command Shell Compilation in UNIX
MakeBi nary creates the make file packagename.unx. The UNIX command
make -f packagenane. unx

invokesthe make utility, which in turn invokes the Fortran90 compiler and linker. Either the
stand-alone or the MathLink version of the executable file is created depending on the set-
ting of the St andAl oneExecut abl e option. UNIX system requirements are described in
the MathCode distribution.
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Chapter 8 Interfacing to External Libraries

Currently interfacing to external libraries is available in MathCode C++ only.



128 7.9 Code Compilation from Command Shell




9.1 Files in the MathCode Distribution 129

Chapter 9 System and Installation
Information

MathCode F90 is currently available only for Windows.

9.1 FilesintheMathCode Distribution

The following files and directories should appear within Mathcode directory after installa-

tion:

Fileor directory

DemosF90
System

lib

lib/stdpackages

lib/stdpackages/src

Doc

Explanation

A directory of notebook files of runnable demo examples.

A directory of system executable files, both Mathematica. mfiles
and binary files. The binary files are platform dependent.

A directory of system libraries necessary for compilation and link-
ing generated code.

Pre-compiled packages containing re-implementations of standard
Mathematica functions absent in the MathCodelibrary or the stan-
dard Fotrtan90 library.

Notebook and Fortran90 source code of the syst emand other pack-

ages.
This directory contains the PDF version of the MathCode manual.

Doc/ReleaseNotes.nb Release notes with additional information since this manual was

printed.

9.2 System-specific installation infor mation

Specific information on the installation procedure for each platform is distributed separately
with MathCode. See special leaflets and the distribution CD as well as electronically avail-
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ableinformation.

9.3 ReadMe Information and Release Notes

ReadMe information and release notes on changes and additions to MathCode since this
manual was printed is available in the notebook Rel easeNot es. nb.
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Chapter 10 Trouble Shooting

When using MathCode to compile a typed Mathematica package, you will occasionally en-
counter errors in your package, or you might have used commands and constructs not sup-
ported by MathCode.

mypack.nb  mypack.m
|
v

Phase 1

I .
mypack.mci
v

Phase 2

I ~~
mypack.f90 mypack.err

Fortran90
compiler

I
mypack.obj
v

Linker

v

mypackml.exe

Figure 10.1: Phases of generating Fortran90 code for a Mathematica package nypack and
compiling into binary code. Object file and executable file extensions are shown according to
Windows conventions.

When the compiler finds errors and/or constructs that it cannot understand, some error mes-
sages are reported immediately, whereas other error messages are written out into spe-
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cia. err and. cl og files. For example, if you compile a package called mypack, and the
compilation terminates for some reason, you can look for error messages in both files my-
pack. err andmypack. cl og.

Before going into more detail about different categories of errors and how to find and
correct them, itisuseful to gain someinsight into the different translation phases of the code
generator, and their relation to different classes of errors.

10.1 Code Generation Phases

The process of compiling typed Mathematica packages to Fortran90 code and executable bi-
nary code consists of several phases, depictedin Figure 10.1, which shows an exampl e pack-
age nypack translated to be executed viaa MathLink connection.

The first phase performs preliminary analysis and transforms some Mathematica
constructs into combinations of simpler constructs. This phase currently performs almost no
type checking, so most type errors will be passed on and reported by the next phase. The
emitted MathCode intermediate code file mypack. nci isin many cases quite close to the
original Mathematica package.

The second phase performs the bulk of the code generation to Fortran90. Type checking
needed for code generation is also performed. However, not all static type errors will be
detected here—some will be passed on and detected by the Fortran90 compiler. The emitted
codewill bestored inmypack. f 90. Syntax errorsin the intermediate filenypack. nci are
reported in the filemypack. err.

Finally, the Fortran90 compiler will compile mypack. f 90 into object code, which is
linked into a binary executable together with possible external library files and object
modules. Compilation errors are collected in nypack. cl og

It would be desirable to perform more error checking in earlier phasesto be ableto report
errorsin aform more closely related to the original Mathematica program. Still, most error
messages are rather easy to understand since both the intermediate filemypack. nci and the
Fortran90 file nypack. f 90 are quite recognizable in terms of the original source code.

10.2 Error Categories

Different categories of errors can be detected by MathCode, such as errors in the syntactic
form of expressions (syntax errors), undeclared functions/variables and type inconsistencies
(semantic errors), and missing object code modules when linking object code into a binary
executable.
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10.2.1 Packaging Errors- Missing Functions

Conpi | ePackage should always report the number of functions you expect to compile
plus one The extra function packagename ni t isan initialization function for global vari-
ables, which is always generated, even for empty packages.

If thisis not the case, some functions are missing. Compile using DebugFl ag- >Tr ue
and look for aline similar to the following:

Found gener at eFuncti ons={Hol d[faa], Hold[fee], Hold[foo],
Hol d[ fxx], Hold[Objfileslinit]}

If one of your functions is missing there, you probably forgot to write the function name af-
ter Begi nPackage. If al your functions are missing you probably specified the wrong
package name somewhere. Package names should be spelled identically everywhere and
lower/upper case isimportant.

