N S L Neural Simulation Language1Version 2.1Alfredo WeitzenfeldTechnical Report 91-05August 1991Brain Simulation LaboratoryCenter for Neural EngineeringUniversity of Southern California

1 Preparation of this document was supported in part by grant 1R01 NS24926 from NINDS of theNational Institutes of Health (Michael A. Arbib, Principal Investigator), and in part by a grant fromRockwell International to the USC Center for Neural Engineering.

NSL - Neural Simulation LanguageVersion 2.1The software described in this document and the document itself are copyrighted and may not be copiedor otherwise distributed without the prior written consent of the Brain Simulation Laboratory.The information in this document is subject to change. The Brain Simulation Laboratory assumes noresponsibility for any errors that may appear in this document. Users are requested to advise AlfredoWeitzenfeld at the address given below of any comments or suggestions for improvements.To get copies of the software contact :Alfredo WeitzenfeldBrain Simulation LaboratoryCenter for Neural EngineeringUniversity of Southern CaliforniaLos Angeles, CA 90089-2520e-mail : alfredo@usc.eduThe lab will charge a fee of $50 for tape, user’s manual and delivery.(For FTP, send a request to the above e-mail address.)Copyright 1991 Brain Simulation Laboratory All Rights Reserved

3Table of Contents1.Introduction.......................................................................................................................62.NSL System Overview.......................................................................................................62.1.System Requirements.......................................................................................72.2.User Expertise.................................................................................................72.3.System Design.................................................................................................73.Neural Network Simulation..............................................................................................93.1.Neurons and Links............................................................................................93.2.Layers and Masks............................................................................................103.3.Numerical Methods.........................................................................................123.4.Learning Methods............................................................................................124.Amari/Arbib Maximum Selector (Didday) Model...............................................................134.1.didday.c..........................................................................................................134.1.1.Declarations........................................................................................144.1.2.INIT_MODULE...................................................................................154.1.3.RUN_MODULEs.................................................................................154.1.4.Compilation........................................................................................164.2.didday.nsl.......................................................................................................174.2.1.Simulation Parameters........................................................................174.2.2.Model Parameters................................................................................174.2.3.Graphics.............................................................................................184.2.4.Running the Simulation........................................................................195.NSL Model Language.........................................................................................................205.1.Object-Oriented Programming..........................................................................205.2.Model Creation................................................................................................205.3.Model Object Classes........................................................................................205.3.1.Network..............................................................................................205.3.2.Layer..................................................................................................215.3.3.Module................................................................................................235.4.Expressions......................................................................................................255.5.Layer Class Functions.......................................................................................275.5.1.Transformations...................................................................................275.5.2.Sectors.................................................................................................295.5.3.Other..................................................................................................295.6.Layer Library Functions...................................................................................305.6.1.Addition.............................................................................................305.6.2.Subtraction..........................................................................................305.6.3.Multiplication.....................................................................................315.6.4.Division..............................................................................................315.6.5.Convolution.........................................................................................325.6.6.Threshold...........................................................................................345.6.7.Other..................................................................................................375.7.Numerical Methods.........................................................................................385.7.1.Euler...................................................................................................385.7.2.Interpolation.......................................................................................385.7.3.Runge-Kutta........................................................................................395.8.Learning Methods............................................................................................396.NSL Simulation Commands................................................................................................396.1.Model Object Classes........................................................................................406.1.1.network...............................................................................................406.1.2.layer...................................................................................................416.1.3.module................................................................................................426.2.Simulation Processing......................................................................................43

46.3.Data files........................................................................................................446.4.Simulation Management..................................................................................456.5.Numerical Methods.........................................................................................456.6.Other..............................................................................................................467.NSL Window Interface......................................................................................................467.1.Display Object Classes.....................................................................................477.1.1.window_interface................................................................................477.1.2.display_frame....................................................................................487.1.3.display_window.................................................................................487.1.4.display_canvas...................................................................................507.1.5.display_panel.....................................................................................527.2.Window Mouse Interaction...............................................................................537.2.1.Drawing Frame...................................................................................537.2.2.Drawing Canvas.................................................................................547.2.3.Control Panel.......................................................................................558.NSL Input Facility............................................................................................................558.1.Model Language...............................................................................................568.1.1.input_layer.........................................................................................568.1.2.processing............................................................................................578.2.Simulation Commands.....................................................................................588.2.1.input_layer.........................................................................................588.2.2.input_stim...........................................................................................599.Advanced NSL Programming..............................................................................................619.1.Model Language...............................................................................................619.1.1.network...............................................................................................619.1.2.modules...............................................................................................629.1.3.layers..................................................................................................629.1.3.1.data...........................................................................................639.1.3.2.vector.........................................................................................639.1.3.3.matrix........................................................................................649.1.4.input_layers........................................................................................659.1.4.1.input_data.................................................................................659.1.4.2.input_vector...............................................................................669.1.4.3.input_matrix..............................................................................669.2.Adding NSL Language Functions.......................................................................679.3.Adding Simulation Commands.........................................................................679.4.Adding Simulation Functions in C++.................................................................689.4.Calling Simulation Commands from C++..........................................................699.6.Adding Graphics.............................................................................................6910.NSL Simulation Command Summary..................................................................................6910.1.help................................................................................................................6910.2.create..............................................................................................................7010.3.disable............................................................................................................7010.4.enable.............................................................................................................7110.5.exec.................................................................................................................7110.6.exit.................................................................................................................7110.7.file..................................................................................................................7210.8.proc.................................................................................................................7210.9.reset................................................................................................................7210.10.set...................................................................................................................7210.11.shell...............................................................................................................7410.12.status..............................................................................................................7510.13.update.............................................................................................................7510.14.user.................................................................................................................75

511.NSL Window Interface Command Summary........................................................................7611.1.help................................................................................................................7611.2.create..............................................................................................................7611.3.disable............................................................................................................7611.4.enable.............................................................................................................7711.5.print................................................................................................................7711.6.reset................................................................................................................7811.7.set...................................................................................................................7811.8.status..............................................................................................................7911.9.update.............................................................................................................8012.References.........................................................................................................................8013.Appendices........................................................................................................................8113.1.NSL Environment.............................................................................................8113.2.NSL Library Functions.....................................................................................81

61.IntroductionNSL (pronounced "Nissl"), Neural network Simulation Language, is a powerful yet easy to usesimulation language and development system. The simulator is designed and implemented following anobject-oriented paradigm; and includes NSL’s high level language for describing neural networks, aninteractive command interpreter, and powerful visualization tools for analyzing models in differentways.The goal of NSL is to facilitate the description of models in relatively few ’human readable’ lineswhich be understood and appreciated both by users with little programming background and by thosewith more extensive programming expertise. For this purpose we have designed the language in theform of basic mathematical equations where the user may either program at a high level, or includemore sophisticated programming code.Although NSL has been principally developed with a certain type of biological modelling in mind,we have kept it as general as possible, letting the user define diverse types of networks, including thoseconcerned with learning. As will be discussed in more detail in later sections, any network that can bedescribed as a set of equations to be updated after each simulation iteration can be modelled by NSL.The system includes the following features :* An object-oriented simulation language with built-in model object classes.* A library with the common neural network functions.* A library with sample neural network models.* Methodology for extending the libraries.* A command language interpreter for describing the simulation environment.* Interactive and batch processing of commands and data.* Management of simulation versions.* An interactive X windows graphical interface.* Temporal and spatial displays.* 2D and 3D graphics.* The flexibility of a system written in the UNIX/C/C++ environment.NSL 2.1, offered as public domain software, is the second release for the second generation NSLlanguage. NSL 2.0 [Weitzenfeld 1990] has been widely used in varied simulation applications givingrise to an accompanying document with sample neural network models simulated in NSL. These secondgeneration versions are direct successors to the original NSL 1.0 [Weitzenfeld 1989] which has also beenextensively used in our research lab, and by students taking brain theory course given at USC.2.NSL System OverviewThis section gives an overview of NSL in terms of the requirements for its use, and an overview ofthe overall system design.

72.1.System RequirementsNSL 2.1, like NSL 2.0, is implemented in C++ [Stroustrup 1987], while NSL 1.0 was implemented inC [Kernighan and Ritchie 1978]1.The current system requires:- an AT&T C++ (2.0) compiler,- an X (X11R4) server2.2.2.User ExpertiseThere are two levels of user expertise when developing NSL models:- the basic level requires familiarity with NSL ’high level’ language as described in the manual’snext sections; and there is no need to know either C or C++;- the advanced level requires some basic understanding of C and C++, allowing great flexibility onthey type of models which can be described, as well as permitting communication with other softwaretools3.2.3.System DesignThe system is composed of several modules, whose functionality is basically the same in thedifferent NSL versions, differing most importantly mainly in the object-oriented emphasis given to thesecond generation system, which includes the evolution from C into C++ as the system’s implementationlanguage. Two aspects of the simulator have been greatly enhanced by the objectization of the system;first, the internal design nowfollows a very natural object-oriented design and implementation, andsecond, the development of neural networks models is enhanced by the incorporation of special objectclasses into the simulation language. The structure of the simulator is shown in Figure 1. The system is divided into two independent sub-systems:- the

Simulator

, where model interaction and processing takes place;- the

Window

Interface

, where all graphics interaction takes place.The Simulator is composed of:- the

Processing

Module

, where the network is fully processed;- the

Model

Language

Compiler

, which together with the

Libraries

, translatesand links the user’s

File

, loading it into the Processing Module;- the

Commands

Interpreter executing the user’s

Command

Files for setting upand controlling thesimulation.The development of a simulation is then done in two separate steps by the creation of two differenttypes of files:-

: The user describes the network model (a ’.c’ file to be compiled), which may includeany C or C++ code4.-

: The user describes the simulation environment (a ’.nsl’ file to be interpreted),containing all the graphics descriptions, data assignments, and any other run time specifications5.

1 NSL has been developed on a SUN workstation platform.2 The simulator may be run independent from a graphical interface, in that case the X server is not required. The X windowssystem has been developed utilizing the XVIEW library.3 NSL advanced programming section includes explanations directed to more advanced users with some basic knowledge ofC and C++.4 C and C++ supporting code may be stored in separate files to be linked together with the model file.5 Several command files may be assigned to a single model file.

8The Window Interface is composed of:- the

Graphical

Displays

, where all window and graphics interaction takes places;- the

Graphics

Libraries

, containing all display functions and object libraries.Model LanguageCompiler

Model LanguageLibrariesWindow InterfaceGraphicalDisplays

SimulatorGraphicsLibrariesCommandsInterpreterModelFileProcessingModule

CommandFiles

Figure 1NSL Simulation SystemOne of the key consideration when designing these modules has been that of extensibility, wherenew functions and objects may be added into any of these libraries, as will be described in later sections.3.Neural Network SimulationIn general, neural network simulation can be divided into two distinct categories, biological neuralnetworks, designed to model the brain in a faithful way, and artificial neural networks, intended toapply neural networks computing techniques, including different learning algorithms, into varioustechnological applications [Rumelhart and and McClelland 1986].Different languages have been written for the simulation of neural networks, with differentmodelling capabilities, and for different application areas [Goddard et al. 1987, Teeters 1989, Wilsonet al. 1989, Wang and Hsu 1990]. One important contrasting point is how networks are syntacticallydescribed; in our particular simulation language, we describe neural networks in the form ofmathematical equations.

93.1.Neurons and LinksA neural network is, in our abstraction, a set of interconnected concurrent processing units (neurons)having a non-linear dynamic behavior. Therefore, a model description includes (1) declarations of theunits in the model, (2) connections between the units, (3) descriptions of inputs external to the network,and (4) descriptions of network outputs.A basic neuron is shown in Figure 2. It may receive input from many different neurons, while it hasonly a single output.

inputoutputneuronmMSmFigure 2A Basic NeuronWe will focus on neurons whose internal state is described by a single scalar quantity, its membranepotential m, whose time course is described by a differential equationtm dm(t)d t

= f(Sm,m,t)depending on its input Sm. The choice of f defines the particular neural model utilized, including thedependence of m on the neuron’s previous history.The firing rate or output of the neuron, M, is obtained by applying some "threshold function" to theneuron’s membrane potential,M(t) = s(m(t))where s could be, for example, a non-linear sigmoid saturation function.When building neural networks, the output of a neuron serves as input to other neurons. Links amongneurons carry a connection weight which describes how neurons affect each other. Links are calledexcitatory or inhibitory depending onwhether the weight is positive or negative. The most commonformula for the input to a neuron isSm = �i˚=˚1n˚˚wi˚Mi[t] where Mi[t] is the firing rate of the neuron whose output is connected to the ith input line to the neuron,and wi is the weight on that link.

10It is important to realize that neurons may be modelled with different levels of detail, fromsophisticated biophysical models to simple binary models where the neuron is either on or off at eachtime step, such as the McCulloch-Pitts neuron model [McCulloch and Pitts 1943]. The Leaky Integrator(see section 3.3) provides a simple yet more natural neuron model. In terms of more detailed neuronmodels we have compartmental models [Kandel and Schwartz 1985], and the Hodgkin-Huxley model[Hodgkin and Huxley 1952]. In any event, neurons are best suited to be treated as objects whose internaldetails are completely hidden away from the rest of the network.

m1m2m3S1S2S3M3M2M1W21W31

Figure 3A network of interconnected neurons.For example, Figure 3 shows a network composed of three neurons, where the input to neuron m1 isgiven by specifying S1 in the following manner,S1 = W21*M2 + W31*M3where W21 and W31 specify the connection weights for the links between m2 and m1, and the linksbetween m3 and m1 respectively. S1 adds together (’+’) the factors from the output of neurons M2 and M3multiplied (’*’) by their respective connection weights.3.2.Layers and MasksAs part of our modelling primitives, we have extended the basic neuron abstraction into neuronlayers and connection masks, describing spatial arrangements among homogeneous neurons and theirconnections, respectively. The reason for defining such abstractions is that, in the brain as well as inmany neural engineering applications, we often find neural networks structured into two-dimensionallayers, with regular connection patterns between various layers.The computational advantage of introducing such concepts when describing a neural network is t h a t neural layers and interconnection masks can then be concisely described as higher level data structures.Instead of describing neurons on a one by one basis, a layer can be described as an array and, similarly,the connections between layers can be described by a mask storing synaptic weights. An interconnectionamong neurons would then be processed by computing a spatial convolution of a mask and a layer. Forexample, if A represents an array of outputs from one layer of neurons, and B represents the array ofinputs to another layer, and if the mask W(k,l) ( for -d£k,l£d) represents the synaptic weight from theA(i+k,j+l) (for -m£k,l£m) elements to B(i,j)element for each i and j, we then haveB(i,j) = �k=-dd˚ �l=-dd˚W(k,l)A(i+k,j+l) which can be expressed by the single array operation of convolution

1B = W*Agiving greater computing power to a simple descriptive expression.

