Ring Array ProcessorProgrammer�s Guide to the RAP LibrariesMichael C. GreensponSeptember, 1992TR-92-060Realization GroupInternational Computer Science Institute

Programmer�s Guide to the RAP LibrariesV1.0Copyright ' 1992 Realization GroupInternational Computer Science InstituteBerkeley, CA USAAll Rights ReservedGreenspon, Michael C., Programmer�s Guide to the RAP Libraries,ICSI Technical Report TR-92-060AcknowledgmentsThe International Computer Science Institute and its sponsors are gratefullyacknowledged for supporting this work.The Ring Array Processor is brought to you by: Jim Beck on hardware; Phil˚Kohn,Jeff Bilmes and Michael Greenspon on software and documentation; Steve Renalsand Chuck Wooters on applications; and Drs. Nelson Morgan and Joachim Beer onalgorithms and architecture.This guide is set in the Garamond font and was produced interactively using Microsoft Wordversion 5.0 running on Apple Macintosh IIfx and Quadra 700 workstations.

ContentsiProgrammer�s Guide to the RAP Libraries1Introduction / 1Data-parallel programming / 1Object-oriented programming / 3Software development cycle for RAP applications / 52About the Programmer�s Guide / 7Other references you should have / 7Nomenclature and typographic conventions / 7Conventions used in code examples / 83Overview of the Libraries / 9Distributed memory abstraction / 9Matrix and vector classes / 9Table lookup classes / 10Random number classes / 10Standard C library functions / 10C stdio / 10Extending the libraries / 10Why you should use the libraries / 11Methods provided by the libraries / 11Source code organization / 144Using the Libraries / 15Including <rap.h> / 15Conventions used in code examples / 15C++ language interface conventions / 15C language interface conventions / 165Working with Matrices and Vectors / 19Creating objects / 19Deleting objects / 19Putting and getting data / 19Converting IEEE floating point data / 20Converting ints to floats / 21Copying data / 21Initializing objects / 21 iiProgrammer�s Guide to the RAP LibrariesAccessing members / 21Computational methods / 22Sparse binary vectors / 22Reading and writing objects / 22Tagged files / 23Changing input-output formats / 23Debugging distributed objects / 236Using C stdio / 25Parallel use of stdio / 257Working with Function Lookup Tables / 27Standard function lookup tables / 27Initializing the standard tables / 27Using the standard tables / 27Creating custom function lookup tables / 28Creating custom function lookup tables in C / 29Using custom function lookup tables / 298Generating Random Numbers / 31Standard random generator / 31Using custom random generators / 31Defining custom random generators / 329Building Your Application / 33Building RAP applications for the Unix host / 33Unix host environment / 34Building applications for the RAP / 34Running your RAP application with RAPMC / 3410Optimizing for the RAP / 35Fast RAP facts / 35Using memory effectively / 35Code placement / 36Data placement and memory type designators / 36Specifying placement for matrices and vectors/ 36Specifying placement for function lookup tables / 37Specifying placement with operator new / 37

Contentsiii11Extending the Libraries / 39Distributed memory abstraction / 39Working with distributed memory objects / 39Replicating objects across processors / 40Adding computational methods / 41Deriving from the Fvec class / 41Defining a new simple method / 42Advanced topics / 42Defining methods with global computations / 42Use of N_NODE and NODE_ID / 43Use of low-level routines / 43Example: Reference-based class interfaces / 44Figures and TablesFigure 1—1Scalar C code for back propagation algorithm / 2Figure 1—2Data-parallel C++ code for back propagation algorithm / 3Figure 1—3Structured approach to multiple layer types in C / 4Figure 1—4Object-oriented approach to multiple layer types in C++ / 5Table 2—1Data types of symbols / 7Table 2—2Formula interpretations of symbols / 8Table 3—1Classes and functions in the RAP class libraries / 9Table 3—2Computational methods on class Fvec / 12Table 3—3Computational methods on class Fmat / 13Figure 3—1RAP library source code organization / 14Table 3—4RAP library source files / 14Table 4—1Data type indicators for C language interfaces / 17Table 10—1RAP node memory layout / 35Figure 11—1Distributed 15 x 15 matrix on a 4-node RAP / 38Figure 11—2Replicated 15 x 15 matrix on a 4-node RAP / 39