10.2.2 SyntacticErrors

Most syntax errors are checked immediately by the Mathematica parser when reading func-
tion or variable definitions. However, typed Mathematica is more restrictive than standard
untyped Mathematica. Also, many “syntax” errors and type errors that would go undetected
in Mathematica until the erroneous function is executed, will be reported by MathCode al-
ready during code generation.

For example, the function f unc2 presented below is a typed Mathematica function defini-
tion causing syntax errors, since the function argument n must has type My Type which is
not avalid type:

func2[ MyType n_] -> Integer:= Mdul e[{Integer k}, k = k + 1; K]

The presence of syntax errorsis reported by Conpi | ePackage, e.g. as follows:

Cconpi | er:: Mat hCode: Mat hCode: Error nessages:
7 lines of nessages found. See listing in Gobal.err . Inter-
medi ate code in G obal . nti.

Detailed error messages from the syntax analysis are stored in the file
d obal . er r ,(this name depends on your package name) and may appear as follows:
6, 18: Error syntax error
6, 18: Information expected tokens:, [ ]
6, 18: Repair token inserted: ]
6, 18: Repair token inserted: ;
6, 19: Error syntax error
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6, 19: Information expected tokens: ; [ :=
6, 22: Information restart point

Note that the line number (6) and character number within the line (18) are given with re-
spect to thefiled obal . nci . Thisintermediate file isthe result of transformations of func-
tions in packages submitted for compilation. These transformations are usually local with
respect to the original code. Therefore the meaning of these somewhat cryptic messages can
easily be found by inspecting G obal . nti at the indicated line number and character po-
sitions.

10.2.3 SemanticErrors

If there are semantic errors during code generation, e.g. type inconsistencies and
references to undeclared variables or undeclared functions within afunction, this will
cause an error message from CompilePackage.If afunction is defined as

func3[Real n_] -> Integer
Modul e[ {I nteger[3] k}, k

p; kI
then the messages produced are:

Cconpi | er:: Mat hCode: Mat hCode: Error nessages:

7 lines of messages found. See listing in G obal.erf.

I ntermedi ate code in G obal.nci. These errors nmay cause
Fortran90 conpil er nmessages.

Note In function G obal " func3:

Error Inconpatible types in return statenent

Error Assigned to "CQutput (return) paraneter no. 1"
Error OF type Integer

Error Assigned fromKk

Error OF type Array [ 3 ] of Integer

Error Un-defined synbol: p

cooooo0o
eNoNololNoNeNoe)

The type inconsistency occurs between the returned expression and the return type of
the function.

The variable p isused but it is never defined.
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10.2.4 ErrorsDuring Fortran Compilation and Linking

Sometimes errors occur during compilation and linking of generated Fortran90 code, which
is performed during by MakeBi nar y[ ] . These messages are presented to the user in thefol-
lowing form:

Cconpi l er: :severeError: Executable file is not produced due
to an error.The followi ng command returned an error: nnake
@3 obal .cmd > G obal.clog. See file G obal.clog for nore
detail s.

Messages from compiler appear for example if the Fortran90 compiler recognizes syntactic
or semantic error in the generated code, and can be considered as internal errors of Math-
Code since the system should have performed more complete error checking before emitting
erroneous Fortran90 code.

10.2.5 Internal Code Generator Errors

Occasionally internal errorsin the MathCode code generator may occur, i.e. the executable
om exe crashes or stopswaiting for amessage. In this case you should interrupt eval uation,
e.g. via the menu command Kernel/Quit Kernel (this stops all processes linked with Math-
link), and inspect the files A obal . nci andd obal . er r for error messages.

Such situations can be caused by errors in your Mathematica functions, but can be
considered as internal errors of MathCode since the system should have detected and
reported such errors without crashing.

10.2.6 Long Compilation Times

In certain situations, using MathCode to compile Mathematica functions with very large
bodies containing numerous array slice operations, e.g. on the order of many thousands of
lines, may incur unacceptably long times for code generation. A temporary pragmatic fix to
this problem is to divide the large function into several smaller functions, and call these
functions from the original function.

10.2.7 Internal ErrorsDuring Execution of Generated Code

Occasionally internal errors occur in the generated code. This happens when, for instance,
an array index in some operation is out of bounds and the MathCode array library is used
with array bounds checking turned on.
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In the stand-alone mode the application issues the message to the “standard error”
output unit (i.e. shown in the terminal window, like xterm in Unix or Command Prompt
window in Windows) including the line number (in the MathCode library source code)
where the error occurs.

In MathLink mode the "Li nkConnect ...i s dead" message appears.

In the Unix version (both stand-alone and MathLink versions) the application also
dumps core where the call stack can be analyzed by running gdb, dbx or any other
appropriate debugger.

In the Unix version (MathLink mode) a debugging tool (for example, gdb) can also be
attached to the running process after it has been installed by | nst al | Code. This way the
code can be debugged in its dynamic behavior (note that this may require a lot of computer
memory and processor time resources).

In the Windows version (MathLink mode), if the application is compiled with / Zi /
DEBUGflags

MakeBi nar y[ Conpi | er Opti ons->"/Zi ", Li nker Opti ons->"/ DEBUG']

It is possible to use Tool s/ Debug Process option in Microsoft Visual Studio
environment. After the process is installed by | nst al | Code[], this process can be
debugged. In Globaltm.cfileit is convenient to setup break within_M_DoCal | Packet ()
function and then follow C++ interface functions and your generated Fortran90 function
step by step.