ABW - 3x3 weight maskjijiFigure 4A discrete spatial convolution among mask W and layer A, with B=W*A.As shown in Figure 4, mask ’W’ stores the different connection or synaptic weights performing adiscrete spatial convolution over ’A’ to obtain ’B’. In this example both the layers and the mask aresquare although they could be of any size (as a matter of fact, a layer may have any shape, while 2Drectangular shapes are the most commonly used ones).In terms of syntax, the equations for the network shown in Figure 2 would be exactly the same if i t was describing neuron layers instead of single neurons. The only difference would be that now the factorsrepresenting connection weights will nowrepresent connection masks, and the variables representingneurons will now represent neuron layers. The multiplication operator now means convolution.It is important to realize that there are different ways for treating edge effects, which is basicallythe convolution with out of boundlayer elements. We will address the following three mainalternatives:- treat edges effects as ’zero’,- do a wrap around of layer elements,- replicate boundary layer elements.NSL deals with these three types of convolution, as will be described more details in later sections.3.3.Numerical MethodsUp until nowwe have left out the internal neural model detail. One widely used neuron model isthe ’leaky integrator’ [Arbib 1989], whose membrane potential is described by the followingdifferential equation

12tm dm(t)d t

= - m(t) + Sm(t)where Sm(t) incorporates the input from all the other cells, and tm is the time constant. The overalldynamics will depend upon the actual choice of excitatory and inhibitory weights in each Sm(t) and ofthe time constants.While different numerical methods may be used to solve a particular neuron model, the neuralnetwork architecture and connection weights should not have to change depending onthis. Differentnumerical methods keep on evolving and they may be more appropriate according to the sophisticationof the model and the processing power of the computing machine.Many methods use a constant time step Dt. As an example consider two different methods, the’Euler’ method and ’interpolation’ method, for solving the previous differential equation. The ’Euler’method replaces the differential equation bym(t+Dt) = (1 - Dttm

) m(t) + Dttm

Sm(t)while the ’interpolation’ method replaces the differential equation bym(t+Dt) = (p) m(t) + (1 - p) Sm(t)wherep = e - Dt/t3.4.Learning MethodsAn important part of neural network modelling is to be able to introduce learning in a model. Thereare many different learning algorithms commonly utilized in neural network simulation, among themost popular being back propagation [Rumelhart et al. 1986]. This learning algorithm is not biologicaland thus differentiates biological modelling, which is primarily concerned with modelling the brain ina faithful way, from the study of artificial neural networks, otherwise known as connectionism orneural engineering, where the main concern is in applying neural network computing techniques tovaried technological applications. Artificial neural networks take advantage of newly developedneural learning algorithms to approach problem domains where traditional programming approachesmay not have been very successful. Biological learning can be exemplified by Hebbian learning [Hebb1949].4.Amari/Arbib Maximum Selector (Didday) ModelIn this section we present the ’Maximum Selector’ model [Amari and Arbib 1977] based ontheDidday model for prey selection [Didday 1976]. This model uses a competition mechanism to obtain asingle winner in the network, and will serve as sample network to be simulated in NSL. Figure 5 showsthe network’s connectivity among the different layers.

13SUV

Figure 5Layers and interconnections as defined by the sample network.The model represents an array of 10 cells with membrane potential u and firing rate U, connected toa single inhibitory cell, with firing rate V and membrane potential v. The circuit is driven by an inputarray S. The mathematical description of the model istu dui(t)dt

= -ui + w1 f(ui) - w2 g(v) - h1+ si1 £ i £ ntv dvdt

= -v + �i=1n˚f(ui)˚-˚h2 wheref(u) =�1u˚>˚00u˚£˚0 andg(Si) = �SiSi˚>˚00Si˚£˚0 The model has the parameters w1, w2, h1, h2, with the restriction that 0 £ hl, and 0 £ h2 < 1, and n= 10 (see Arbib 1989, Sec. 4.4 for a full exposition).4.1.didday.cLet’s take the previously described ’Didday’ model as our sample model.(As in C++ comments are preceded by either ’//’, and take effect until the end of the line; or as inboth C and C++ they start with ’/*’ until a ’*/’ is used to close the comments. ’;’ marks the end of theexpression.)

144.1.1.DeclarationsWe start by providing comments to name the program, a line to tell the compiler that it should usethe library ’nsl_include.h’6, and a line to name the program, declaring that it is a network and that itsname is DIDDAY.In NSL we use two layers of elements to represent onelayer of neurons. The first layer holds t h e membrane potentials, while the second layer holds the firing rates. The mapping from the first layerto the second is simply the neuron’s nonlinearity (e.g. a step, ramp, or sigmoidal function). A conventionis to use the same name for each layer, in lower case for the membrane potential layer and in upper casefor the firing rate layer. This convention aids the user, but is not enforced by the compiler. In NSL 2.1,an array x is declared as DATA(x) if it has a single element, VECTOR(x,n) if it one-dimensional with nelements, and ARRAY(x,m,n) if it is a 2-dimensional mxnarray. Each declaration is terminated by asemi-colon. Thus the "introduction" to the model looks as follows:/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / /* didday.c *// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / # include "nsl_include.h"NETWORK(DIDDAY);VECTOR(S,10); // network inputVECTOR(u,10); // membrane potentialVECTOR(U,10); // firing rateDATA(v); // membrane potentialDATA(V); // firing rateWe next declare some of the constants needed to define the model (whose values will be set indidday.nsl). If a constant is "really" constant, we may write the numerical value directly into t h e program. However it is often goodpractice to name these model parameters (a) sothat the user maybetter understand the role that it plays in the model; and (b) to make it easy to change values whenrunning experiments on how different features of the model affect its behavior.DATA(k);DATA(tu);DATA(tv);DATA(h1); // threshold for uDATA(h2); // threshold for inhibitory unitDATA(w1);DATA(w2);The description of the model is nowgiven in two parts, the INIT_MODULE and t h e RUN_MODULEs:

6 The current release requires the user to include the line:# include "nsl_include.h" at the beginning of the file. This line tells NSL to incorporate all object declarations and macro definitions.

154.1.2.INIT_MODULEINIT_MODULE(didday_init) tells the program how to initialize appropriate variables andconstants [we shall later discuss how other parameters are initialized]. INIT_MODULE runs just once,at the beginning of a run of the model [and we shall later discuss how the length and "grain" of the runis specified]. Following the header, INIT_MODULE(didday_init) starts with { and ends with }. Eachline is terminated with a semi-colon. Note that, in the spirit of array processing, we may, whereappropriate, specify all values of an array in a single assignment.INIT_MODULE(didday_init){ u = 0; v = 0; U = 0; V = 0;}These expressions are called every time the model is ’re-run’ and should include any modelinitialization lines such as resetting layer values to zero.4.1.3.RUN_MODULEsRUN_MODULE(didday_x) has as many parts as there are "natural" submodules which comprisethe module. We could have an xfor every variable in the module, or one xfor the whole module.However, in this example, we specify two RUN_MODULEs, one called didday_U to specify how uandU are updated, and another called didday_V for v and V.RUN_MODULE(didday_U){ DIFF.eq(u,tu) = - u + w1 * U - w2 * V - h1 + S; U = NSLstep(u,k);}RUN_MODULE(didday_V){ DIFF.eq(v,tv) = - v + U.sum() - h2; V = NSLramp(v);}Note the NSL syntax for a differential equation. We simply rewrite tau*du/dt = f(u,x)asDIFF.eq(u,tau) = f(u,x)where the differentiated variable u is followed by its time constant tau on the left hand side, and f(u,x)is simply the right hand side of the differential equation rewritten in NSL syntax. In the present

16example, the only convention to be noted is that �i=1n˚f(ui)˚ � which is just �i=1n˚Ui � is rewritten asU.sum() with the sigma/summator written as a layer ’member’ function. The nonlinear functions that transform a membrane potential into its firing rate are provided byfunctions that are included in the NSL library. Thusf(u) =�1u˚>˚00u˚£˚0 is given by NSLstep(u,0), whileg(Si) = �SiSi˚>˚00Si˚£˚0 is given by NSLramp(v).This completes didday.c, the actual specification of the model in NSL. The INIT_MODULEinitializes the state of the computer for the run. An actual run has a given time step and a givenduration and proceeds by running each of the RUN_MODULEs at each time step in order to update thevalues of all the variables from the start to the end of the time step. The user may specify whichnumerical method is to be used in approximating the solution of each differential equation in going fromu(t) to u(t+Dt), etc. The code in didday.nsl, to be described in section 4.2, provides the missinginformation for a given runof the model, as well as the information onhow to set upthe graphics fordisplaying the results of the simulation.4.1.4.CompilationWe will name the model file ’didday.c’, although more generally a model file should be called’file.c’; where ’file’ is a totally arbitrary name, and what’s important is the ’.c’ suffix. Compilation7and linkage of this file is done by executing the following line (the file ’nsl_main.c’ should be present inthe directory where compilation is taking place8) : nsl_link file.cThe system will then create an executable file called ’nsl’, if no errors were made in the model file,which is ready for running9. (Several model files may be linked with NSL by simply adding theirnames to the ’nsl_link’ command file list10. ) At this point the model has been linked with NSL and it can be run by typing ’nsl’,

7 This compilation requires the availability of a C++ compiler.8 ’nsl_main.c’ contains the C/C++ ’main’ routine where nsl initialization takes place. Linking to any other C/C++programs can be included inside this file as explained in the advanced programming section. A copy of this file should existin the directory where compilation is taking place, and can be obtained by running ’nsl_init’ which also copies the sampledidday model files.9 If running graphics remotely run nsl as follows: ’nsl -display [hostname]:0’ where [hostname] is the name of the machinephysically displaying the graphics.10 A single ’nsl_main.c’ is required even if multiple model files are compiled together.

17nslThe NSL prompt will appear,nsl>Although we could set up the simulation environment interactively, it is more convenient to have i t stored in a batch file (a ’.nsl’ file).4.2.didday.nslThe simulation set upis provided in the form of simulation parameters, model parameters,including network input, and graphics.4.2.1.Simulation ParametersIn the first part of didday.nsl, we tell the compiler to set upthe network DIDDAY (i.e., it shouldlink the DIDDAY network stored in didday.c to the material that follows), to use the EULERintegration method, and to runthe model from time 0 to time 20.0 using a time step delta of 0.1, thusmaking a total of 200 iterations of the model. // didday.nsl simulation set upset network DIDDAY// networkset integration EULERset delta 0.1set end_time 20.04.2.2.Model ParametersWe also tell it to set those network parameters whose values were not specified in didday.c.set data_value tu1.0set data_value tv1.0set data_value k0.1set data_value w11.0set data_value w21.0set data_value h10.1set data_value h20.5

18Next, we specify the input to be used in this simulation. In this case, we hold the input constantthroughout the run. All values of the S array are 0 except for 1.0 in the fourth entry (arrays start at thezeroth entry) and 0.5 in the sixth entry.set data_value S0 0 0 0 1.0 0 0.5 0 0 04.2.3.GraphicsFinally, we specify the windows to be used in displaying the input S and the membrane potential u. Figure 6The Didday model window set upWe specify that both displays will be contained in a frame called FW1, which will have two rows:// graphicscreate window_interfaceset frame_name FW1set frame_X0 250set frame_Y0 100set frame_width 510set frame_height 335set frame_rows 2create display_frameThe first row contains a window WN11 which displays the vector S, with each element shown asan "area level graph"; while the second row contains a window WN12 which displays the vector u,with each element shown as a "temporal graph".

19set window_name WN11set window_layer Sset window_graph area_level_graphset window_wymin 0set window_wymax 2create display_windowset window_name WN12set window_layer uset window_graph temporal_graphset window_wymin -3set window_wymax 3set window_t1 20create display_window4.2.4.Running the SimulationThe previous commands could have been loaded interactively into NSL’s command interpreter. I f the commands were stored into a file called ’didday.nsl’, then this file can be loaded by typingnsl> load diddayTo run the model simply type (the output of a simulation is shown in Figure 7)nsl> runFigure 7The output of Didday modelThe user may stop the simulation at any time by typing ’^C’. To resume the simulation from theinterrupt point type,

20nsl> cont5.NSL Model LanguageNSL is built following an object-oriented programming paradigm. NSL provides a set of basicnetwork object classes intended to give the user simple yet powerful constructs without restricting in anyway the complexity and the type of models which can be described. It is the goal of NSL to providetools in a bottom-up fashion, where future system versions will incorporate more sophisticated networkstructures built ontop of the currently available ones. The following sections will give the user anintroduction to NSL basic object structures.5.1.Object-Oriented ProgrammingSince NSL is designed as an object-oriented language, it is worth understanding the concepts behindthis kind of programming methodology. We will put emphasis onC++ due to its important role asNSL’s implementation language. Specifically the reader may want to become familiar with C++ as aprogramming language by referencing C++ from Stroustrup [1989] or any other C++ textbook.5.2.Model CreationWriting a simulation in NSL consists of several steps. The first step is to describe the model as a setof NSL equations, stored into the model file (’.c’ file). The second step consists of writing a simulationenvironment and stored into simulation files, as many as needed (’.nsl’ files). Simulation files containinput and parameter assignments which may vary during different simulation runs. They also includeany graphical set ups.5.3.Model Object ClassesNSL basic network objects are of three types: NETWORK, MODULE, and LAYER. These classesserve as super-classes (utilizing C++ terminology) for other derived classes, meaning that any otherclasses inherit their respective characteristics. These names define macros, which get translated intointernal NSL object class declaration, as will be explained in the advanced programming section infurther detail.(In what follows, characters shown in bold letters are meant to be typed exactly as they appear,and should not be used as variable names; words appearing in italics are user supplied strings, eithernames or values.)5.3.1.NetworkA model is described by a NETWORK object, which points to a list of LAYERs and processingMODULEs. Figure 8 shows the network structure.