1: Introduction1IntroductionWelcome to the Programmer�s Guide to the RAP Libraries! We hope this guidewill make developing applications for the Ring Array Processor a painlessexperience. To make best use of the RAP, it�s helpful to understand some of thebasics of data-parallel and object-oriented programming. This section introducesthe necessary concepts and provides examples of the conversion betweenscalar C code and data-parallel code for the RAP. It also provides an overviewof the software development cycle for RAP applications and the RAPMCdebugger.Data-parallel programmingThe RAP class libraries support data-parallel (SIMD) programming on the RingArray Processor. Data-parallel means that each processor node simultaneouslyexecutes the same set of instructions, but on different portions of a large pieceof data, for example, the rows of a matrix. The data-parallel approach is wellsuited for numerically intensive simulation and analysis applications, includingmany types of artificial neural network (ANN) applications.Because each processor runs the same or nearly the same sequence ofinstructions, data-parallel programming is similar to programming a singleprocessor machine. The RAP libraries further simplify the process by providingsupport for distributed memory objects which are automatically divided acrossthe available processors. Each piece of the object�s data has the same physicaladdress on all processor nodes, but different contents.Other styles of parallel programming are possible using the RAP, for example,multiprocessing (MIMD) with a processor farm or pipeline. These styles may besuitable for some types of asynchronous networks or dataflow simulations.However, the RAP libraries provide only low-level support for these models,such as communications ring functions and computational inner loops.Programming for a multiprocessing system is in general considerably morecomplex than for a data-parallel system and the expected performance gains, ifany, are application specific. The remainder of this guide refers only to data-parallel (SIMD) programming using the RAP class libraries.Programming without loops?One way to view data-parallel programming is as the removal of explicit innerloops on data elements. The RAP libraries support applications that can bewritten in terms of matrix and vector algebraic operations. The librariesautomatically map an atomic operation like a matrix-vector multiply onto a setof iterations on each processor�s local subset of data. Figures 1—1 and 1—2illustrate how typical scalar C code for the error back-propagation training of amultilayer perceptron is simplified when converted to data-parallel code usingthe RAP libraries:

2Programmer�s Guide to the RAP LibrariesnFigure 1—1Scalar C code for back propagation algorithm/* Propagate activity forward from layer in to layer out */void forward(float* in, int n_in, float* out, int n_out,float* weights, float* bias) {int i, j;float sum;for (i = 0; i < n_out; i++){/* for each output unit */sum = 0.0;for (j = 0; j < n_in; j++)/* sum weighted inputs */sum += *weights++ * in[j];/* weights[i][j] * in[j] */out[i] = bias[i] + sum;/* activation=bias+input */out[i] = 1.0 / (1.0 + exp(-out[i]));/* output w/sigmoid gain */}}/* Propagate error backwards from layer out to in and *//* adjust weights and biases for layer out */void backward(float* in, int n_in, int n_out, float* weights,float* out_bias, float* out_err,float* in_err, float learning_rate) {int i, j; float sum, *w;/* Calculate error of previous layer */if (in_err)/* only if requested */for (j = 0; j < n_in; j++) {/* for each element of */sum = 0.0;/* vector-matrix product */w = weights + j;/* deal with array index */for (i = 0; i < n_out; i++) {sum += out_err[i] * *w;w += n_in;}/* take inverse sigmoid */in_err[j] = in[j]*(1-in[j])*sum;}/* Train weights and biases according to error *//* w[i][j] += -l * out_err[i] * in[j] */w = weights;for (i = 0; i < n_out; i++) {out_bias[i] += -learning_rate * out_err[i];for (j = 0; j < n_in; j++) /* outer product of err*in */*w++ += -learning_rate * out_err[i] * in[j];}}