If the answer is never returned to Mathematica from a MathLink-mode call, you may
suspect an infinite loop in your generated code. If disk accessis heavy then you may suspect
infinite recursive calls in your generated code.

When modifying and searching for the cause of an error in the generated code it is
typically more convenient to do this in stand-alone mode. Debugging under Unix is
generally easier. Y ou should also consider command line compilation under Windows and
Unix as described in Section 7.9 on page 124.



Appendix A 137

Appendix A The Compilable
Mathematica Subset

Note that the Compilable Subset varies from one rel ease to another. Please read the Release
Notes attached to your MathCode installation for the most actual information

The MathCode* system providesfacilitiesto translate a subset of the Mathematicalanguage
to compiled programsin strongly typed languages such as C++ or Fortran90, and in the fu-
ture other languages like Java, etc. This subset includes most elementary functions and op-
erators that compute numeric values, but excludes symbolic and computer algebra related
functions that compute symbolic expressions.

However, it ispossibleto eval uate asymbolic expression (which may contain operations
such as simplification, symbolic differentiation, substitution etc.) and generate executable
numeric code from the symbolic expression resulting from this evaluation, provided that the
resulting expression(s) only contain operators and functionsin the compilable Mathematica
subset described here.

The arithmetic model used in the compilable Mathematica subset is specified by the
IEEE Standard for Binary Floating Point Arithmetic, |IEEE Standard 754. Operations on
complex numbers are currently not supported, but are planned in the near future.

A.1 Operationsnot in the Compilable Subset

The following is a short list of those Mathematica operations and functions that are not in
the compilable subset. Since the primary reason to generate compiled code isto get high per-
formance of numeric computing code, the operations in the compilable subset are oriented
towards efficient computing on numbers and arrays.

» Pattern matching is not supported, except for the simple case of function argument
patterns like argl_I nt eger or arg2_Real , which are handled by the static type

1. Thischapter describes the MathCode F90 release 1.0.1, May 2005
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system of the target language. However, overloading of functions is not supported by
the current version of the code generator, e.g. there may not be two functions with the
same name and arguments, one having I nt eger typed arguments and the other having
Real typed arguments.

*  When afunction is declared, its arguments must be specified as single variable names,
separated with commas. As an example, node patternslikeNanme[ a_, b_] below are not
permitted.

foo [Real[2] a_, Real c_]->Real[2] := ... correct
fie [Real[2] Nane[a_,b_], Real c_]->Real[2]:= ... incorrect

» Arbitrary precision numbers and arithmetic is not supported. Numbers and arithmetic
operations are converted to either IEEE doubl e precision floating point arithmetic or 32-
bit (or better) integer arithmetic.

» Symbolic operations that give symbolic expressions as results are not included.
However, such operations can be compiled if they are expanded to expressions in the
compilable subset before code generation. Such expansion can handle many common
cases of symbolic operations.

* Negative array indexing relative to the end of arrays are not in the compilable subset.
» String operations are not included.
* Input/Output operations are not included, apart from asimplePr i nt operation.

e Certainlist (i.e. array) operations, specifically certain operations that change the size of
arrays or are very inefficient, are not included in the set of functions mentioned in this
appendix. Such functions can be added by the user e.g. in thesyst emmodule.

* The Return[] function is not included. Therefore loop constructs like For, Wi | e
cannot be used as expressions returning val ues.

» Some procedural style statements cannot be used within aConpoundExpr essi on used
in value  context  within arithmetic expressions. For instance,
a=a+( Wil e[i <10, i =i +1]; 5) cannot be translated.

The expression a=a+(c=3; 5), however, can be translated to C++. More details on
nested constructs are given below.

A.2 Predefined Functions and Operators

Expression operators listed in this section are predefined by the code generator and will be
translated correctly from Mathematicainto the target language (e.g. C++ or Fortran90) with-
out any additional type declarations.
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Almost all operators belong to the compilable expression subset, i.e. all value-returning
operators and predefined or user-defined functions withoutside effects(i.e. functions that do
not change global variables or perform input/output).

The reason to impose the condition of calls to side-effect free functions is that
expressions can be re-ordered and common subexpressions removed in the generated code,
in order to make execution more efficient. Another order in assigning and referencing global
variables or performing input/output usually results in different, often unintended, program
behavior. However, somerestricted cases of side-effects can be re-ordered without changing
the meaning of the program. One such case is when the elements of an array are assigned
once, and independently of each other, and not used in the same expression. Such restricted
side-effects are allowed for functions in the compilable expression subset. The code
generator does not check the condition of side-effect freeness—this is the user’'s
responsibility.

All operators and functions in the compilable expression subset also belong to the
compilable subset, which also contains control expressions (I f, Wil e, For, etc.),
assignment statements and functions with side effects. All real and integer constants
naturally belong to the compilable expression subset, except for the special case of arbitrary-
precision values. Some operators and functions can be applied to arrays or return arrays as
values.