21LAYER listNETWORK

MODULE list nextnextnextnextFigure 8NETWORK class.The declaration of the network object should always precede all other declarations in the modelfile,NETWORK(model_name);where model_name is the name to be used when identifying this particular model11.For our sample network, the first line of the ’.c’ file would be:NETWORK(DIDDAY);(Note that this entry is required in every model file. Without it the model file will not betranslated.)5.3.2.LayerThe LAYER is a super-class from which three data layer classes are derived: DATA, VECTOR, andMATRIX classes. These three classes vary according to the numberof dimensions they contain. A datalayer represents a layer with a single unit, a vector layer represents a onedimensional array of units,and a matrix layer represents a two dimensional array of units. (Higher numbersof dimensions may beincorporated into new data structures, if so desired; similarly, a user may define classes of objects whichmay have a structure other than the traditional rectangular ones, although this is beyond the scope ofthis manual.) Figure 9 shows the layer class hierarchy.

11 model_name doesn’t have to be the same as the name of the file. model_name is used to refer to the model from thesimulation environment.

2MATRIXVECTORDATA

LAYERFigure 9NSL layer classes.The LAYER super-class is not directly utilized in specifying a network, instead the user utilizes thederived layer classes, DATA, VECTOR, and MATRIX. The following is the syntax for each classdeclaration,Data layer:DATA(layer_name);DATA(S);// a data layer with a single element Vector layer:VECTOR(layer_name,size)12;VECTOR(INP,10);// a 10 element vector layerMatrix layer:MATRIX(layer_name,rows,columns);MATRIX(A,10,8); // a 10x8 element layerwhere layer_name specifies the name of the layer, size specifies the length of the vector, rowsspecifies the number of rows of a matrix layer, and columns represent the numberof columns of a matrixlayer.For our sample model, we should enter the following declarations after the NETWORK line.VECTOR(S,10);// network input SVECTOR(u,10); // membrane potential uVECTOR(U,10); // firing rate UDATA(v); // membrane potential vDATA(V); // firing rate V

12 Vectors may also be declared as column vectors,COL_VEC(layer_name,size);or row vectors (which corresponds to the default VECTOR declaration type),ROW_VEC(layer_name,size);

23S is the network input layer while u and U represent the membrane potential and firing rate layerrespectively, and v and V represent the membrane potential and firing rate layer respectively. (Theconvention followed here, which is not enforced, is to name membrane potential layers with lower caseletters, while firing layers are named with upper case letters.)The following seven declarations, although similar to those of v and V, represent networkparameters.DATA(tu);// u time constantDATA(tv);// v time constantDATA(k);// step function thresholdDATA(w1);DATA(w2);DATA(h1);DATA(h2);These parameters will be assigned values through the ’.nsl’ file to be read by the commandsinterpreter.5.3.3.ModuleThe MODULE class is utilized by declaring any of the following (in the form of macrodeclarations): MODULE, INIT_MODULE, and RUN_MODULE. The module contains the codedescribing the equations that are to be processed by NSL, differing only in the time intervals onwhichthe modules are applied, depending onthe above declaration types. (If there are nomodules, noprocessing will be done !!) There may be as many modules as desired, having any number of equations ineach of them, including having a single module for all the equations, or one module per equation13. Theorder of processing is the same order in which the modules are declared. (Currently these modules areserially processed, although the goal in the future is to distribute them and take advantage of theirconcurrent nature.) In what follows module_name is the name of the module14.MODULEs are processed for every time iteration, "t‡0".MODULE(module_name){...layer dynamics...}INIT_MODULEs are processed only at "t=0" and should contain initialization code which getscalled every time the model is ’reset’.INIT_MODULE(module_name){...layer initialization...}

13 The current version doesn’t support layer declarations inside a module, only expressions.14 Since several model files may be compiled together, it is required to name each module differently (this requirement is forthe present system release, and will be discarded in the future). Different naming can be achieved by concatenating theparticular model name with a local separate name. For example, for a model called ’didday’, a module could be called’didday_mod1’.

24RUN_MODULEs are processed during the entire simulation with the exception of theinitialization time, when "t>0".RUN_MODULE(module_name){...layer dynamics...}For our sample model, and after having declared the layers in the network, we define theprocessing modules.The first one is an INIT_MODULE resetting the dynamic layers to zero every time the network isre-computed.INIT_MODULE(didday_init){u = 0;v = 0;U = 0;V = 0;}Two RUN_MODULEs are declared for the didday model, one for layer U and another one for layerV. Each module calculates new membrane potentials and firing rates.The layer dynamics are all in the form of mathematical descriptions. These expressions will beexplained in the next sections.RUN_MODULE(didday_U){DIFF.eq(u,tu) = - u + w1*U - w2*V -h1 + S;U = NSLstep(u,k);}RUN_MODULE(didday_V){DIFF.eq(v,tv) = - v + U.sum() - h2;V = NSLramp(v);}Processing is sequential, so in this case layer U would get computed before layer V. If we wanted tosimulate parallel neural update, we can do this by defining the modules in a different way, so input tolayers will get processed first, and only after all layers have their input processed, will the outputthen get computed.RUN_MODULE(didday_mem_pot){DIFF.eq(u,tu) = - u + w1*U - w2*V - h1 + S;DIFF.eq(v,tv) = - v + U.sum() - h2;}RUN_MODULE(didday_firing){U = NSLstep(u,k);V = NSLramp(v);}

25By combining the update of all neuron firing layers layers into the last module, we simulateparallel update, since no output values will be computed until every layer has its input processed.5.4.ExpressionsLayer dynamics, in the form of mathematical equations, describe the interactions among thedifferent layers in the network. On the left hand side of the equation the layer being described isspecified. On the right hand side of the equation, an expression is given specifying the particular inputfor that layer, where the expression may be composed of sub-expressions. Positive sub-expressionsdescribe an excitatory effect while negative sub-expressions describe an inhibitory effect on the layer.For example, equations can be as follows:DIFF.eq(u,tu) = -u + w1*U - w2*V - h1 + S;U = NSLstep(u,k);The general form of the equation is,lhs= expressionwhere lhs is the left hand side of the equation and may be one of the following,lhs ->layerlhs -> varlhs -> diffwherelayer is either a data, vector or matrix structure,var is a low level C/C++ variable structure such as ’float’,diff is a differential type of equation, which will be further described in the numerical methodsection.15expression is defined as follows,expression -> (expression)expression -> expression operator expressionexpression -> termoperator is defined as follows,operator -> + | - | * | ^ | /where,’+’ is the layer addition operator’-’ is the layer subtraction operator’*’ is the layer convolution operator’^’ is the pointwise layer multiplication operator16

15 Both sides of the equality should return compatible value types, in particular, if the left hand side is of ’var’ type, theright hand side should also return a ’var’ type.16 Due to its current implementation, the ’^’ has the lowest precedence, requiring parenthesis around the partial expression

26’/’ is the pointwise layer division operatorterm is defined as any of the following:term -> layerterm -> varterm -> valterm -> functionwhere,layer -> data | vector | matrixvar is a variable returning a ’float’ typeval is a ’float’ numberfunction -> function_name(par1, par2, ..., parN)where parj (1£j£N) can be any layer type (data, vector, or matrix), or a number value depending onthefunction argument specification.(All operators have a corresponding function performing the same operation. In the C++implementation, operators are overloaded to provide the right functionality. For example adding twomatrices, ’a+b’ operators is similar to calling ’NSLadd(a,b)’ which returns a matrix containing theadded pointwise matrix values.)Operations not covered here by the above operators (e.g. regular matrix multiplication) areachieved by function calling. Some of these functions provide the nonlinear mappings (between theneuron’s membrane potential and firing rate) which are needed in neural net modeling.Direct value assignment to layers may be achieved in two ways:- By specifying a single value for the whole layer, available to all layer types (as included in theabove description).layer_name = valuee.g. S = 1.5;- By specifying a value for a particular layer unit, and depending on the type of layer.Data layer:layer_name.elem() = valueVector layer:layer_name.elem(index) = valueMatrix layer:layer_name.elem(row_index,col_index) = value

in order to ensure proper operation. This shortcoming should be overcome in the next NSL release.

27where index specifies a vector element, row_index specifies a matrix row element, and col_indexspecifies a matrix column element. (All indices start from ’0’).5.5.Layer Class FunctionsThere are two types of functions, layer class functions and layer library functions. Layer classfunctions are of the form: layer.function(), while layer library function are of the form: function(layer).Layer class function are basically functions applied to a particular layer, while layer library functionsare routines taking any number of layer arguments (not all arguments have to be of layer type). Thefollowing sections describe the most relevant layer class functions.5.5.1.TransformationsWhile there are three basic types of layers, it is important to be able to do transformations amongthem. Figure 10 shows row and column transformations among vectors and matrices.

BAiCijjFigure 10Vector and Matrix TransformationsTransforming from vectors into matrices (either as a row or column vector expansion)17.matrix = row_vector.expand_row(n);matrix =col_vector.expand_col(n);From Figure 10:B = A.expand_row(n)

17 Previously know as NSLcol_vec_to_mat and NSLrow_vec_to_mat.

28B(i,j) = A(j)B = C.expand_col(n)B(i,j) = C(i)Transforming from matrices into vectors (either as a row or column vector reduction)18.row_vector = matrix.reduce_row();col_vector = matrix.reduce_col();From Figure 10:A = B.reduce_row()A(j) = �i˚B(i,j) C = B.reduce_col()C(i) = �j˚B(i,j)˚ Since vectors may be row-wise or col-wise, it is important to have a transformation from one to theother19. To transpose row vectors and columns vectors20:To set a vector as a row vector, do,row_vector = vector.transpose_row()To set a vector as a column vector, docol_vector = vector.transpose_col()To switch a vector from its current form, row or col, to the opposite one, do,vector = vector.transpose()(applying it twice consecutively brings the vector to its original form).Other functions set or get matrix rows and columns:vector = matrix.get_row(i)vector = matrix.get_col(j)

18 Previously known as NSLmat_to_row_vec and NSLmat_to_col_vec.19 NSL will automatically draw vectors on the screen in the direction they are defined. Internally all vectors are stored aunified way, having simply an internal flag which tells what type they are row or column vectors.20 Currently there is no matrix transpose function.

29matrix = matrix.set_row(vector,i)matrix = matrix.set_col(vector,j)where i is a row index, and j is a column index.For example, if A = B.set_row(b,i) thenA[i,j] = b[j]whileA[k,j] = B[k,j] for k „ i5.5.2.SectorsSector functions deal with parts of layers, either for setting them or to get part of them.’get_sector’ returns a sector of the respective vector or matrix, while ’put_sector’ returns a largervector or matrix with a copy of the specified vector or matrix inside, and the rest of the elements left tozero. The return layers are of size equal to the layer in front of the member function. (Currently thesector’s starting point is specified and the whole sector is either copied or retrieved from the layer.)Vector sectors:vector = vector.get_sector(i0,j0);vector = vector.put_sector(vector0,i0);where i0,i1 specifies a vector sector.Matrix sectors:matrix = matrix.get_sector(i0,i1,j0,j1);matrix = matrix.put_sector(matrix0,i0,j0);where i0,i1,j0,j1 specifies a matrix sector.5.5.3.OtherTo get the sum of all elements in either a data, vector or matrix layer ,returning a ’num_type’(’float’) value:num_type = layer.sum();To get the max or min values from either data, vector, or matrix layers, and returning a ’num_type’(’float’) value:num_type = layer.max();num_type = layer.min();

305.6.Layer Library FunctionsThe layer library includes a list of functions which usually take more than one layer as argument tothe functions. These functions are independent from the layer classes themselves, and provide furtherextensibility. Among these functions there are arithmetic functions, including convolution, andthreshold functions.Efficiency of these functions is of major importance since the system spends most of its CPU timearound these functions. All functions have a ’NSL’ prefix to distinguish them from any user definedfunctions.The user may define additional functions, to be written in either C++ [Stroustrup 1987], or C[Kernighan and Ritchie 1978], as will be explained in the advanced NSL programming section.5.6.1.AdditionAddition (operator ’+’) is a pointwise addition among corresponding elements of similar layers. TheNSL function corresponding to it is ’NSLadd(a,b)’.Vectors can be added with other vectors of the same size, or with data and with ’float’ values.Matrices can be added with other matrices of the same size, with data and with ’float’ values.Vectors and matrices cannot be added together.When a vector or matrix is added to a data or ’num_type’ value, this value is added to everycomponent of the vector or matrix.For example, having matrices X and Y21X = 1,1,1Y = 2,2,21,2,11,3,11,1,22,2,2X + Y = 3,3,3 X + 1 = 2,2,22,5,2 2,3,23,3,4 2,2,35.6.2.SubtractionSubtraction (operator ’-’) is a pointwise subtraction among corresponding elements of similar layers.The NSL function corresponding to it is ’NSLsub(a,b)’.Vectors can be subtracted from other vectors of the same size, from data and from ’float’ values.Matrices can be subtracted from other matrices of the same size, from data and from ’float’ values.Vectors and matrices cannot be subtracted from each other.When a vector or matrix is subtracted from/to a data or ’num_type’ value, this value is subtractedfrom/to every component of the vector or matrix.5.6.3.MultiplicationMultiplication can be of different forms.