1: Introduction3nFigure 1—2Data-parallel C++ code for back propagation algorithm// Fvec and Fmat are RAP library vector and matrix objectsvoid forward(Fvec* in, Fvec* out, Fmat* weights, Fvec* bias) {out->copy(bias);// out = biasout->muladd(weights,in);// out += w*inout->sigmoid(out);}void backward(Fvec* in, Fmat* weights, Fvec* out_bias,Fvec* out_err, Fvec* in_err, float learning_rate) {// Calculate error of previous layerif (in_err) {in_err->mul(out_err,weights);in_err->d_sigmoid(in_err,in);}// Train in-out weights & out bias according to errorweights->muladd(-learning_rate,out_err,in);out_bias->muladd(-learning_rate,out_err);}Object-oriented programmingCentral to object-oriented programming are the concepts of class and object. Aclass is a functional type description, i.e. a packaged set of data declarations(like a C struct) and a set of function or method declarations that describethe operations that can be performed on the data. These data and methoddeclarations collectively form the class interface, which is a protocol or contractbetween the class and its clients. The term object refers to an instance of theclass, i.e. a particular copy of the struct at a particular location in memory.Methods are invoked on objects and apply to the data of the particular object.Class declarations are maintained in a hierarchy (a tree or directed acyclicgraph) so that descendants (called derived classes or subclasses) are said toinherit properties (data and methods) from their parents or superclasses.Derived classes can selectively redefine or override inherited methods so thattheir functional behavior is largely the same as that of their parent classes butwith selected differences specified by the overridden methods.Finally, polymorphism is the ability to operate on derived class objects knowingonly the functional interface of the superclass. For example, matrices areimplemented in terms of vectors; many methods that can be applied to vectorsmay also be applied to matrices.Inheritance, the selective overriding of methods and polymorphism are the keyfeatures of object-oriented programming that support the re-use of code andfacilitate structured software engineering.

4Programmer�s Guide to the RAP LibrariesRAP library classesThe RAP library classes can be thought of as packages or modules thatencapsulate the code and structure data needed to perform the advertisedfunctions. RAP library classes are implemented in the C++ language, whichprovides compiler support for inheritance, polymorphism and functionoverloading. Function overloading allows methods to be uniquely identified byboth name and argument type; this is used extensively in the RAP libraries. Forexample, a multiply of two vectors mul(Fvec*,Fvec*) is a differentoperation than a multiply of a matrix and a vector mul(Fmat*,Fvec*).Though both methods are named mul, the compiler can determine whichmethod to invoke by the data types of the arguments.Programming without case statements?One way to view object-oriented programming is as the removal of casestatements on types. In structured C code, you might define a struct with afield indicating the object type, for example the layer type in a multi-layernetwork, and then call particular functions based on this type field using aswitch/case block. Figure 1-3 illustrates this structure. However, thisapproach makes the straight-line code dependent on the defined object types;adding a new layer type requires adding a new case, perhaps to manyseparate parts of the application.nFigure 1—3Structured approach to multiple layer types in Ctypedef enum { input, hidden, output } LayerType;typedef struct {LayerTypetype;introws;intcols;float*data;struct Layer*inputs[];struct Layer*outputs[];} Layer;typedef Layer* Net[];void run_forward(Net net) {while (*net)/* for each layer */switch ((*net)->type) {case input:forward_input(*net); break;case hidden:forward_hidden1(*net); break;case output:forward_output(*net); break;}}