The current version of the compilable subset is oriented toward operations on real
numbers and integers, and arrays containing such numbers. The basic mathematical
functions usually found in C/C++ or Fortran are provided. In Mathematicathere are also a
number of special mathematical functions such as Bessel J[ ], Gammm[ ], etc. If the user
has access to an implementation of such afunction in C/C++ or Fortran, or alinkable object
code library containing this function, it can be declared as an external function and thus
automatically included in the compilable subset.

Since efficient computation based on mathematical models so far has been the main
application of MathCode, the compilable Mathematica subset does not include string
operations, file input, formatted file output and certain mapping and list operations.

A.21 Statementsand Value Expressions

In standard Mathematica all predefined and user-defined functions can appear as an argu-
ment of another function. Correctness of such constructsistested during code interpretation.

In procedural languages, such as C++ and Fortran, procedural statements cannot be used
within expressions. Also, the type of allowed expressionsis restricted.

In order to compile Mathematica code to procedural language some restrictionsin using
statements and expressions are introduced.

In the descriptions below “ stmt” means that correspondingMathematica expressions are
used as statements. In the compiled subset they do not return values, their returned values
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cannot be used, and they cannot be applied where values are expected. In the compiled set
thereisno Nul | value.

In descriptions below “expr” means that corresponding Mathematica expressions are
used as values (I-value or r-value). These expressions must return some value when
evaluated. This value cannot be Nul | . The word “exprs’ means one or more expressions
separated by a comma.

Some Mathematica constructs - Set, | f, Whi ch, ConpoundExpression - can
appear both as statements and as val ues. Some specific restrictions on their use are described
below.

A.2.2 Function Call
Spec syntax Operator Arg type(s) Result type(s)
funcname[exprg

All user-defined functions which have been type declared according to the typing rules for
typed Mathematicabelong to the compilable subset. Compilable subset functions may only
contain operations that belong to the compilable subset, or may contain non-subset opera-
tionsinside bodies of functions compiled with the Eval uat eFunct i on option, which will
expand into compilable subset operations.

Functions with multiple return arguments can be compiled if they are type declared.
Such afunction can only be used in the right hand side of an assignment statement in which
the left hand side has to be alist of variables. Thus, a call that returns multiple values can
for example look like this:

{a, b, ¢} = F[x+y, 3.4];
Calls to functions with no return arguments and functions with more than one return argu-
ments are considered as statements (stmt).

Calls to functions returning one argument are considered as expressions (expr).

A.2.3 Function Definition

A function returning values can be defined asfollows:
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function_nane[arg_type; arg,, ..., arg_type, arg,]->result_types :=
expr

function_nane [arg_type, arg;, ..., arg_type, argn]->
result_types := Modul e[variabl es, expr]

function_nane [arg_type, arg,, ..., arg_type, argn]->
result _types := Modul e[variables, stntl;stnt2;...;expr]

A function that does not return values can be defined as follows:;

function_nane[arg_type, argq, ..., arg_type, argn]->Null := stm

function_nane[arg_type, argq, ..., arg_type, argn]->Null
Modul e[ vari abl es, stnt;]

function_nane[arg_type, argq, ..., arg_type, argn]->Null
Modul e[ vari ables, stnt1; stnt2;...;stntn;]

Bl ock or W t h can be used instead of Modul e.

A.2.4 ScopeConstructs

Spec syntax Operator Arg type(s) Result type(s)
Module[variables,body] special none/(fnbody)
Block[variables, body] special none/(fnbody)
With[variables,body] special none/(fnbody)

A value can be returned from one of the above scope constructs when it occurs as afunction
body or when it is used in value context within an expression. Thebody is restricted as
follows:

e If a function does not return any value, the body is a statement. If it is a
CompoundExpr essi on statement, then all (possibly nested) elements in
ConpoundExpr essi on must be statements.

In the following example two nesting levels of ConpoundExpression are
demonstrated:

foo[Real a_]->Null := Module[{ Real t},
(t=a+l;t=t+1); (t=t+2;t=t+3)]
« If a function returns one or more values, the body is an expression. If it is a
ConmpoundExpr essi on construct, then the last (possibly nested) element in
ConpoundExpressi on must be an expression. All other components must be
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statements.
In the following example two nesting levels of ConpoundExpression are
demonstrated; note that t +4 is an expression.

foo[Real a_]->Real := Module[{ Real t},
(t=a+l;t=t+1); (t=t+2;t=t+3;t+4)]

A.25 Control Statements

The control statements can appear wherever a statement is allowed, in which case they do
not return any value.
Spec syntax Operator Arg type(s) Result type(s)

Sy Sypene CompoundExpression [stmts]  statements none
For [start-stmt,
bool ean-test-expr,

incr-stmt, body-stmt] special none
While [bool ean-test-expr,

body-stmit] special none
If [boolean-test-expr, true-stmt,

false-stmit] special none
Which [bool ean-test-expr 4, stmt;

boolean-test-expr ,, stmt,,...] ~ special none
Break [] - none
Do [expr, iterators] special none

ConpoundExpr essi on (asequence of expressions separated by semicolon), Wi ch and
| f can also appear as arithmetic expression. See “Arithmetic expression” for details.