21 Matrix values are entered row by row.

31Pointwise multiplication

(operator ’^’22) among corresponding elements of similar layers. The NSLfunction corresponding to it is ’NSLmult(a,b)’.Vectors can be multiplied with other vectors of the same size, with data and with ’float’ values.Matrices can be multiplied with other matrices of the same size, with data and with ’float’ values.Vectors and matrices cannot be pointwise multiplied together .When a vector or matrix is pointwise multiplied to a data or ’num_type’ value, this value ismultiplied to every component of the vector or matrix.NSL also supports vector dot product and matrix multiplication (scalar multiplication is supportedby both). The NSL function corresponding to it is ’NSLprod(a,b)’.If X and Y are two vectors of the same size, thenNSLprod(X ,Y) = XTYreturns a data value (size 1) equal to the dot product of the two vectors.If X and Y are two matrices of sizes nxm and mxr, respectively, thenNSLprod(X ,Y) = X Yreturns a matrix of size nxr.5.6.4.DivisionPointwise division (operator ’/’) among corresponding elements of similar layers. The NSL functioncorresponding to it is ’NSLdiv(a,b)’.Vectors can be divided with other vectors of the same size, with data and with ’float’ values.Matrices can be divided with other matrices of the same size, with data and with ’float’ values.Vectors and matrices cannot be pointwise divided together .When a vector or matrix is pointwise divided with/to a data or ’num_type’ value, this value isdivided with/to every component of the vector or matrix.For example, having matrices X and YX = 1,1,1Y = 2,2,21,2,11,3,11,1,22,2,2X / Y = 0.5,0.5,0.5 1,0.67,10.5,0.5,1X / 2 = 0.5,0.5,0.50.5,1,0.50.5,0.5,1

22 Due to the current implementation, the ’^’ has lower precedence than the other arithmetic operators, making it necessaryto add parentheses around the multiplication expression.

325.6.5.ConvolutionThree types of convolution edge effect are treated by NSL:

zero effectThe edge effect is treated as ’0’. (Default action.)For example, having layer X and mask M as followsX = 1,1,1,1,11,2,2,2,21,2,4,4,41,2,4,8,81,2,4,8,0M =1,1,11,2,11,1,1will result in Y = M*X as follows,- first a larger matrix is created with 0 values for the edges (the size of the new matrix depends onboth the size of the mask and the convolved matrix; for example for a (2d+1)x(2d+1) mask, the borderof zeroes must be d-deep):X0 = 0,0,0,0,0,0,00,1,1,1,1,1,00,1,2,2,2,2,00,1,2,4,4,4,00,1,2,4,8,8,00,1,2,4,8,0,00,0,0,0,0,0,0- second we overlap Monthe left top corner of X0 with M[0,0] ontop of X0[0,0] so the firstconvolution will be given byY[0,0] = 0*1 + 0*1 + 0*1 + 0*1 + 1*2 + 1*1 + 0*1 + 1*1 + 2*1 = 6and so on for the other elements.The function for this kind of effect would be called as:Y = NSLconv_zero(M,X);orY = M*Xsince the ’*’ default operation is the zero-edge convolution.

wrap around

3The layer is replicated successively so values are wrapped around.For example, having layer X and mask M as before will result in Y = M*X as follows- first a larger matrix is created with wrapped around values for the edges (the size of the newmatrix depends on both the size of the mask and the convolved matrix)23:X0 = 0,1,2,4,8,0,01,1,1,1,1,1,12,1,2,2,2,2,14,1,2,4,4,4,18,1,2,4,8,8,10,1,2,4,8,0,10,1,1,1,1,1,0- second we overlap Monthe left top corner of X0 with M[0,0] ontop of X0[0,0] sothe firstconvolution will be given byY[0,0] = 0*1 + 1*1 + 2*1 + 1*1 + 1*2 + 1*1 + 2*1 + 1*1 + 2*1 = 12and so on for the other elements.The function for this kind of effect would be called as:Y = NSLconv_wrap(M,X);

copy edgeThe edge element values of the layers are replicated as if it was an infinite layer.For example, having layer X and mask M as before will result in Y = M*X as follows- first a larger matrix is created with copied values for the edges (the size of the new matrixdepends on both the size of the mask and the convolved matrix):X0 = 1,1,1,1,1,1,11,1,1,1,1,1,11,1,2,2,2,2,21,1,2,4,4,4,41,1,2,4,8,8,81,1,2,4,8,0,01,1,2,4,8,0,0- second we overlap Monthe left top corner of X0 with M[0,0] ontop of X0[0,0] sothe firstconvolution will be given byY[0,0] = 1*1 + 1*1 + 1*1 + 1*1 + 1*2 + 1*1 + 1*1 + 1*1 + 2*1 = 11and so on for the other elements.

23 Edge corners are currently assigned zero.

34The function for this kind of effect would be called as:Y = NSLconv_copy(M,X);As can be seen when comparing the results, and as the name implies, the differences are shown onthe edges; the further away from the edges, the less the importance of edge effects.5.6.6.ThresholdFigure 11 shows the available threshold functions. These functions are applied to every element inthe layer independently. The return layer type is similar to the first argument given in the function,where B indicates the returning value, while A indicates the input value. The function may beoverloaded, i.e. its arguments may be of different types. The different argument types are given inAppendix 13.2.

stepNSLstep(layer0)For example,B = NSLstep(A)corresponds to an iteration over all i,j forif A[i,j] < 0B[i,j] = 0else if A[i,j] ‡ 0 B[i,j] = 1 rampNSLramp(layer0)For exampleB = NSLramp(A)corresponds to an iteration over all i,j forif A[i,j] < 0B[i,j] = 0else if A[i,j] ‡ 0B[i,j] = A[i,j] saturationNSLsaturation(layer0)For example,B = NSLsaturation(A)corresponds to an iteration over all i,j forif A[i,j] < 0B[i,j] = 0else if 0 £ A[i,j] < 1B[i,j] = A[i,j]

35else if A[i,j] ‡ 1B[i,j] = 1 sigmoidNSLsigmoid(layer0)For example,B = NSLsigmoid(A)corresponds to an iteration over all i,j forif A[i,j] < 0B[i,j] = 0else if 0 £ A[i,j] < 1 B[i,j] = A[i,j]2(3 - 2A[i,j]) else if A[i,j] ‡ 1B[i,j] = 1

NSLstepNSLramp

1.01.0NSLsaturationNSLsigmoid

BAAAABBB1.01.01.0

1.01.0Figure 11NSL threshold functionsTo get arbitrary threshold functions as shown in Figure 12, the following function call can be given:

stepB = (ky2-ky1)*NSLstep(A-kx1) + ky1,orB = NSLstep(A,kx1,ky1,ky2)corresponds to an iteration over all i,j forif A[i,j] < kx1B[i,j] = ky1

36else if A[i,j] ‡ kx1 B[i,j] = ky2 rampB = (ky2-ky1)*NSLramp(A-kx1) + ky1,orB = NSLramp(A,kx1,ky1,ky2)corresponds to an iteration over all i,j forif A[i,j] < kx1B[i,j] = ky1else if A[i,j] ‡ kx1B[i,j] = A[i,j] - kx1 + ky2 saturationB = (ky2-ky1)*NSLsaturation((A-kx1)/(kx2-kx1)) + ky1,orB = NSLsaturation(A,kx1,kx2,ky1,ky2)corresponds to an iteration over all i,j forif A[i,j] < kx1B[i,j] = ky1else if kx1 £ A[i,j] < kx2B[i,j] = (ky2-ky1)(A[i,j]-kx1)/(kx2-kx1) + ky1else if A[i,j] ‡ kx2B[i,j] = ky2 sigmoidB = (ky2-ky1)*NSLsigmoid(s2*(3 - 2s)) + ky1, where s = (A-kx1)/(kx2-kx1), orB = NSLsigmoid(A,kx1,kx2,ky1,ky2)corresponds to an iteration over all i,j forif A[i,j] < kx1B[i,j] = ky1else if kx1 £ A[i,j] < kx2 B[i,j] = s2(3 - 2s)where s = (A[i,j]-kx1)/(kx2-kx1)else if A[i,j] ‡ kx2B[i,j] = ky2

37kx1kx1ky2ky1NSLstepNSLramp kx1kx2kx1kx2ky1ky2ky1ky2NSLsaturationNSLsigmoidky2

BAAAABBBky1Figure 12Arbitrary threshold functions5.6.7.OtherOther functions include the max and min between to layers of the same size:

maxFunction returning a layer containing the pointwise maxima, where both function arguments have tobe of the same size,NSLmax(layer1,layer2)For example,B = NSLmax(A1,A2)corresponds to an iteration over all i,j ofB[i,j] = max(A1[i,j],A2[i,j]) minFunctions returning a layer containing the pointwise minima, where both function arguments haveto be of the same size,NSLmin(layer1,layer2)For example,

38B = NSLmin(A1,A2)corresponds to an iteration over all i,j ofB[i,j] = min(A1[i,j],A2[i,j])5.7.Numerical MethodsNSL provides a library of numerical methods for integration of differential equations. The syntaxfor a differential equation is as follows:DIFF.eq(u,tm) = f(u)which translates totm*du/dt = f(u).NSL will then apply the appropriate numerical method (euler, etc.) at run time, as specified bythe user.For example, in the case of the leaky integrator model, we would writeDIFF.eq(u,tm) = -u+Sforf(u) = -u + S,where S is the input to the neuron layer.While different numerical methods may be used to solve a particular neuron model, the neuralnetwork architecture and connection weights should not have to change depending onthis. For thisreason we treat numerical methods as orthogonal object classes totally independent from networkspecification. A numerical method is instantiated only after the neural network has been completelydescribed. Different numerical methods keep on evolving and they may be more appropriate accordingto the sophistication of the model and the processing power of the computing machine.5.7.1.EulerThe ’Euler’ method, which is the default NSL method, replaces the above differential equation bym(t+dt) = (1 - dt/tm)) m(t) + (dt/tm) Sm(t)where dt is the integration time step (delta).5.7.2.InterpolationThe ’interpolation’ method replaces the above differential equation bym(t+dt) = (p) m(t) + (1 - p) Sm(t)

39wherep = exp(-dt/t)5.7.3.Runge-KuttaThe ’Runge-Kutta’ numerical method is included as a separate document.5.8.Learning MethodsLearning methods are included as NSL libraries built ontop of the main layer structures. Back-propagation sample networks are included as a separate document.6.NSL Simulation CommandsIn order to process and interact with the model, it is necessary to set upa suitable simulationenvironment, including the window interface for graphics displays. This section will concentrate onhow model parameters are interactively assigned, the simulation is run, and other simulation relatedcommands are used; the window interface will be described in the next section.Commands may be read from batch files, or interactively entered; and any number of command filescan be associated with a single model file. (’//’ precedes all comments.)The most important commands will be described in these sections, while a summary of a l l simulation commands is included at the end of the manual.There are three important commands worth mentioning here, before getting into any of the otherones:

command description helpon-line help.quit or exitexit the simulator.load fileload a ’.nsl’ file to be interpreted.

help

Provides extensive on-line information, where information is available as a general commandlisting,helpor per command, giving more detailed information on each command,help command exit/quitProvides the way of exiting the simulator24.

24 ’control-C’ (’^C’) is used to interrupt simulation runs.

40load

The load command is used to read in any ’.nsl’ files containing simulation commands.For example, a file called ’didday.nsl’ may be loaded as follows (the ’.nsl’ suffix may be omitted):load didday6.1.Model Object ClassesInteraction with NSL’s model language objects is done via the simulation environment.In these sections we will provide a sample simulation file for the previously described ’DIDDAY’model (stored in ’didday.c’).6.1.1.networkThe following are commands affecting initial network setup.

setTo set up the desired simulation model include the following line,set network namewhere name matches the one in ’NETWORK(name)’ for the corresponding model.Since this file is interpreted, the order of commands is very important (the ’set network’ commandshould precede all other commands in the file).The simulation file for the previously described ’DIDDAY’ model should then begin with,set network DIDDAY statusThe interpreter provides status information ondifferent aspects of the system. If several modelshave been compiled together, the ’status’ command can give a listing of them, showing their names andindices, and information on which one is currently enabled25.In what follows ’nsl>’ is the system’s prompt,nsl> status systemA sample response would look as follows,// total linked models: 11// 1: TUTORIAL (disabled)// 2: TECTUM_88 (disabled)// 3: TECTUM_11 (disabled)// 4: STRETCH (disabled)

25 Currently, NSL 2.1 lets only one model be run at any time; in the future several model could be run together.

41// 5: RETINA (disabled)// 6: LOOM21 (disabled)// 7: LIMULUS (disabled)// 8: DIDDAY (enabled)// 9: DEV (disabled)// 10: CUE_INTERACTION (disabled)// 11: BEKESY (disabled)6.1.2.layerThe following are commands affecting network layers.

setLayers can be assigned data interactively at any time during the simulation. Data may also beassigned through the graphics interface, as will be explained in the window interface section. To assign data,set data_value name value [value, ...]where name is the name of an existing layer. Immediately following is a list of values (separated byspaces), with the list size matching the number of elements in the layer. In the case of a data layer onlyone value would be entered, in the case of a vector, a list of values matching the number of elements inthe vector would be entered, and in the case of a matrix, a list of values, row wise, and starting withrow ’0’, followed by row ’1’, and son on would be entered, until all the elements have been assigned.26For example, for the didday model one can assign the following values to its variables,set data_value tu 1.0set data_value tv 1.0set data_value k 0.1set data_value w1 1.0set data_value w2 1.0set data_value h1 0.1set data_value h2 0.5set data_value S0 0 0 0 1.0 0 .5 0 0 0assigning 1.0 to S[4] and .5 to S[6].Layers can be assigned a single data value for the complete layer by using,set all_data_value name valueFor exampleset all_data_value S 1

26 NSL 2.2 will include assignment operators at the interpreter level, so the same operation would be written as ’name =value’ for data, ’name = { value, ... }’ for vectors, and ’name = {{value, ...},...}’ for matrices.