1: Introduction5The object-oriented approach hides type-based dispatch within the methodcalling mechanism. The straight-line code invokes a single method on anabstract object type; the proper implementation of the method for the particularobject is selected at run time by an implicit table dispatch. As a result of thesemechanisms, all of the code for a particular subclass implementation can becentralized which increases maintainability and reusability. Figure 1—4 illustratesan implementation of this approach using C++. Note that the program fragmentrun_forward() is independent of the particular types of layers:nFigure 1—4Object-oriented approach to multiple layer types in C++typedef List<class Layer*> Net;// Net is a List of Layersclass Layer {// Abstract Layer classFmat*data;Netinputs;Netoutputs;public:void forward() = 0;// Real layers override andvoid backward() = 0;// implement these methods};class InputLayer : public Layer { ... };class HiddenLayer : public Layer { ... };class OutputLayer : public Layer { ... };void run_forward(Net& net) {ListIterator i(net);while(i)net[i++]->forward();}Software development cycle for RAP applicationsThe RAP can be viewed either as a single-user parallel machine with a Unixhost acting as a �control processor� front-end, or as an array co-processor orcomputational server to the host. This guide documents use of the RAP librariesfrom the former perspective. That is, programs are written using the RAPlibraries and initially compiled for testing on the Unix host. Once satisfactoryresults are obtained on the host processor, the application is recompiled fordirect execution on the RAP machine. These native RAP applications areloaded, debugged and controlled using the RAPMC debugging shell on theUnix host. RAPMC allows the user to load, examine, breakpoint and run RAPprograms and to redirect the input and output of each RAP processor node tofiles or pipes.

6Programmer�s Guide to the RAP LibrariesIt is also possible to use the RAP as an embedded array co-processor forapplications running on the host processor. In this mode, programs arecompiled for the host and RAP library calls executed in the host program aremapped into remote procedure calls (RPCs) to the appropriate routine runningon the RAP. The host application can then function as a computational serverwith the RAP as the back-end. This RPC implementation is presentlyundergoing revision and is not documented in this guide. However, the RPCinterface is designed so as to minimize the source code changes needed toconvert native RAP library applications to use the RPC interface. The RPCimplementation will be provided in a future release of the RAP libraries.

2: About the Programmer�s Guide7About the Programmer�s GuideThis guide provides a structure and content overview of the RAP class librariesand a road map for their use in building RAP applications. It also providesexamples, tips and techniques. As a guide, it is intended to point you in theright direction. Frequently, that will be to the library code itself, which is thelast word on the actual interfaces and algorithms.Other references you should have[SUM]RAP Software Users Manual V1.0, ICSI Technical Report TR-90-049.[SAM]RAP Software Architecture Manual, ICSI Technical Report TR-90-050.[NRC]Numerical Recipes in C, Press, Flannery, Teukolsky & Vetterling,Cambridge University Press, 1988.[ARM]C++ Annotated Reference Manual, Ellis & Stroustrup, Addison-Wesley1991.Nomenclature and typographic conventionsTables 2—1 and 2—2 show the symbols used in formulas for computationalmethods in this guide:nTable 2—1Data types of symbolsSymbol

Class

Data Type

x,v, v1,v2

FvecColumn vector of floats

x_T, v_T, v1_T, v2_{TFvec}

Row vectors of floatsiIvec

Column vector of ints

bIvec Index vector of column indices

M, m, m1, m2Fmat

Matrix of floats

8Programmer�s Guide to the RAP LibrariesnTable 2—2Formula interpretations of symbolsSymbol

Class

Interpretation in formulas

xFvecObject for which method is invoked (e.g., this)

v, v1,v2FvecInput arguments to method

MFmat Object for which method is invoked (e.g., this)

m, m1, m2Fmat

Input arguments to method iintRow indexjintColumn indexkintConstant row or column indexsfloatscalar constantFTableFunction lookup tableffloatFunction returning a scalar; scalar function resultConventions used in code examplesThe following declarations apply to code examples show in this guide:Fvec *x, *v, *v1, *v2;Ivec *iv;Fmat *m, *m1, *m2;int i, j, k, n, *ints;float f, g, *floats;