A.26 Mapping Operations

Map expressions can be compiled in the following cases:

var =Map[ f, expr]
var =Map|[ f, expr, {n}]

The result must be directly assigned to a variable as shown. The functionf can be:

» A function symbol of the compilable subset
» Ananonymous function, also called pure function in Mathematica

» A user defined typed function for which code has been generated
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n must be an integer constant. Thevar =Map[ .. .] statement will be converted to a corre-
sponding assignment statement with a call to Tabl e on the right-hand side.

A.2.7 Iterator Expressions

Computing operations in Mathematica such asDo, Sum Pr oduct and Tabl e useiterators.
Additionally there are a number of plotting functions such as Pl ot , Cont our Pl ot , Den-
sityPl ot, Pl ot 3D, Par amet ri cPl ot, also using iterators but with some limitations in
form and usually constructing sets of real values for the purpose of plotting. These plotting
functions are not part of the compilable subset.

Aniterator can take one of the following forms:

Form Explanation

{imax} iterate imax times

{i,imax} i goes from 1 toimax in steps of 1
{i,iminjimax} i goes fromimin toimax in stepsof 1
{i,iminjimax,di} i goes fromimin toimax in steps of di

{i,iminjmax} {j,jmin,jmax} Two iterators: i controls the outer iteration loop,
j controls the inner loop

Iterators in Mathematica can use either integer or real values for the iteration variables in
theiteration. The compilable subset of iteration functionsis limited to integer iteration vari-
ables. The iteration variables in Mathematica are declared in alocal scope consisting of the
body (the expr below) of the iteration function. Thus, translated code in Fortran90 needs to
declare those iteration variables in away that does not clash with other local variables. Typ-
ically, these iteration constructs will be translated to (nested) f or loops in the target lan-
guage.

Iteration functions in Mathematica may or may not return a value. The functions Sum
Product, Tabl e and Range always return a value from the iteration. Loop-terminating
constructs like Ret ur n, Br eak, Cont i nue, or Thr ow can be used inside Do. However, Do
in Mathemati ca does not return a value except in the case of an explicitRet ur n of avalue.

The compilable subset currently does not support return of a value from a Do loop.
Another constraint of the compilable subset isthat the constructs Sum Pr oduct andTabl e
may currently only occur on the right hand side of an assignment statement. Concerning
Tabl e, see also Section A.2.12.

Spec syntax Operator Arg type(s) Result type(s)
Do[expr,iterl,iter2,...] specia none
Sum[expr,iterl,iter2,...] Real, Integer Real, Integer
Product[expr iterl,iter2,...] Real, Integer Real, Integer

Table[ expr,iterl,iter2,...] Real,Integer Array
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A.2.8 Input/Output Operations

Spec syntax Operator Arg type(s) Result type(s)
Print[exprg Real, Integer, Array, String, none

The output is placed on the standard output stream of the external process where the gener-
ated code is executing. The recommended way to perform formatted input/output from gen-

erated code is via callback functions or external functions.

A.29 Standard Arithmetic and L ogic Expressions

Spec syntax

Operator

SameQ[e,,&)]
UnSameQ[e;,&)]
Equal[ey,e)]
Unequal[e;,e,]
Greater[e;,e)]
Lesge;,e)]
GreaterEqual[e,,e)]
LessEqual[e;,&)]
Inequality[exprs...]
Not[€]

Or[exprs...]
And[exprs...]

Plug exprs...]
Subtract[e;,e,]
Minus[e]
Timeg[exprs...]
Divide[e;,e5]
Mod[ey ;]
Rational[e;,e;]
Power[e;,&]

Abs[€]

If[bool ean-test-expr,

true-expr false-expr]*

Sign[€]
Floor[€]
Ceiling[€]
Round[€]

1. Read Release Notes for more information

Arg type(s)

Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer

Real, Integer

Real, Integer

Real, Integer
special

Boolean

Boolean

Boolean

Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer

Real, Integer, Array
Real, Integer, Array
1st arg Boolean;
Real, Integer, Array
Real, Integer, Array
Real, Array

Real, Array

Real, Array

Result type(s)

Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean
Boolean

Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Array

Real, Array

Real

Real, Integer, Array
Real, Integer, Array

Real, Integer, Array
Integer, Array
Integer, Array
Integer, Array
Integer, Array
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€. ..

Sart[e]
Exple]

Logle]

Sin[e]

Cog[€]

Tan[e]

Cot[€]

Sec| €]

Cscl€]
ArcSin[e]
ArcCos[ €]
ArcTan[€]
ArcTan[e;,e)]
Sinh[ €]
Coshl[€]
Coth[e]
Sech[e]
Csch[e]
Tanh[€]
ArcSinh[€g]
ArcCosh[€]
ArcTanh[€g]
ArcCoth[e]
IntegerPart[ €]
Fractional Part[ €]
Quotient[el,e2]
Max[m,n]
Min[m,n]
Max[€]
Max[€]
Min[€]
Min[€]
Outer[eq,e,]
Cross[e;,e,,...,6)]
Transpose| €]
Dot[e;,e,,...]

CompoundExpression[
stmty, ..., stmt,, ,expr]*

1. Read Release Notes for more information

Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real, Integer, Array
Real,Integer
Real,Integer

Array of Red

Array of Integer
Array of Red

Array of Integer
1D-Array,1D-Array
Arrays

2D-Array

Array

statements

Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Real, Array
Integer, Array
Real, Integer, Array
Integer, Array
Real,Integer
Real,Integer
Real

Integer

Real

Integer

Array

Array
2D-Array
Real, Integer, Array

expr
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For functionswith two arguments the following rule applies. one argument can be Array and
another argument can be either scalar (of the same type as the base type of the array) or Ar-
ray of the same dimension. This does not apply to== and ! =.