42is equivalent toset data_value S1 1 1 1 1 1 1 1 1 1Layers can be assigned single element data values byset elem_i indexset elem_j indexset elem_data_value name valueelem_i specifies the vector element index or the matrix row index, while elem_j specifies the matrixcolumn index.27For exampleset all_data_value S 0set elem_i 4set elem_data_value S 1set elem_i 6set elem_data_value S 0.5is equivalent toset data_value S0 0 0 0 1.0 0 .5 0 0 0

statusTo show the data values,status data_value nameFor example, if we want to show the values of layer S then,nsl> status data_value SThe system response would be as follows,set data_value S0 0 0 0 1 0 0.5 0 0 06.1.3.moduleThe following are commands affecting network modules.Initially all modules are enabled for processing, yet the user has the option to disable or enableindividual modules from being processed.

enable

To enable module processing,

27 NSL 2.2 will have single element assignment in the form of v[i]=val for vectors, and m[i][j]=val for matrices.

43enable module namewhere name is optional, and should match an existing module name.

disable

To disable module processing,disable module namewhere name is optional, and should match an existing module name.6.2.Simulation ProcessingThe following are commands affecting network simulation processing.

setTo set the simulation time step or delta,set delta valuevalue specifies the simulation delta time stepTo set the simulation end time,set end_time valuevalue specifies the simulation end time, which divided by ’delta’, gives the total number of steps thesimulation is going to run.For example, for the didday model we have,set delta 0.1set end_time 20.0which gives a total of 200 (20.0/0.1) simulation steps.

processingTo process a simulation there are the following commands, command description initprocess ’INIT_MODULE’s and ’MODULE’s for t = 0.run [n]process all modules from t=0 (similar to ’init’), andall ’RUN_MODULE’s and ’MODULE’s for t>0until t=n or t = end_time, if no n is specified.step [n]process modules n steps or step for one iteration, if no n is specified.

4cont [n]continue module processing from current t until t=nor t = end_time, if no n is specified.’Control-C’ (’^C’) serves as processing interrupt.6.3.Data filesData produced by a simulation may be stored into external files. The data stored in these files canbe used as input to other simulations or simply as a means of analyzing the simulation output innumerical detail.Besides the ’load’ command, the user has available commands for opening and closing files, eitherfor input or output.

output data fileIn order to create a a file for output the user may execute the following command:open OUTPUT file_namewhere file_name is the name of the file to be created. If the command is executed without a file name,then the current model name is used as file name. If the ’file_auto_name’ flag is ’ON’ (’setfile_auto_name ON’) then NSL will append an increasing numerical index suffix to every newlyopened data file.For example, if the currently simulated model is called ’DIDDAY’ then a call to ’open’ withoutarguments will create an output data file named ’DIDDAY.nsl.0’; the next call to ’open’ withoutarguments will create an output data file named ’DIDDAY.nsl.1’; and so on.The information stored into these data files is basically all the data values computed during thesimulation. NSL will store data from all those layers currently ’enabled’, where enable layer refers towhich layer is enabled for file interaction. To enable a layer specified by name to be written, do,file_enable layer name(Layers may be disabled by using the ’file_disable’ command in a similar way. The ’ALL’ reservedstring serves as name modifier specifying all layers in the network).To close file execute the following command:close file_namewhere file_name is the name of the file to be close. If the command is executed without a file name,then the current open file is closed.

input data fileIn order to create a a file for input the user may execute the following command:open INPUT file_name

45where file_name is the name of the file to be created. If the command is executed without a file name,then the current model name is used as file name.The information to be read is basically depends on what’s stored in the file and what layers arecurrently ’enabled’. NSL will read data to all those layers currently ’enabled’, where enable layerrefers to which layer is enabled for file interaction. To enable a layer specified by name to be read, do,file_enable layer nameThe only other aspect to be considered is that if there are modules which originally computed thoselayers, they should be ’disabled’ from processing.To close the file execute the following command:close file_namewhere file_name is the name of the file to be close. If the command is executed without a file name,then the current open file is closed.6.4.Simulation ManagementOne important aspect of the system is the ability to record automatically any interaction done bythe user, so it can be reproduced at any time in the future.286.5.Numerical MethodsNSL current release provides two different numerical methods for integration.29

setTo choose the appropriate numerical method NSL provides with the following command,set integration typewhere type may be EULER or INTERPOLATION.For example, to use the didday model with the EULER method, which is also the default one,writeset integration EULER6.6.OtherOther commands are included in section 10.

28 Simulation management is under current development and will be available with the next system release.29 Future releases will extend upon the number and types of numerical methods available. Yet, the user may include newnumerical methods with any NSL model.

467.NSL Window InterfaceThe window interface comprises a set of display object classes and graphics libraries. In order to beable to efficiently interact with the window interface the user should become familiar with thedifferent types of display objects available.In the following sections we will explain how to design such a graphics interface by either storingall commands on a ’.nsl’ file or by interactively typing into the nsl interpreter.Figure 12 shows the window interface created for the didday model, at the end of the simulation.Figure 12The window interface for the didday simulation modelThe code creating this frame is as follows:set frame_name FW1set frame_X0 200set frame_Y0 100set frame_width 500set frame_height 335set frame_rows 2create display_frameset window_name WN11set window_layer Sset window_graph area_level_graphset window_wymin 0set window_wymax 2create display_windowset window_name WN12set window_layer uset window_graph temporal_graphset window_wymin -3

47set window_wymax 3set window_t1 20create display_windowThe next sections will describe the different interface object classes and describe their manipulationvia the command interpreter. A summary of all available window interface commands is given insection 11.7.1.Display Object ClassesThere are five types of display object classes: window_interface, display_frame, display_window,display_canvas, and display_panel.7.1.1.window_interfaceThe window_interface is a ’non-visual’ object type, instantiated automatically by the system’sgraphical environment. Figure 13 shows the window interface structure, composed of a list of displayframes. Each display frame is made up of a list of display windows, which themselves are composed ofa display canvas where graphs are drawn, and a data panel where the user can interface with thewindow control attributes.

display_framedisplay_windowdisplay_canvaswindow_interface display_panel nextnextFigure 13NSL display classes.In order to initialize a window interface the following call should be entered (if the call doesn’tappear, new frames will be added to any currently existing ones),create window_interface

487.1.2.display_frameA display_frame is a ’visual’ display unit manipulated as a single entity onthe screen which canbe moved, resized, and printed. A display frame can be physically composed of any number of displaywindows as will be explained in the next section.For example, the display frame on Figure 12, FW1, is created by the following commands:set frame_name FW1set frame_X0 200set frame_Y0 100set frame_width 500set frame_height 335set frame_rows 2create display_frame setThe set command assigns values to the different environment variables:- frame_name specifies the name to be used for the display frame.- frame_width specifies the width of the display frame.- frame_height specifies the height of the display frame.- frame_X0 specifies the left pixel location of the display frame, where the coordinate is zeroonthe left of the screen and increments towards the right until the monitor’s maximum width isreached.- frame_Y0 specifies the top pixel location of the display frame, where the coordinate is zeroonthe top of the screen and increments towards the bottom until the monitor’s maximum height isreached.- frame_rows specifies the number of rows of display windows to be included inside the displayframe (graphs are assigned row-wise).- frame_cols specifies the number of columns of display windows to be included inside thedisplay frame.

createThe create command creates a new display frame according to the specified setting.

updateThe update command updates an existing display frame according to the specified settings.7.1.3.display_windowA display_window is a ’non-visual’ object containing two types of of ’visual’ objects: adisplay_canvas, where all graphics takes place, and a display_panel, a special window used forcontrolling the display canvas. The display window also contains an internal database storing all thewindow parameters.In the the sample frame of Figure 12, two display windows are created with the followingcommands:set window_name WN11

49set window_layer Sset window_graph area_level_graphset window_wymin 0set window_wymax 2create display_windowset window_name WN12set window_layer uset window_graph temporal_graphset window_wymin -3set window_wymax 3set window_t1 20create display_windowThe first window, WN11, will display layer S as an ’area_level_graph’ with a y axis value rangebetween 0 and 2. The second window, WN12, will display layer u, as a ’temporal_graph’ with y axisvalue range between -3 and 3. The time scale for the temporal graph is from 0 to 20,Each window automatically opens a display panel (control panel) on an independent screenframe30.

setThe set command assigns values to the different environment variables:- window_name specifies the name to be used for the display window.- window_width specifies the width of the display canvas contained in the display window.- window_height specifies the height of the display canvas contained in the display window.- window_X0 specifies the left pixel location of the display canvas contained in the displaywindow, where the coordinate is zero onthe left of the frame and increments towards the right untilthe frame’s maximum width is reached.- window_Y0 specifies the top pixel location of the display canvas contained in the displaywindow, where the coordinate is zero on the top of the frame and increments towards the bottom untilthe frame’s maximum height is reached.- window_layer specifies the particular layer to be displayed.- window_graph specifies the particular type of graph to utilize for displaying.

createThe create command creates a new display window according to the current settings.

updateThe update command update an existing display window according to the current settings.7.1.4.display_canvasA display_canvas is the ’visual’ display object where graphics are actually drawn. There aredifferent kinds of graphics items which may be drawn ona canvas: graphs, grids, lines, and text, asshown by the class structure tree in Figure 14.

30 When we talk about a frame, we talk about an X windows screen frame; while a display frame refers to NSL’s windowinterface display entity.

50canvas_itemgraphgrid linearea_level_graphspatial spatial_graph_2spatial_graph_3 temporal_graph temporaltextFigure 14NSL display canvas item classes.

setThe set command assigns canvas related parameters:- window_graph specifies the type of graph to be used for the display window. Graphs may beeither temporal or spatial, and there are three different types of spatial graphs.Figure 15

51vector area_level_graph vs. spatial_graph_2Spatial graphs:- area_level_graph displays a layer as levels of rectangular area representing the activity ofthe different elements in the layer31.- spatial_graph_2 displays a layer as a two dimensional graph (only vector layers should bedisplayed with this option). Figure 15 shows an area_level_graph and a spatial_graph_2 for asimilar vector layer.- spatial_graph_3 displays a layer as a three dimensional graph (only matrix layers should bedisplayed with this option). Figure 16 shows an area_level_graph and a spatial_graph_3 for asimilar matrix layer.Temporal Graphs (a vector temporal graph is shown in Figure 12 inside window WN12):- temporal_graph displays temporal layer information. Every layer element is displayed as anindependent temporal graph, where the complete graph will contain as many rows and columns asthere are elements in that layer (i0<->i1, j0<->j1), each graph being a temporal display (t0<->t1)of the respective layer’s element.32Figure 16matrix area_level_graph vs. spatial_graph_3

31 An area_level_graph may be used both for displaying and reading input as will be described later in moredetail.32 For efficiency considerations, the model data produced is not automatically stored by the system. For this reason,temporal graphs can only be fully displayed while the simulation is being run. At the end of a simulation all layer temporaldata is lost.

527.1.5.display_panelThe display_panel contains varied window control items. There are four classes of panel items:text, menus. buttons, and messages, The panel class structure is shown in Figure 17.panel_itemtextmessage button menuFigure 17NSL display panel item classes.A typical control panel, as the one controlling window WN11 (in Figure 12) is shown in Figure 18.The different entries are control parameters which can also be set from the window interfaceinterpreter33.

33 These parameters are preceded by ’window_’ when called from the commands interpreter. The control panel functions andparameters are a subset from those available from the commands interpreter.

53Figure 18NSL display window control panelTo disable the control panel from the command interpreter do,disable display_panel nameand to enable it do,enable display_panel namewhere name is the name of the window to which the control panel belongs.7.2.Window Mouse InteractionUntil nowwe have described the window interface display objects, and how they can bemanipulated from the command interpreter. In these sections we explain how to interact with thewindow interface in a graphical way.7.2.1.Drawing FrameEvery frame includes a frame menu along its boundary. The Frame Menu contains the regular Xwindows menu (e.g. for moving, resizing, and closing, the frame).

resizeThe graphs in the different displays may be automatically resized when the frame itself isresized. For this purpose, ff ’set frame_auto_resize’ is ’ON’ (which is the default), then every time aframe is resized, all the windows will be automatically resized according to the number of rows andcolumns that have been specified for the particular frame. If the option is ’OFF’ nointernal windowresizing will take place, even though the frame will change its size.7.2.2.Drawing CanvasThe following are different types of interactive commands which may be activated through thehelp of the mouse while inside a display canvas.

Obtaining aWindow

DumpA ’Window Dump’, a display picture snapshot, may be obtained from any display frame at anytime. A window dump can be saved into a raster file (’ras’), a postscript file (’ps’), or directly be sent toa printer. The menu containing these options is found by moving the mouse over the desired frame, andpressing the mouse’s right button which will show a menuwith three entries:

WinDump

,UpdateGraph

, and

ControlPanel

.Drag the mouse to the right of the menu entry, while still holding down the right button,a new menu will appear with the following choices:-

WindowDump

->Printer

- Send the window dump directly to the printer without having tostore it first in a file.

54-WindowDump

->RasterFile

- Save the window dump into a rasterfile (’ras’), specified by thedump_file variable. ’raster’ format is the local workstation picture format.-

WindowDump

->PostScript

- Save the window dump into a postscript file (’ps’), specified bythe dump_file variable. ’postscript’ is the standard printer language.where dump_file is a file name automatically generated by NSL, composed of a number suffix, an inffixof ’ras’ or ’ps’ depending on what type of file it represents, and a preffix containing the model’s name.For example the first time a raster (’ras’) is created from the didday model, the following namewill be generated,didday.ras.1The other two entries in the menu are as follows,- The

UpdateGraph entry is used for updating the window with any new information.- The

ControlPanel entry is used for recalling the Control Panel window if not present.