3: Overview of the Libraries9Overview of the LibrariesThe RAP class libraries provide a convenient applications program interface tothe hand-optimized array processing methods running on the RAP machine.These methods are typically executed in parallel by all of the processors on thering (SIMD operation.) The RAP libraries provide the following classes andfunctions:nTable 3—1Classes and functions in the RAP class librariesFunctions providedImplementing ClassesMatrix-vector arithmeticFvec, Fmat, IvecIEEE floating point format conversionFvecTable lookup of functionsTableRandom number generationAnyRandomIn addition to computational methods, the RAP libraries provide input-outputmethods and general utility methods for programming and debugging.RAP library classes are implemented in the C++ language with bottlenecks toassembly language inner loops. We encourage use of the C++ language forcode built using the libraries because the language semantics can be used tosimplify the coding of large applications. However, C language interfaces formost common operations are also provided.Distributed memory abstractionRAP library classes are built on a software distributed memory abstractionimplemented in the Dmem class. The Dmem class manages the allocation ofstorage and communication of data across the available processors for a one-dimensional array of elements which can be scalars or aggregates. Elements arelumped into groups which are distributed but never broken across processors.The matrix-vector classes Fvec, Fmat and Ivec derive from Dmem, whichenables their methods to be implemented generally, without concern for theparticular hardware configuration. Thus the distributed memory abstractionconsiderably simplifies the parallel implementation of many of these methodsand provides inherent scalability as well as a degree of portability.Matrix and vector classesThe three core library classes Fvec, Fmat and Ivec implement matrix-vectorarithmetic on distributed data. The classes Fvec and Fmat provide floatingpoint representations and methods. The Ivec class provides a simple integerrepresentation with few computational methods, though Ivec objects can beused as arguments to methods on other classes. Data managed by Fvec, Fmat

10Programmer�s Guide to the RAP Librariesand Ivec objects are automatically distributed across the available processorsand arithmetic methods on these objects are executed in parallel when possible.Table lookup classesThe library class Table provides discrete approximations of arbitrary functionsby table lookup. Where appropriate, this can offer a significant speedadvantage over computing the actual function. Both single values and arrays ofvalues may be looked up with a single method call. The Fvec class usesmethods in Table to look up an entire distributed vector in parallel.Random number classesThe library class AnyRandom provides floating point and integer randomnumber generation by several popular algorithms by Knuth [NRC]. You caneasily add your own algorithm of choice for your particular application withinthe framework of AnyRandom.Standard C library functionsMost functions of the standard C libraries are supported on the RAP. For acomplete listing, refer to [SUM] ⁄14.C stdioReading and writing data to host files via the C stdio facility involves somespecial considerations because of the RAP�s parallel hardware. In general, input-output is performed sequentially through processor node 0 and data arecommunicated to other nodes using the ring. This is handled internally by stdioand should be transparent to most programs. In addition to the stdio facility,the RAP library classes provide tagged binary and formatted input-outputmethods for their objects. This is covered in more detail in Section 5.Extending the librariesIf you find a need for a special computational operation not in the libraries, youcan extend the libraries by deriving a new class from those provided. The Fvecand Fmat classes provide a framework for the data-parallel implementation ofcomputational methods. Your derived classes can take advantage of thisframework to minimize their code complexity. Also, by deriving your specialoperations from the library classes, you are helping to extend the libraries in away that is potentially useful to others. We encourage sharing of library classderivatives amongst RAP users and submission of user-defined classes forredistribution via ICSI.

3: Overview of the Libraries11Why you should use the librariesThe RAP library classes provide optimized versions of most if not all of the coreoperations needed for implementing a wide variety of artificial neural networkmodels as well as solutions to general computational problems. The libraryclasses hide the numerous details of coding in parallel for multiple processorsfrom direct view so that you can concentrate on your application with theassurance that it will take full advantage of the speed of the RAP. Because theinner loops of most library routines are implemented in hand-optimizedassembly code, you are free to take advantage of the structural benefitsprovided by the C++ classes without sacrificing performance. Further, byimplementing your C++ or C application in terms of the library methods, yourapplication will automatically run on larger RAP machines, potentially withproportionately faster performance. And your application will be substantiallyeasier to port to new machines as they become available.Methods provided by the librariesWe divide methods on RAP library classes loosely into three groups:computational methods; input-output methods; and programmatic methods.Computational methods (listed in Tables 3-2 and 3-3) include the arithmetic andalgorithmic operations defined for Fvec and Fmat library objects.Programmatic methods (covered in Section 5) include all code-level operationsneeded to create, initialize, access, copy, delete and debug library objects andtheir members. Input-output methods provide format conversion when readingand writing library objects via the C stdio facility.