The functions which return an integer value converted from real: Si gn, Fl oor,
Cei | i ng, Round, give an undefined value or an exception (depending on the underlying
target language, e.g. Fortran90) when trying to fit too big a number into an integer.

The following functions are implemented according to Mathematica semantics™:

* IntegerPart returns (i nt)x
e Fractional Part returns x-i nt (x)

e Quotient[mn] returns Fl oor (1 n)

Mod[ m n] returnsn?s if mand n have the same sign andns+n if they have opposite sign.
If mor nisaReal thenm n*fl oor (m n) isreturned.

The Rational function is part of the compilable subset. It is treated exactly like
Di vi de, and converted toDi vi de during code generation.

The special purpose Cr oss function computes the cross product of n-1 vectors of length
n and returns vector of length n. For example, Cross[ {2, 3, 4}, {5, 6, 7}] returns the
vector { - 3, 6, - 3} which is orthogonal to the two argument vectors. The function Cr oss
isimplemented for n= 3, 4, 5 according to the generalized Mathematica definition.

The ConpoundExpr essi on construct when used as a value within another statement
or expression (but not as a function definition) has the following limitation: the statements
(stmty,..., stmt,) allowed within ConpoundExpr essi on are assignments (Set ), Pri nt or
Put onIy.2 Assignment to list cannot be used there. For instance:

a=b+(Wile[i<10,i=i+1] ; c¢); (* not allowed *)
a=Foo[{d,f}={3,5} ; ¢ ]; (* not allowed *)
az=b+(Print[x];c); (* allowed *)

foo[Real a_]->Real =(i=i-1;(Wile[i<10,i=i+1] ; c)) // allowed

A.2.10 Named Constants
Spec syntax Operator Arg type(s) Result type(s)
True - Boolean

1. Read Release Notes for more information
2. Read Release Notes for more information
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False - Boolean
E - Real
Pi - Real

Variables of type Bool ean are not supported in the compilable subset. If boolean values are
assigned to integer variables, Fal se becomesO0, Tr ue becomes non-zero. Named constants
are expressions (expr).

A.2.11 Assignment Expressions

Spec syntax Operator Arg type(s) Result type(s)
var:=e SetDelayed[var,€] al types value
var = expr Set[var,expr] al types value
{vars} = funcall Set[List[vars],funcall] - none
{vars} = expr  Set[List[vars],expr] - none

The supported main assignment functions, Set and Set Del ayed, have return types. There-
fore these can be used both as statements and as expressions.

The arguments (left- and right-hand side of the assignment) must be of compatibletypes.

Left and right hand side arguments are compatible if they can be made the same type by
performing standard type promotion (e.g. promoting integer to real, or a scalar or lower-
dimensional array to a higher-dimensional array), provided that this promotion does not
change the type of the left-hand side. If it does, then the assignment isillegal. This means
that an expression of areal type cannot be assigned to a variable of integer type without
using explicit conversion of the right-hand side (e.g. usingFl oor[]).

In the case of simultaneous assignment to alist of variables{ var s}, funcall must be a
call to a function returning a list of the same length as the list in the left hand side of the
assignment. Also, the var s list in the left hand side must only contain variables.

A.2.12 Array Data Constructors

Spec syntax Operator Arg type(s) Result type(s)
Array[exprfunc{dim1,dim2,...}] exprfunc constant Array
Table expr,{dim1} {dim2},...] Array
Table[ expr,{i,imin,imax,istep} ,{],jmin,jmax,jstep},...] Array
IdentityMatrix[n] Integer Array (2D)
Diagonal Matrix|vec] Array (1D) Array (2D)
Range[ n] Real or Integer Array (1D)
Range] start, end] Real or Integer Array (1D)
Range] start, end, step] Real or Integer Array (1D)

See also section A.2.7 concerning iterator expressions. The following limitations currently



148 AppendixA

apply to compilation of Ar ray, Tabl e, | dentityMatri x andDi agonal Matri x cals:
the exprfunc used by Ar r ay may only be a constant function; local iteration variables used
initeratorsto Tabl e are automatically created but are always of type | nt eger ; callsto
Array, Tabl e, I dentityMatrix and Di agonal Mat ri x may only occur at the right
hand side of an assignment statement, for example:

arrvariable = Table[3.1+i +, {i,5}, {j,1,10,2}]

A.2.13 Array Dimension Functions

Spec syntax Operator Arg type(s) Result type(s)
Dimensiong[arr][[i]] Array I nteger
Dimensiong[arr] Array Array of Integers
Length[arr] Array I nteger

A.2.14 Array Indexing

Spec syntax Operator Arg type(s) Result type(s)
arr[[ind]] Part[arr,ind] Integer Integer,Real ,Array
Extract[al,a2] Array; Integer Element-type

Extract[a,i] takesan array of rank 1,2,3, or 4 asfirst argument and a vector of integers
as the second argument. It returns the base element of the first array. If the size of the vector
i isnot equal totherank of a then arun time error may occur.