Interactive input assignmentThe user may interactively modify the values (’data_value’) from any layer in the network. Thiscan be done with the help of the two mouse buttons when pressed over any window displaying a layeras an ’area_level_graph’ type of graph. By clicking the left button over a layer element, the valuespecified by the window control panel’s ’val_in’ entry is assigned; while by clicking the middle button,the layer’s element value is reset to 0.0. To assign a value other than the one currently shown in’val_in’, simply modify the text entry to the right of ’val_in’ and the new value will be used instead.To find out the values, or the element’s index, of the different layer elements, simply drag the mouse,without clicking any button, over the different units, and their respective values with their respectiveunit locations will be shown on ’val_out’ (this entry value cannot be modified by the user).7.2.3.Control PanelThe control panel, as shown in Figure 14, contains two sections, a ’static’ top section, and a ’dynamic’bottom section.The top section contains the following entries:- The button used for updating the corresponding display window with newinformation.- The

Layer menu from which a layer is selected.- The

Graph menu from which a graph is selected.The lower section is scrollable and contains different entries depending onthe and typecurrently selected.8.NSL Input FacilityNSL 2.1 includes a facility for dealing with a special type of INPUT_LAYER. An input layerserves as the ’world’ where many different objects or stimuli may be set, with constrains ontheirlocation and time onwhich they are valid. While this functionality may be obtained using regularNSL language constructs, such a task is greatly simplified by the use of NSL’s input facility. In the nextsections we explain how to interact with this module.

5For example, Figure 19 shows an ’area_level_graph’ of an input layer (’INPUT_MAT’) made of32x32 elements, containing an object of size 8x4.Figure 19NSL input stim objects.Figure 20 shows a ’temporal graph’ of an input layer (’INPUT_DAT’) made of a single element,containing an object appearing at two different time intervals.Figure 20NSL input stim objects.These and many other object specifications may be done with the help of NSL’s input facility, aswill be shown in the following sections.8.1.Model LanguageIn this section we will describe the input layer class declarations and expressions included in NSLmodel language (’.c’ file).8.1.1.input_layerThe input_layer classes are derived from the basic layer classes, data, vector, and matrix, givingrise to: INPUT_DAT, INPUT_VEC, and INPUT_MAT classes. These three classes vary according to thenumber of dimensions they contain. Figure 21 shows the layer class hierarchy.

56Since the input_layer is derived from the regular layer, it includes all the basic functionality ofthe layer, extended with its own private functionality. Thus, for example, an input layer may be addedwith regular layers, and so on. What’s characteristic to the input layer is its ability to be map externalobjects into itself. These objects, or stimuli, have special characteristics, such as movement, and may beassigned time intervals on when to appear. This facility thus provides a means for assigning externalobject specifications into a layer which at any moment may be incorporated into regular layerexpressions.MATRIXVECTORDATA

LAYERINPUT_MATINPUT_VEC

INPUT_DATFigure 21NSL input layer classes.The following are the different classes of input layers.Data layer:INPUT_DAT(layer_name)e.g INPUT_DAT(S);// a data layerVector layer:INPUT_VEC(layer_name,size)e.g. INPUT_VEC(INP,10);// a 10 unit vector layerMatrix layer:INPUT_MAT(layer_name,rows,columns)e.g INPUT_MAT(A,10,8); // a 10x8 layerwhere layer_name specifies the name of the layer, size specifies the length of the vector, rowsspecifies the number of rows of a matrix layer, and columns represent the number of columns of a matrixlayer.

578.1.2.processingProcessing of any stimuli specifications (done from the ’.nsl’ file) is achieved by including thefollowing line inside a RUN_MODULE ,input_layer.run();where layer_name specifies the name of the layer, and ’run’ is the function which will process anyexisting stimuli specification.8.2.Simulation CommandsOnce an input layer has been declared in the model file, it is necessary to give the input objectspecifications in the command file. For example, the object shown in Figure 19 was created with thefollowing script:set input_layer INset input_xz 0set input_yz 16set input_dx 1set input_dy 1reset stim_listset stim_val 1.5set stim_x0 4set stim_y0 0set stim_dx 8set stim_dy 4create block_stimThe object shown in Figure 20 was created with the following script:set input_layer INreset stim_listset stim_val 1.0create block_stimset stim_t0 0.0set stim_t1 0.3create time_stimset stim_t0 3.0set stim_t1 3.3create time_stimThese lines will be explained in the next sections.8.2.1.input_layerThe first step in describing an input object is to set the appropriate input layer, e.g.set input_layer INthen, the mapping characteristics between the layer and the input stimulus coordinates have to begiven.For example,

58set input_xz 0set input_yz 16set input_dx 1set input_dy 1specify the origin of the coordinate system to lie over IN[0,16] (element 0,16 of layer IN), while thedistance among adjacent layer elements is equivalent to ’1’ either in x or y. Figure 22 shows the generalschematics of an input layer and input stimulus specification characteristics.

(input_xz,input_yz)input_dxinput_dystim_dxstim_dystim_xcstim_yc xyjj+1j-1ii-1i+1j+2stim_x1stim_y1stim_x0stim_y0 x,y origin

Figure 22NSL input stim objects.The summary of input layer specifications is given in section 10 (the input stimulus specificationswill be explained in the next section).8.2.2.input_stimThe following is the input object specification as shown in Figure 19,reset stim_listwhich resets the stimuli list to a new one,set stim_val 1.5

59which assigns the value of 1.5 to the input layer elements corresponding to the current input objectlocation,set stim_x0 4set stim_y0 0which sets the input object upper left corner location to (4,0) onthe input layer coordinate system, andwhich maps to layer elements [4,16],set stim_dx 8set stim_dy 4which sets the input object size to 8x4, andcreate block_stimwhich actually creates the specified object.The object shown in figure 20 is specified by,reset stim_listwhich resets the stimuli list to a new one,set stim_val 1.0which assigns the value of 1.0, which is really the default value,create block_stimwhich creates the specified object (since this is a single element layer, there is noneed to specifystimulus size or location),set stim_t0 0.0set stim_t1 0.3create time_stimthis creates a time interval between 0.0 and 0.3 (simulated time),set stim_t0 3.0set stim_t1 3.3create time_stimwhile this creates a time interval between 3.0 and 3.3. The temporal output is shown in Figure 20.The location of the stimulus may be specified either by using its corner or its center as referenceposition, where the relation among them in a any rectangular object is as follows,stim_xc = stim_x0 + (stim_dx)/2stim_yc = stim_y0 + (stim_dy)/2Objects may also be specified with velocity,stim_vx

60stim_vywhere the object’s velocity is calculated as distance per simulated time, or in other words, the currentstimulus position at any given time is computed by (in the case of the corner location) :tx0 = ts*stim_vx + stim_x0ty0 = ts*stim_vy + stim_y0where ’ts’ is the current simulated time.The summary of input stimulus specifications is given in section 10.9.Advanced NSL ProgrammingTo write more developed code in NSL, the user is encouraged to become familiar with the C++language. The current release compiles NSL an extended version of C++, so user written C++ code shouldcompile in a straight forward manner, and may be integrated with any NSL code. In these sections wewill describe NSL classes and their most important public methods. Calls to these methods can be donefrom the model language, by writing any C++ expressions inside the different processing modules, or bywriting totally independent C++ routines which may be called from an expression.Many files may be linked together, the only requirement is that each contain an ’# include"nsl_include.h"’ line, which contains all the header and macro definitions necessary for linking NSLcode.9.1.Model LanguageFollowing C++ conventions, an object’s public method is called as follows,object.method();where object is the name of the object and method is the desired ’member’ function. (If the object isreferenced as a pointer to it, then the call would be: ’object->method()’.)9.1.1.networkThe macro declaration of ’NETWORK(name)’ translates to a C++ declaration ofnsl_network name("name")where nsl_network is the name of the object class, and name is the name of the instantiation variable."name" is used the name to be stored internally for linking the compiled code with the runtimeinterpreted environment.The network class definition is as follows:class nsl_network{char name[NAME_SIZE];// model namefloat DELTA;// time stepfloat CURRENT_TIME;// current timefloat END_TIME;// end timeint layer_total; // total number of layersint module_total; // total number of modules

61public:nsl_network(char*);~nsl_network();float get_delta();// get delta time stepfloat get_time();// get current simulation timefloat get_end_time();// get simulation end timevoid set_delta(float);// set time stepvoid set_time(float);// set current simulation timevoid set_end_time(float);// set simulation end timevoid reset_time();// reset time to 0int get_layer_total();// total number of layersnsl_layer*get_layer(char*);// name searchnsl_layer*get_layer(int);// index searchint get_module_total();// total number of modulesvoid print_status();// print model information};For example, to get the value for the delta do (and having a network called ’DIDDAY’),float dt = DIDDAY.get_delta();9.1.2.modulesThe macro declaration of ’MODULE(name)’ translates to a C++ declaration ofnsl_module name("name")where nsl_module is the name of the object class, and name is the name of the instantiation variable."name" is used the name to be stored internally for linking the compiled code with the runtimeinterpreted environment.The module class definition is as follows:class nsl_module{char name[NAME_SIZE];// module nameint index;// module index numberpublic:nsl_module();~nsl_module();char* get_name();// return module nameint get_index();// return module index number};9.1.3.layersThe layer class, which is the super-class for the derived data, vector, and matrix classes,definition is as follows:

62class nsl_layer{char name[NAME_SIZE];int index;int layer_type;// 1 - nsl_data, 2 - nsl_vector, 3 - nsl_matrixpublic:nsl_layer(int);nsl_layer(char*,int);void set_name(char*) ;void set_index(int);void set_layer_type(int);char* get_name();int get_index();int get_layer_type();};9.1.3.1.dataThe macro declaration ’DATA(name)’ translates tonsl_data name("name")where nsl_data is the name of the object class, and name is the name of the instantiation variable."name" is used for linking the compiled code with the run time interpreted environment.The data structure is as follows:class nsl_data : public nsl_layer{num_type v;public:nsl_data();nsl_data(nsl_data&);nsl_data(nsl_model&,char*);nsl_data(nsl_model*,char*);nsl_data(char*);~nsl_data();num_type&get_data();num_type& elem();void operator=(nsl_data&);void operator=(num_type);voidprint();voidprint_status();};9.1.3.2.vectorThe macro declaration of ’VECTOR(name,size)’ translates tonsl_vector name("name",size)

63where nsl_vector is the name of the object class, and name is the name of the instantiation variable."name" is used for linking the compiled code with the runtime interpreted environment. size is simplythe size of the vector which also gets passed as argument to the ’nsl_vector’ class constructor.The vector structure is as follows:class nsl_vector : public nsl_layer{num_type* v;int i0,i1;int size;public:nsl_vector(int);nsl_vector(nsl_vector&);nsl_vector(nsl_model*,char*,int);nsl_vector(nsl_model&,char*,int);nsl_vector(char*,int);~nsl_vector();intget_i0();intget_i1();intget_size();num_type*get_vector();num_type&elem(int);void operator=(nsl_vector&);void operator=(nsl_data&);void operator=(num_type);num_typemax();num_typemin();num_typesum();nsl_vector get_sector(int,int);nsl_vector put_sector(nsl_vector&,int);voidprint();voidprint(int,int);voidprint_status();};9.1.3.3.matrixThe macro declaration of MATRIX(name,rows,columns) translates tonsl_matrix name("name",rows,columns)where nsl_matrix is the name of the object class, and name is the name of the instantiation variable."name" is used for linking the compiled code with the runtime interpreted environment. rows andcolumns are simply the size of the matrix which also gets passed as arguments to the ’nsl_matrix’ classconstructor.The matrix structure is as follows:class nsl_matrix : public nsl_layer

64{num_type** v;int i0,i1,j0,j1;int rows,cols;public:nsl_matrix(int,int);nsl_matrix(nsl_matrix&);nsl_matrix(nsl_model*,char*,int,int);nsl_matrix(nsl_model&,char*,int,int);nsl_matrix(char*,int,int);~nsl_matrix();intget_i0();intget_i1();intget_j0();intget_j1();intget_rows();intget_cols();num_type**get_matrix();num_type&elem(int,int);void operator=(nsl_matrix&);void operator=(nsl_data&);void operator=(num_type);num_typemax();num_typemin();num_typesum();nsl_matrix get_sector(int,int,int,int);nsl_matrix put_sector(nsl_matrix&,int,int);voidprint();// print layer datavoidprint(int,int,int,int);// print layer data sectorvoidprint_status();// print layer information};9.1.4.input_layersThere are three types of input layers, derived from the regular layer classes.9.1.4.1.input_dataThe macro ’INPUT_DAT(name)’ translates tonsl_input_data name("name")where nsl_input_data is the name of the object class, and name is the name of instantiation variable."name" is utilized for linking the compiled code with the run time interpreted environment.The data structure is as follows:class nsl_input_data : public nsl_data{int stim_total;

65nsl_stim_list* stim_list;public:nsl_input_data(char*);~nsl_input_data();int get_stim_total();};9.1.4.2.input_vectorThe macro ’INPUT_VEC(name,size) translates tonsl_input_vector name("name",size)where nsl_input_vector is the name of the object class, and name is the name of instantiation variable."name" is utilized for linking the compiled code with the runtime interpreted environment. size issimply the size of the vector which get also passed as argument to the ’nsl_vector’ class constructor.The vector structure is as follows:class nsl_input_vector : public nsl_vector{int stim_total;nsl_stim_list* stim_list;public:nsl_input_vector(char*,int);~nsl_input_vector();int get_stim_total();};9.1.4.3.input_matrixThe macro ’INPUT_MAT(name,rows,columns)’ translates tonsl_input_matrix name("name",rows,columns)where nsl_input_matrix is the name of the object class, and name is the name of instantiation variable."name" is utilized for linking the compiled code with the runtime interpreted environment. rows andcolumns simply the size of the matrix which get also passed as arguments to the ’nsl_matrix’ classconstructor.The matrix structure is as follows:class nsl_input_matrix : public nsl_matrix{int stim_total;nsl_stim_list* stim_list;public:nsl_input_matrix(char*,int,int);~nsl_input_matrix();int get_stim_total();};9.2.Adding NSL Language FunctionsNew NSL language functions can be written by following C++ syntax. Any NSL data structure can beused inside functions and as arguments to the function. The only restriction is that no NSL macros may be