12Programmer�s Guide to the RAP LibrariesnTable 3—2Computational methods on class Fvec(3 indicates optimized methods with assembly language inner loops)3Method nameDescription of resultFormula3 addsum of two vectors

xi = v1i + v2i3

addsum of each vector element and scalar

xi = xi+ s addsum of one vector element and scalar

xi += s3 subdifference of two vectors

x^i = v1^i − v2^{i3}

subdifference of each vector element and scalar x i

= x i

− s3

muldot product of two vectors

f

=

v1

i

⋅v2

i i

∑3

μυλματριξ−ϖεχτορ προδυχτ

x

i

=

m

ij

⋅v

j

T

j

∑3

μυλϖεχτορ−ματριξ προδυχτ

x v m

∑3

μυλσχαλεδ ϖεχτορ x^i += m^{i jbj}∑3 μυλαδδ αχχυμυλατεδ ϖεχτορ−ματριξ προδυχτ x^j T += v^i ⋅m^{ij} i ∑3 μυλαδδ αχχυμυλατεδ σχαλεδ ϖεχτορ x i

+= s ⋅v i3

muladd_ele accumulated element-wise product

x

i

+= v1

i

⋅v2

i

muladd_ele accumulated scaled element-wise product

x

i

+=

s ⋅v1

i

⋅v2

i

recip element-wise reciprocal

x

i

=

1/v

i

}

v

i

≠

03

sumscalar sum of vector elements

f

=

x

i i

∑3

συμ_ροω συμ οϕ ματριξ ροωσ

x

j

T

=

m

ij i

∑3

λ2νορμ οϕ διϕϕερενχε οϕ τωο ϖεχτορσ

f

=

(v1

i

−

v2

i i

∑

)

23

wl2weighted norm of difference of two vectors

f

=

v

i

⋅(v1

i

−

v2

i i

∑

)

23

l2_row norms of differences of corresponding row vectors

x

i

=

(m1

ij

−

m2

ij j

∑

)

23

max_ele maximum element of vector

f

= i

max x

i3

min_ele minimum element of vector

f

= i

min x

i 3: Overview of the Libraries13nTable 3—2Computational methods on class Fvec (continued)3Method nameDescription of resultFormula

apply scalar function applied to each vector element

x

i

=

f

(

x

i

)

softmax soft maximum of each vector element

x^i ≅tanh x^{inTable 3—3Computational methods on class Fmat(3 indicates optimized methods with assembly language inner loops)3Method nameDescription of resultFormula3}

addsum of one matrix element and scalar

M^{ij}_{+=} s

add_col sum of matrix column and column vector M ij

+= v i3

subdifference of two matrices

M

ij

− =

m

ij

submatrix difference of two vectors

M

ij

=

v1

j

T

−

v2

i3

sub_row difference of row vector and each matrix row

M

ij

=

v

j

T

−

m

ij3

mulscaled matrix

M

ij

=

s ⋅M

ij3

mulscaled matrix product of two vectors(outer product)

M

ij

=

s ⋅v1

j

T

⋅v2

i

3mul_row row-wise product of matrix and vector

M

ij

=

m

ij

⋅v

i3 muladd accumulated scaled outer product

M

ij

+=

s ⋅v1

j

T

⋅v2

i3 muladd accumulated scaled outer product of float andsparse binary vectors

M

i

j

b

+=

s ⋅v

i

muladd_row accumulated scaled row-wise product

M

ij

+=

s ⋅m

ij

⋅v

i

transpose transpose of matrix

M

=

m

T

inverse inverse of matrix by LU decomposition; returnsdeterminant

M

=

m

−

1

, f

=

det m

3closest_row minimum of norms of differences between givenrow and all other rows

f

=

i

min

(m1

kj

−

m2

ij

j

∑

)

2Source code organizationFigure 3—1 shows the directory tree organization for the files that make up theRAP libraries. Table 3—4 describes the contents of the source files thatimplement the RAP library classes documented in this guide.

14Programmer�s Guide to the RAP LibrariesnFigure 3—1RAP library source code organizationaa