ThePar t construct can be used in the left part and in the right part of assignment. The
number of indices should be less or equal to the rank of the array. For instance, these
operations are allowed:

Decl ar e[
Real [ 3, 3, 3, 3] a4;
Real [ 3, 3, 3] a3;
Real [ 3, 3] az;
Real [ 3] al;
Real x;

a3[ 1] =a2; a3[2,1]=al; a3[3,1,2]=5.5;
az2[ 1] =al; a2[2,2]=7.7,
a4[2,3,1,2] = 6.6;
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x=Extract[a4, {2, 3,1, 2}]
a4[ 1, 2, 3] =al; a4[ 1, 2] =a2; a4[ 1] =a3;
This operation is not permitted:

al=Extract[a4,{2,3,1}] (* Wong rank. May cause run tinme error *)

A.2.15 Array Section Operations

Spec syntax Operator Arg type(s) Result type(s)
arr[[_1] Part[arr,...] special Array
arr[[n,| _1] Part[arr,...] specia Array
arr[[ng] nyJ] Part[arr,...] special Array

These are extensions to standard Mathematica. See Chapter 3 for more information. These
operations are currently supported for up to four dimensions by the code generator and for
arbitrary dimensions within Mathematica, and can be used on both the left-hand-side and
right-hand-side of assignment statements.

A.2.16 Other Expressions
Spec syntax Operator Arg type(s) Result type(s)

{eq, e,...} List[expressions] all types Array
Applyl[f, args]

List

List is partially implemented when appearing within expressions, for instance when used as
an actual parameter to a function. The arguments of List can be:

» Real expressions (creates Array of Real)

» Integer expressions (creates Array of Integer)

» Arraysof Real (creates 2-, 3-, 4-dimensional Array of Real). Can be nested.

» Arraysof Integers (creates 2-, 3-, 4-dimensional Array of Integers). Can be nested.

List is also implemented when it appears on the left-hand-side of assignments. In this case
Part isapplied to the right-hand side, and all types should match®:

1. Read Release Notes for more information
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{a,b,{c,d}}=x (* is the sane as

a=x[[1]];b=x[[2]];c=x[[3,1]];d=x[[3,2]]; *)

Runtime error may occur if matrix appears to be non-rectangular.

These special cases are implemented:

vari abl e={expr,, ..., expr .}

{varq, ..., var,}=expression
{varq,...,varp}={exprq,...,expr,}
Apply

The following cases of Appl y are implemented:

Pl us, Power andTi mes applied to an expression with assignment to atyped variable:

var =Appl y[ Pl us, expr essi on] var = Plus @@ expression
var =Appl y[ Power , expr essi on] var = Power @@ expression
var =Appl y[ Ti nes, expr essi on] var = Tines @@ expression

Appl y of typed functions, for example

var =Appl y[ functi on, expr essi on] function @@ expression

The number of arguments to the function must match the length of the expression.

Appl y of anonymous (pure) functions, for example

var =Appl y[ Si n[ #1+#2] &, expr essi on] Si n[ #1+#2] & @@ expressi on
The code Appl y[foo, expr], equivalent to foo @@expr, will be converted to
foo[expr[[1]],expr[[2]],...]. Therefore the behaviour will be different from

that of Mathematica (and hence probably unexpected) if the number of parametersis not
the same as the length of the expression expr .

It is the user’s responsibility to ensure that the number of arguments to the pure
function is the same as the length of the expression. The number of argumentsis taken
as the maximum slot number (for Funct i on[ body] ) or the length of the variable list
(for Function[{vars...}, body]).

The expression given to Apply may be computed many times which may be a
performance issue. If the expression is big it is better to assign the expression to a
temporary variable before using Appl vy.

No level specification is supported for Appl vy.
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A.2.17 OperatorsWhich May Have Side-effects

Spec syntax Operator Arg type(s) Result type(s)

var: = e SetDelayed|var €] al types none

var = expr Set[var,expr] al types none

{vars}=funcall Set[List[vars],funcall] special none
For[ start,test,incr,body] special none
While[test,body] specia none
Do[expr{iterl...} {iter2..}.]  specid none
If[test,true-expr,false-expr] special none/expr
If[test,true-expr] special none/expr
Which[test1,val,test,,val,,...]  special none
Break[] - none

e, €, .. CompoundExpression[exprs]  special Real, Integer, Boolean
Modul g[variables,body] special none/function value
Block[variables, body] special none/function value
With[variables,body] special none/function value

A.3 Predefined Types

As already mentioned, there are a number of predefined basic types included in the com-
pilable subset of Mathematica. Thereis also aset of predefined types, primarily array types,
which are included for convenience.

A.3.1 BasicTypes

Name Comment

Real |EEE double precision floating point

Integer 32 bit integer

String 8-bit byte string. May contain '\Q’ characters.
Null Absence of type

A.3.2 Array TypeConstructors
Name Comment
eltypgdiml,dim2,...] Here eltypeisthe array type constructor.

Maximal rank of arraysis4 in the current implementation. The base type should be Real or
Integer.