6declared (DATA, VECTOR, MATRIX, etc.), only the raw nsl structures (nsl_data, nsl_vector,nsl_matrix, etc.). It is also important that any nsl structures be declared by specifying its size and notthe optional name, thus making it unknown from the global nsl structures34.For example, to write a function that takes two nsl_matrix arguments, and,- checks if both matrix arguments are of the same size,- declares a new matrix m of equal size,- assigns to the corresponding elements of the new matrix either ’1’ if both argument matrices havean equal corresponding element value or ’0’ otherwise,- the newly created matrix containing the result is then returned.nsl_matrix function(nsl_matrix& m1,nsl_matrix& m2){int rows = m1.get_rows();int cols = m1.get_cols();nsl_matrix m(rows,cols);// initializes the matrix with ’0’if ((rows != m2.get_rows() || cols != m2.get_cols()) cmd_error("Bad matrix sizes in function");else{ for (int i = 0; i < rows; i++)// ’i’ index go from ’0’ to ’rows-1’for (int j = 0; j < cols; j++)// ’j’ index goes from ’0’ to ’cols-1’ if (m1.elem(i,j) == m2.elem(i,j))m.elem(i,j) = 1; else // this ’else’ part is not really necessary since ’m’ was initialized to ’0’m.elem(i,j) = 0;}return m;}Note that structures can be passed by value or by reference. In this case the matrices were passed byreference, permitting any changes on the argument matrices to take effect outside the function, althoughthis was not the case. Passing by reference is also more efficient than passing by value, where t h e structure gets copied (for passing by value omit the ’&’ in the argument declaration).9.3.Adding Simulation CommandsNew simulation commands may be added to NSL command interpreter. This is achieved by writingthe following command reading function in a file to be linked via ’nsl_link’.# include "nsl_include.h"extern int new_command_function(istream&); // C++ declaration of your command functionint my_command_function(istream& in){string str;int status = 0;

34 NSL keeps global structures independent from locally declared structures.

67if (nsl_get_str(in,str) == 0){cmd_error("Empty command string");return -1;}if (strcmp(str,"new_command") == 0)status = new_command_function(in);elsecmd_error("Unknown command: ",str);return status;}Every time ’nsl_get_str’ gets called, a new string is read from the interpreter.’new_command_function’ will contain the code that actually performs the command, including readingany other command line parameters via more ’nsl_get_str’. The name of the command is’new_command’.The file ’nsl_main.c’ has to be edited so it would look as follows:# include "nsl_include.h"extern int my_command_function(istream&);main(int argc,char** argv){NSLinit(argc,argv);NSL_USER_CMD = my_command_function;NSLmain(argc,argv);}These commands may then be called from the interpreter with the following syntax,user new_command [optional modifiers]9.4.Adding Simulation Functions in C++In order to permit greater flexibility from the command interpreter, NSL permits the addition ofgeneral purpose simulation command functions to be written in C++ code. This is achieved by declaring aspecial type of module in the model file, called FUNC_MODULE. The purpose of this module is toprovide the link between the model language and the command interpreter. A FUNC_MODULE mayinclude any C++ code, or it may call regular simulation commands (see next section). The interpreteritself would call the function by ’exec function_name’. (No arguments may be passed to the function.)Any C++ expressions may be included inside this module, such as conditionals and iterative loops.The syntax is as follows,FUNC_MODULE(function_name){...function specification...

68}Calling simulation commands from inside a module is described in the next section.9.4.Calling Simulation Commands from C++Simulation commands may be called from the model file in the following manner,NSL << command [<< command...] << ENDL;where NSL is the command interpreter, command is the desired command, and ENDL specifies the endof an expression (without ENDL the command wouldn’t be processed). There may be as many ’ < < command’ as necessary; this is particularly useful for sending commands composed of part string andpart numerical values.For example you could execute a status command from inside a FUNC_MODULE by having thefollowing expression:NSL << "status data_value ALL" << ENDL;which will show the data values for all layers when the function containing this line gets executed. 9.6.Adding GraphicsNew graphics libraries may be incorporated as part of NSL35.10.NSL Simulation Command SummaryThe next sections provide a summary of all NSL simulation commands.10.1.helphelp ’command’ [’command option’]NSL help on simulation related commands

command descriptionhelp - help commandcreate- create model objectsdisable - disable objectsenable - enable objectsexec- execute a particular function moduleexit,quit - exit NSLf i l e - file infofile_enable- enable layer filingfile_disable- disable layer filingclose - close a file

35 A separate document will show a sample creation of new types of graphics libraries.

69load,read - read a fileopen - open a filewrite - write a fileproc- processing infocont - process modules starting at current timeinit - process modules for t=0run - process modules for t‡0step - process once through all modulesreset - reset commandsset - set commandsshell- unix shell commandscd - change model directorycsh - execute a c-shell commandsh - execute a shell commandstatus - print status information on the modelupdate - update model objectsuser - call a user defined command10.2.createThe create command is utilized for creating model class objects. The syntax is as follows,create ’type’ type descriptionblock_stimcreate block-type stim objecticon_stimcreate icon-type stim objecttime_stimcreate time interval for existing stim object10.3.disabledisable ’type’ [’option’]disable processing for object type option descriptionnetwork disable current model’name’ disable a particular model by name’index’ disable a particular model by indexmodule disable current module’name’ disable a particular module by name’index’ disable a particular module by indexlayer disable current layer update’name’ disable a particular layer update by name’index’ disable a particular layer update by indexinput_layer disable current input layer’name’ disable an input layer by name’index’ disable an input layer by indexinput_stim disable current input stim’name’ disable an input stim by name

70’index’ disable an input stim by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer10.4.enableenable ’type’ [’option’]enable processing for object type type option descriptionnetwork enable current model’name’ enable a particular model by name’index’ enable a particular model by indexmodule enable current module’name’ enable a particular module by name’index’ enable a particular module by indexlayer enable current layer update’name’ enable a particular layer update by name’index’ enable a particular layer update by indexinput_layer enable current input layer’name’ enable an input layer by name’index’ enable an input layer by indexinput_stim enable current input stim’name’ enable an input stim by name’index’ enable an input stim by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer10.5.execexec - execute a function module defined in the model file10.6.exitexit,quit - exit NSL10.7.file’cmd’ [’option’] ’name’commands for dealing with external i/o cmd description

71file_enableenable layer ’name’ for file in/outfile_disabledisable layer ’name’ for file in/outload,read read from file ’name’write write into ’filename’openopen file ’name’ according to current ’file_type’INPUTopen file ’name’ for inputOUTPUTopen file ’name’ for outputcloseclose file ’name’10.8.proc’cmd’ [’option’]process model cmd option descriptioninit process modules for t=0runprocess modules for 0<=t<end_time’ts’ process modules for 0<=t<=tscontprocess modules for current time<t<=end_time’ts’ process modules for current_time<t<tsstepprocess modules 1 iteration’n’ process modules n iterations10.9.resetreset ’type’reset object type type descriptionstim_list reset stimuli list10.10.setset ’type’ [’option’]set buffer for objects in the next categories type class descriptionnetwork network informationmodule module informationlayer layer informationinput_layer input layer informationinput_stim stimulus information network

72set ’modifier’ ’option’ modifier option descriptionnetworkcurrent network’name’ network by name’index’network by indexend_timecurrent end_time’value’ set simulation ’end_time’ to ’value’current_timecurrent time’value’ set simulation ’current_time’ to ’value’deltacurrent delta time step’value’ set simulation ’delta’ to ’value’integrationcurrent integration numerical method’method’ set simulation numerical method to ’method’ moduleset ’modifier’ ’option’ descriptionmodulecurrent module’name’ module by name’index’module by index layerset ’modifier’ ’option’ descriptionlayercurrent layer’name’ layer by name’index’layer by indexdata_value’name’layer name followed by all valuesall_data_value’name’layer name followed by single data valuefor whole layerelem_i’index’layer row element indexelem_j’index’layer col element indexelem_data_value’name’layer name followed by elem data valueused in conjunction with elem_i and elem_j input_layerset ’modifier’ ’option’ descriptioninput_layercurrent input layer’name’ input layer by name’index’input layer by indexinput_xz’index’zero coordinate x layer element, default is 0input_yz’index’zero coordinate y layer element, default is 0input_dx’value’distance between adjacent x layer elements,

73default is 1.0input_dy’value’distance between adjacent y layer elements,default is 1.0 input_stimset ’modifier’ ’option’ modifier option descriptioninput_stimcurrent stim’index’stim by indexstim_index ’index’stim indexstim_dx’value’stim x size (width), default is 1.0stim_dy’value’stim y size (height), default is 1.0stim_xc’value’stim x center initial location, default is 0.0stim_yc’value’stim y center initial location, default is 0.0stim_x0’value’stim x left initial location, default is 0.0stim_y0’value’stim y top initial location, default is 0.0stim_spec’type’CENTER or CORNERstim_type’type’BLOCK or ICONstim_val’value’stim value (used for BLOCK type), default is 1.0stim_mat’matrix’stim icon matrix (used for ICON type)stim_vx’value’stim velocity, positive going rightstim_vy’value’stim velocity, positive going upstim_t0’value’beginning of stim time intervalstim_t1’value’end of stim time interval10.11.shell’cmd’ ’option’execute a unix shell command cmd descr iptioncd ’dir_name’change the model directory to ’dir_name’csh ’cmd_line’execute a csh ’cmd_line’sh ’cmd_line’execute a sh ’cmd_line’10.12.statusstatus ’type’ [’option’]print status information for object type type descriptionsystem list all linked modelsfiles list all active data filescurrent current system statusnetwork status on current model

74’name’ status on a model by name’index’ status on a model by indexmodule status on current module’name’ status on a module by name’index’ status on a module by indexlayer status on current layer’name’ status on a layer by name’index’ status on a layer by indexdata_value current layer data values’name’ current layer data values by name’index’ current layer data values by indexinput_layer status on current input_layer’name’ status on an input_layer by name’index’ status on an input_layer by indexinput_stim print all input layer stimuli’name’ print stimuli of an input layer by name’index’ print stimuli of an input layer by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer10.13.updateThe update command is utilized for updating model class objects. The syntax is as follows,update ’type’ type descriptionblock_stimupdate block-type stim objecticon_stimupdate icon-type stim objecttime_stimupdate time interval for existing stim object10.14.useruser ’cmd’user written command11.NSL Window Interface Command SummaryThere are several types of display class commands including the creation of objects, and themodification of object parameters.11.1.helphelp ’command’ [’command option’]NSL help on window interface commands command description

75help - this commandcreate - create model objectsdisable - disable objectsenable - enable objectsprint - printing commandsprint_dump - print a screen dumpwin_dump - get a screen dumpreset - reset optionsset - set optionsstatus - status information on display objectsupdate - update display objects11.2.createThe create command is utilized for creating display class objects. The syntax is as follows,create ’type’ type descriptiondisplay_framecreate display framedisplay_windowcreate display window11.3.disabledisable ’type’ [’option’]disable window object type option descriptiondisplay_panel disable current display panel’name’ disable display panel by name’index’ disable display panel by indexcanvas_item disable current canvas item’index’ disable canvas item by indexpanel_item disable current panel item’index’ disable panel item by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer11.4.enableenable ’type’ [’option’]enable window object type description

76display_panel enable current display panel’name’ enable display panel by name’index’ enable display panel by indexcanvas_item enable current canvas item’index’ enable canvas item by indexpanel_item enable current panel item’index’ enable panel item by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer11.5.printA window dump may also be generated from the command interpreter as follows,’cmd’ ’option’ cmdoption descriptionwin_dumpdo a window dump on the current ’frame_name’’frame_name’do a window dump on the specified ’frame_name’print_dumpprint the current ’dump_file’’dump_file’print the specified ’dump_file’The win_dump command may be instructed to generate automatic file names by using the followingcommands,set ’modifier’ ’option’ modifier option descriptiondump_file’name’name of file used for window dumps.dump_typePRINTERoutput will be sent directly to printerRASTERoutput will be saved as raster (’ras’) filePOSTSCRIPToutput will be saved as postscript (’ps’) filedump_ras_index’n’’ras’ dump file suffix number.dump_ps_index’n’’ps’ dump file suffix number.dump_auto_nameONoutput file name is composed: ’dump_file.dump_type.index’OFFoutput file name is same as ’dump_file’.11.6.resetreset ’type’reset display objects type descriptionwindow_interface reset window interface

711.7.setset ’type’ [’option’]set buffer for objects in the next categories type class descriptiondisplay_frame display frame informationdisplay_window display window informationwindow_item window item informationcanvas_item canvas item informationpanel_item panel item information display_frameset ’modifier’ ’option’ modifier option descriptiondisplay_framecurrent display frame’name’ display frame by name’index’display frame by indexframe_name’name’frame’s name.frame_X0’n’frame’s left corner’s location on the screen (# pixels).frame_Y0’n’frame’s top corner’s location on the screen (# pixels).frame_width’n’frame’s width (# pixels).frame_height’n’frame’s height (# pixels).frame_auto_resize ’type’ON - automatic resize, OFF - no automatic resize.frame_rows’n’number of window rows (automatic redraw).frame_cols’n’number of window columns (automatic redraw).

display_windowset ’modifier’ ’option’ descriptiondisplay_windowcurrent display window’name’ display frame by name’index’display frame by indexwindow_name’name’window’s namewindow_X0’n’window’s left corner’s location on the screen (# pixels)window_Y0’n’window’s top corner’s location on the screen (# pixels)window_width’n’window’s width (# pixels)window_height’n’window’s height (# pixels)window_step’n’window update step (default 1)window_layer’name’layer’s name to be displayedwindow_layer_i0’n’layer’s i0 unit to be displayedwindow_layer_i1’n’layer’s i1 unit to be displayedwindow_layer_j0’n’layer’s j0 unit to be displayedwindow_layer_j1’n’layer’s j1 unit to be displayedwindow_graph’type’area_level_graph