152 AppendixA

A.4 Predefined Constants

The following constants are available within Mathematica, and are predefined to the follow-
ing values with 18 decimal digits within generated C++ or Fortran90 code. A standard dou-
ble precision floating point value can hold slightly less than 16 digits of precision.
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Symbols

144

1144

- 144

1=144

# 150
$MathCodeM akeFile 116
$MCRoot 51
& 150

&& 144

* 144

+ 144

. 145

/ 144

. 68

=147, 151
=147, 151
=1=144

I ndex

{} 149
| 68, 149
|| 144

A

Abs 144

ActivateCode 122, 123

alocation
without initialization 99

And 144

Apply 150

ArcCos 145

ArcCosh 145

ArcCoth 145

ArcSin 145

ArcSinh 145

ArcTan 145

ArcTanh 145

array 105, 147
alocation 97
initialization 97
runtime sized 99
slice operations 67
type constructor 88

array indices
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lower bounds 103

negative indices 105

upper bounds 104
assignment expressions 147

B

basic types 85

Block 141, 151
Break 142, 151
BuildCode 121

C

CCOPT 116
Ceiling 144, 146
CleanMathCodeFiles 65
code generation

preceded by symbolic evaluation

37

standard 36
column matrix 71
column vectors 70
Command Shell 125
compilable expression subset 139
compilable subset 137
CompilePackage 112
Compiler 116
CompilerOptions 116
compile-time constants 87
CompoundExpression 142, 145, 151
Constant 87
Constant Declarations 87
constants

compile-time 87

named 87, 146
constructor

array types 88
data 89
type 88
control statements 142
Cos 145
Cosh 145
Cot 145
Coth 145
Cross 145
Csc 145
Csch 145

D

data constructor 89
DeactivateCode 122, 123
DebugFlag 116
declaration of several variables 86
declarations 80
constant 87
functions 82, 90
multiple variables 86
separate 86, 92
variable 86
Declare 23, 86, 87, 90, 92
declared separately 86
Depth 107
DiagonaMatrix 100, 106, 147
dimension size placeholders 101
Dimensions 148
DisabledM athLinkFunctions 114
Divide 144, 146
Do 142, 143, 151
Dot 145
DownVaues 123, 124
dual type system 22
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E Greater 144
E 147 GreaterEqual 144
Equal 144
error categories 132 |
errors
i |dentityMatrix 100, 106, 147
categories 132 , )
Serﬁgnﬂc 134 |[EEE Standard 754 137
syntax 133 If 142, 144, 151
EvaluateFunctions 114 index range notation 68
execution parameters 97 Inequality 144
Exp 145 Input/Output 138
exprons Install 123
assignment 147 InstallCode 49, 123
External Call 124 :n:eger ;53 5 146
External DownV alues 123, 124 integerrart 145,
Extract 148 integration 122

compiled code 111

external code 111
F intermediate form 110
iterator expressions 143

False 147
Floor 144, 146
For 142, 151 L
Fractional Part 145, 146
i ’ Language 116
funf:itlez?arati on 82 tifitlh 4z1106' 148
functions 90
multiple return values 90 hﬁ‘i‘izasl 144
10 INPUt parameers 90 LinkerOptions 117
no return value 91 p
predefined 138 t:gE%PT 117
list structures 88
G Listable 98
lists as arrays 88
GaussSolveForLoops 54 local veriables 97
GaussSolveMatlab 52 Log 145
Global 20, 112

global variables 96
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M

MainFileAndFunction 115
MakeBinaries 115
MakeBinary 48, 120

Map 142

MathCode 17
MathCodeConfig.m 116
MathLink 18, 20, 110, 114, 120, 122
MatrixQ 107

Max 145

Min 145

Minus 144

Mod 144, 146

Module 141, 151

mprep 110

N

Named 87

NeedsExternalLibrary 115
NeedsExternal ObjectM odule 115
Not 144

Null 85, 151

O

operators
predefined 138
Or 144
OuterProduct 145
overloading 138

P

Part 67, 148, 149
partial evaluation 120
pattern matching 137

patterns 81

performance
GaussSolveForL oops 65
GaussSolveMatlab 65
SinSurface 50

Pi 147

Plus 144

Power 144

Print 144

Product 143

Protected 87

Q

Quotient 145, 146

R

Range 106, 147
Rational 144, 146
Real 85, 151
Return 138
Round 144, 146
row matrix 70
row vectors 70

S

SameQ 144

scope constructs 141

Sec 145

Sech 145

semantic errors 134
separately 92

Set 147, 151
SetCompilationOptions 113
SetDelayed 147, 151



157

Sign 144, 146

Sin 145

single-assignment 103

Sinh 145

SinSurface 39
SourceDownValues 123, 124
Sgrt 145
StandAloneExecutable 121, 125
static typing 80

String 151

stub function 123
subexpression elimination 119
Subtract 144

Sum 143

syntax errors 133

T

Table 106, 143, 147
Tan 145
Tanh 145
target code type 110
TensorRank 106
Times 144
Transpose 145
True 146
type 22
basic 85
constructor 88
static 80

U

UnCompiledFunctions 114
Unequal 144
UninstallCode 65, 123
UnSameQ 144

V

variables
declaration 86
global 96
local 97
Vector 67
VectorQ 107
Vectors 70
vectors
column 70
one dimensional 70
row 70

W

Which 142, 151
While 142, 151
With 141, 151