78spatial_graph_2spatial_graph_3temporal_graphwindow_wymin’value’graph’s min layer unit valuewindow_wymax’value’graph’s max layer unit valuewindow_t0’value’temporal graph starting timewindow_t1’value’temporal graph ending timewindow_val_in’value’interactive mouse input valuewindow_pulse’type’draw using ’pulse’ type lines (ON/OFF)window_vec_type’type’vector drawing type (HORIZONTAL/VERTICAL)window_hidden_line’type’draw 3D with hidden line removal (ON/OFF)window_ax’value’3D graph x reference pointwindow_by’value’3D graph y reference pointwindow_cz’value’3D graph z reference pointwindow_sx’value’3D graph x scalewindow_sy’value’3D graph y scalewindow_sz’value’3D graph z scale11.8.statusstatus ’type’ [’option’]print status information for object type type option descriptionwindow_interface interface status informationdisplay_frame frame status information’name’ display frame status by name’index’ display frame status by indexdisplay_window window status information’name’ display window status by name’index’ display window status by indexdisplay_canvas canvas status information’name’ display canvas status by name’index’ display canvas status by indexdisplay_panel panel status information’name’ display panel status by name’index’ display panel status by indexwindow_item window item status information’name’ window item status by name’index’ window item status by indexcanvas_item canvas item status information’name’ canvas item status by name’index’ canvas item status by indexpanel_item panel item status information’name’ panel item status by name’index’ panel item status by index- ’name’ is either a string name or ’ALL’- ’index’ is an integer

7911.9.updateThe update command updates current display information,update ’type’ type descriptionwindow_interfaceupdate all display frames and display windowsdisplay_frameupdate display framedisplay_windowupdate display windowdisplay_canvasupdate display canvasdisplay_panelupdate display panelcanvas_itemupdate canvas itempanel_itemupdate panel item12.ReferencesAmari, S., Arbib, M.A., 1977, Competition and Cooperation in Neural Nets, Systems Neuroscience (J.Metzler, ed.), pp. 119-165, Academic Press.Arbib, M.A., 1989, The Metaphorical Brain 2: Neural Networks and Beyond, Wiley.Didday, R.L., 1976, A Model of Visuomotor Mechanisms in the Frog Optic Tectum, Math. Biosci., Vol.30, pp. 169-180.Goddard, N., Lynne, K.J., Mintz, T., 1987, Rochester Connectionist Simulator, (User’s Manual),University of Rochester, Department of Computer Science.Hebb, D.O., 1949, The Organization of Behavior, Wiley.Hodgkin, A.L, Huxley, A.F., 1952, A Quantitative Descriptionof Membrane Current and its Applicationto Conduction and Excitation in Nerve, J. Physiol., London, Vol. 117, pp. 500-544.Kandel, E.R., Schwartz, J.H., 1985, Principles of Neural Science, Elsevier.Kernighan, B.W., Ritchie, D.M., 1978, The C Programming Language, Prentice-Hall.McCulloch, W.S., Pitts, W.H., 1943, A Logical Calculus of the Ideas Immanent in Nervous Activities,Bull. Math. Biophys., Vol. 5, pp. 115-133.Rumelhart, D.E., McClelland, J.L., 1986, Parallel Distributed Processing, Vol I & II, MIT Press.Stroustrup, B., 1987, The C++ Programming Language, Addison Wesley.Teeters, J., 1989,A Simulation System for Neural Networks and Model for the Anuran Retina, TR 89-01(PhD Thesis), Center for Neural Engineering, University of Southern California.Wang, D., Hsu, C., 1990, SLONN: A Simulation Language for modeling of Neural Networks, Simulationpp. 69-83.Weitzenfeld, A., 1989, NSL, Neural Simulation Language, Version 1.0, TR 89-02, Center for NeuralEngineering, University of Southern California.Weitzenfeld, A., 1990, NSL, Neural Simulation Language, Version 2.0, TR 90-01, Center for NeuralEngineering, University of Southern California.Wilson, M.A., Bhalla, U.S., Uhley, J.D., Bower, J.M., 1989, GENESIS: A System for Simulating NeuralNetworks, Advances in Neural Network Information Processing System, Morgan Kauffman.13.AppendicesThe following appendices give have been added to the manual to give further explanations.

8013.1.NSL EnvironmentTo start an NSL session, one including graphics, make sure you have initialized the appropriatewindowing environment. (Due to the fact that NSL’s current window interface release runs under the Xwindow environment. The regular ’xstart’ or ’xinit’ can be used to enter the environment. In a Sun, thereis also the option to run the openwinodws environment by executing ’openwin’. ’nsl’ can be runfrom any’c-shell’ window, or any ’xterm’.)If this is the first time you are going to runa model in NSL, execute first the ’nsl_init’ command tocreate default settings, and copy the sample models from the NSL directories.13.2.NSL Library FunctionsThe following is a list of the different library functions available in NSL describing the number andtype of arguments accepted by each one of them. nsl_data, nsl_vector, and nsl_matrix are NSL layerclasses, while num_type is a simple data type, currently defined to be a ’float’.//arithmetic// additionnsl_data operator+(nsl_data&);nsl_data operator+(nsl_data&,nsl_data&);nsl_data operator+(nsl_data&,num_type);nsl_data operator+(num_type,nsl_data&);nsl_vector operator+(nsl_vector&,nsl_vector&);nsl_vector operator+(nsl_vector&);nsl_vector operator+(nsl_vector&,num_type);nsl_vector operator+(num_type,nsl_vector&);nsl_vector operator+(nsl_vector&,nsl_data&);nsl_vector operator+(nsl_data&,nsl_vector&);nsl_matrix operator+(nsl_matrix&);nsl_matrix operator+(nsl_matrix&,nsl_matrix&);nsl_matrix operator+(nsl_matrix&,nsl_data&);nsl_matrix operator+(nsl_data&,nsl_matrix&);nsl_matrix operator+(nsl_matrix&,num_type);nsl_matrix operator+(num_type,nsl_matrix&);// subtractionnsl_data operator-(nsl_data&);nsl_data operator-(nsl_data&,nsl_data&);nsl_data operator-(nsl_data&,num_type);nsl_data operator-(num_type,nsl_data&);nsl_vector operator-(nsl_vector&);nsl_vector operator-(nsl_vector&,nsl_vector&);nsl_vector operator-(nsl_vector&,num_type);nsl_vector operator-(num_type,nsl_vector&);nsl_vector operator-(nsl_vector&,nsl_data&);nsl_vector operator-(nsl_data&,nsl_vector&);nsl_matrix operator-(nsl_matrix&);nsl_matrix operator-(nsl_matrix&,nsl_matrix&);nsl_matrix operator-(nsl_matrix&,nsl_data&);nsl_matrix operator-(nsl_data&,nsl_matrix&);

81nsl_matrix operator-(nsl_matrix&,num_type);nsl_matrix operator-(num_type,nsl_matrix&);// pointwise multiplicationnsl_vector operator^(nsl_vector&,nsl_vector&);nsl_vector operator^(nsl_vector&,num_type);nsl_vector operator^(num_type,nsl_vector&);nsl_vector operator^(nsl_vector&,nsl_data&);nsl_vector operator^(nsl_data&,nsl_vector&);nsl_matrix operator^(nsl_matrix&,nsl_matrix&);nsl_matrix operator^(nsl_matrix&,nsl_data&);nsl_matrix operator^(nsl_data&,nsl_matrix&);nsl_matrix operator^(nsl_matrix&,num_type);nsl_matrix operator^(num_type,nsl_matrix&);// pointwise divisionnsl_data operator/(nsl_data&,nsl_data&);nsl_data operator/(nsl_data&,num_type);nsl_data operator/(num_type,nsl_data&);nsl_vector operator/(nsl_vector&,nsl_vector&);nsl_vector operator/(nsl_vector&,num_type);nsl_vector operator/(num_type,nsl_vector&);nsl_vector operator/(nsl_vector&,nsl_data&);nsl_vector operator/(nsl_data&,nsl_vector&);nsl_matrix operator/(nsl_matrix&,nsl_matrix&);nsl_matrix operator/(nsl_matrix&,nsl_data&);nsl_matrix operator/(nsl_data&,nsl_matrix&);nsl_matrix operator/(nsl_matrix&,num_type);nsl_matrix operator/(num_type,nsl_matrix&);// convolutionnsl_data operator*(nsl_data&,nsl_data&);nsl_data operator*(nsl_data&,num_type);nsl_data operator*(num_type,nsl_data&);nsl_vector operator*(nsl_vector&,nsl_vector&);nsl_matrix operator*(nsl_vector&,nsl_matrix&);nsl_vector operator*(nsl_vector&,nsl_data&);nsl_vector operator*(nsl_data&,nsl_vector&);nsl_vector operator*(nsl_vector&,num_type);nsl_vector operator*(num_type,nsl_vector&);nsl_matrix operator*(nsl_matrix&,nsl_matrix&);nsl_matrix operator*(nsl_vector&,nsl_matrix&); // row vector convolutionnsl_matrix operator*(nsl_matrix&,nsl_vector&); // column vector convolutionnsl_matrix operator*(nsl_matrix&,nsl_data&);nsl_matrix operator*(nsl_data&,nsl_matrix&);nsl_matrix operator*(nsl_matrix&,num_type);nsl_matrix operator*(num_type,nsl_matrix&);//threshold functions// NSLmaxnum_type NSLmax(nsl_vector&);num_type NSLmax(nsl_matrix&);nsl_data NSLmax(nsl_data&,nsl_data&);

82nsl_data NSLmax(nsl_data&,num_type);nsl_vector NSLmax(nsl_vector&,nsl_vector&);nsl_vector NSLmax(nsl_vector&,nsl_data&);nsl_vector NSLmax(nsl_vector&,num_type);nsl_matrix NSLmax(nsl_matrix&,nsl_matrix&);nsl_matrix NSLmax(nsl_matrix&,nsl_data&);nsl_matrix NSLmax(nsl_matrix&,num_type);// NSLminnum_type NSLmin(nsl_vector&);num_type NSLmin(nsl_matrix&);nsl_data NSLmin(nsl_data&,nsl_data&);nsl_data NSLmin(nsl_data&,num_type);nsl_vector NSLmin(nsl_vector&,nsl_vector&);nsl_vector NSLmin(nsl_vector&,nsl_data&);nsl_vector NSLmin(nsl_vector&,num_type);nsl_matrix NSLmin(nsl_matrix&,nsl_matrix&);nsl_matrix NSLmin(nsl_matrix&,nsl_data&);nsl_matrix NSLmin(nsl_matrix&,num_type);// NSLstepnum_type NSLstep(num_type);nsl_data NSLstep(nsl_data&);nsl_vector NSLstep(nsl_vector&);nsl_matrix NSLstep(nsl_matrix&);num_type NSLstep(num_type,num_type,num_type,num_type);nsl_data NSLstep(nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_vector NSLstep(nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&);nsl_vector NSLstep(nsl_vector&,nsl_vector&,nsl_data&,nsl_data&);nsl_vector NSLstep(nsl_vector&,nsl_data&,nsl_data&,nsl_data&);nsl_matrix NSLstep(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&);nsl_matrix NSLstep(nsl_matrix&,nsl_matrix&,nsl_data&,nsl_data&);nsl_matrix NSLstep(nsl_matrix&,nsl_data&,nsl_data&,nsl_data&);// NSLrampnum_type NSLramp(num_type);nsl_data NSLramp(nsl_data&);nsl_vector NSLramp(nsl_vector&);nsl_matrix NSLramp(nsl_matrix&);num_type NSLramp(num_type,num_type,num_type,num_type);nsl_data NSLramp(nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_vector NSLramp(nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&);nsl_vector NSLramp(nsl_vector&,nsl_vector&,nsl_data&,nsl_data&);nsl_vector NSLramp(nsl_vector&,nsl_data&,nsl_data&,nsl_data&);nsl_matrix NSLramp(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&);nsl_matrix NSLramp(nsl_matrix&,nsl_matrix&,nsl_data&,nsl_data&);nsl_matrix NSLramp(nsl_matrix&,nsl_data&,nsl_data&,nsl_data&);// NSLsaturationnum_type NSLsaturation(num_type);nsl_data NSLsaturation(nsl_data&);nsl_vector NSLsaturation(nsl_vector&);

83nsl_matrix NSLsaturation(nsl_matrix&);num_type NSLsaturation(num_type,num_type,num_type,num_type,num_type);nsl_data NSLsaturation(nsl_data&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_vector NSLsaturation(nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&);nsl_vector NSLsaturation(nsl_vector&,nsl_vector&,nsl_vector&,nsl_data&,nsl_data&);nsl_vector NSLsaturation(nsl_vector&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_matrix NSLsaturation(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&);nsl_matrix NSLsaturation(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_data&,nsl_data&);nsl_matrix NSLsaturation(nsl_matrix&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);// NSLsigmoidnum_type NSLsigmoid(num_type);nsl_data NSLsigmoid(nsl_data&);nsl_vector NSLsigmoid(nsl_vector&);nsl_matrix NSLsigmoid(nsl_matrix&);num_type NSLsigmoid(num_type,num_type,num_type,num_type,num_type);nsl_data NSLsigmoid(nsl_data&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_vector NSLsigmoid(nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&,nsl_vector&);nsl_vector NSLsigmoid(nsl_vector&,nsl_vector&,nsl_vector&,nsl_data&,nsl_data&);nsl_vector NSLsigmoid(nsl_vector&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);nsl_matrix NSLsigmoid(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_matrix&);nsl_matrix NSLsigmoid(nsl_matrix&,nsl_matrix&,nsl_matrix&,nsl_data&,nsl_data&);nsl_matrix NSLsigmoid(nsl_matrix&,nsl_data&,nsl_data&,nsl_data&,nsl_data&);