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PREFACE

0. Introduction

The laboratory work in Computer Architecture goes through a series of experimentsilthgialts of a com-
puter These parts are then integrated andiipiea working digital computer of sufficient power t@®ute pro-
grams generated by standard assemblers and compilers. These notes support this laboratory activity.

A key laboratory element is the digital simulatsim, described in these noteSimis C++ based, that is, a C++
program is used to describe a model of the computer being simukatddss and function library is provided to
malke the expression of this model a@nient. C++is used because it is widely known and used, and because of
its corvenient extension mechanisms.

Many of the changes to the simulator and these notes reflect the suggestions of instructors, teaching assistants and
students. Makinghings easiemore interesting ordending the capabilities were the usual bases of the sugges-
tions. Somedesigners use the simulator and design tools iwvitkesi other than in the Architecture Labora-
tory--other classes, hobby activities or on the job, and their suggestions are welcomed also.

Simhas been used to model large rate. Seeral computers complete with disk 1/O and pringtigperating

systems thatxecute code produced by standard compilesehmen constructedSome advanced students/éa
completed projects usingver 15,000 componentsin your sim usage, you probably will not ta designs

extending much beyond aviehundred componentsubeven these fer components will allav you to implement
a functioning computer.

Development of these design tools is continuing. There magrree a bw leve click, drag and connect tool for

the simulator components,\Wwever. For very small networks this is an interesting mode in whictutial bbut in

larger designs, such as building complete computers, placing things together in this manner is too detailed and
requires too much time.

This simulator has been repaired, modified and extendey timags, but alas, will ner be hug free. Your TA
and/or instructor may be able to confirm your encounter with a bug, and provide you with a work-around and/or
deploy the repair cre.



0.1. RecentChanges
Changes in this version siminclude:

Signal vectors are mocomposed from left-to-right (using the comma operator) for their most-significant to
their least-significant elements.

The Signal member functiosub() has been added. This supplements te¥l@eaded minus (-) operator
and its use is necessary when finding a sub-vector within a composed vector of Signals.

Previously existing components\yeabeen modified:
Dff, Jkff--the inputs are reordered.
Mux--the inputs are reordered.
Ram--the inputs are reordered and the special designation allowing this component to be used as a
Register File has been eliminated.
land, Inand, CiQrCiNor--arguments hee keen changed to simplify the specification of which inputs
are to be complemented.
Switches, Pulsers, PowerOns and Clocks havetheir quiescent value specified by their natev
formulation-time connection to the Signals One or Zero.
RegsterFile--this ne (distinct) component has been add&drmerly, it was a special case of a Ram com-
ponent.
Source code filenames Ve lbeen changed to limit them to eight characters in length--to aid in porting to
other systems.



Chapter 1: GETTING STARTED WITH SIMULATION

1. Getting Started

Simulation iwvolves working with models. Models arev@®ped which describe the structure and baraof
real and/or abstract entities that exist, or are being contemplated, in some primary ddregierformance of
this model is then examined in some secondary domain. In our case here, wewd# préextual description
(model) of a digital network using the C++ languadéis description will reference a C++ library that is pro-
vided, and the resultingcecutable computer program (secondary domsimexwill provide an interactie Smu-
lation that can be examined for specific performance propeff@sexample, if its a @mputer model, does it
execute instructions correctly?

Time deserves an early (and probably often) mention when dealing with simulatiariably, the system being
simulated consists of components that are in simultaneous operatsimulation will have vey low fidelity if

we model this simultaneity of operation by getting to the computations associated with multiple comg®nents
soon-as-we-cadepending on the speed of the processor that does the computing associated with the simulation.

To get around the finite time required for the simulation computer to process the actions of each of the compo-
nents that are actually in simultaneous operation, it is essential thatahiengg, system model time and the
actual computation time, be decoupled. The computer doing the simulation runs in real (wall clock) time, and
there is a separate time (non-real) that is kept for the system being simulated.

The system time a@dwces in discrete steps as dictated by the occurrensent$ én the system modelWhen-

evea any event occurs in the system (a logical signal changing value, for instance), we freeze the system time at
the time of that change until we are able to carryadluthe computations for components directly affected by

that change. After those computations are completed, the system time caarmmeddo the next time at which

ary event occurs. This freeze/compute/atice scheme of time control allows an accuradkiation of system
models.

Before getting to the mardetails of modeling and simulation, letvork a simple example.
Consider the half-adder shown in Figure 1.1.

| <

|<

Carry

Figure 1.1. Half-Adder Digital Network

This is a netwrk that is commonly deloped in an introductory digital logic course and is used frequently
throughout computer design. This figure onlywghdhe half-adder as an isolated instangay application of

the network would alays have ources for the excitation signals and destinations for theonleteutputs. In
simulation we will vant these inputs and outputs connected in order to examine the netwasikbbefigure 1.2
shows the half-adder in a test fixture that willallalidation of the network functionality.



Carr

Figure 1.2. Half-Adder in a Test Fixture

Switches are connected to the netiwinputs to provide excitations of logical ones and zeros. The network out-
puts are routed to logic-value indicator-probes towaltisplay of the of the outputalues. ® complete the
model of the network for simulation we must further capture apdess the graphical schematic information
from Figure 1.2.

The following text is a description of the model as a C++ program. This form is calégtish

#include <Sim.h>

void simnet()

{
Signal X, Y Sum, Carry;

Switch ("1a", X, 'x’); Xor ("1b", (X, Y ), Sum); Probe ( "1c", Sum);

Switch ("1a", Y'y’); And ("2b", ( X, Y ), Carry); Probe ( "2c", Carry);
}

Components are instantiated ¢allsto C++ functions of the proper name: Switch, And, . Thefirst agu-

ment in the call to a function is the graphicall designation. Thiswo-character ASCII string indicates the
componens row and column placement on the schematic. The Svatal® positioned in cell 1a (vo"1", col-

umn a"), the Xor and And in 1b and 2b respe&tyiand the Probe’in two row positions of the third column, 1c
and 2c. The text of the netlist algohas been laid out to mimic the placement of the components in Figure 1.2,
but the order and placement of the entries in the netlist is generally arbittzayis, the netlist:



#include <Sim.h>

void simnet()

{
Signal X, Y Sum, Carry;

Probe ("1c", Sum);
Probe ("2c", Carry);

Switch ( "1a", X, 'X);
Xor ("1b", (Y, X), Sum);

Switch ("1a", Y'y");
And ("2b", ('Y, X), Carry);
}

contains the same information and is egeint. Eithernetlist ab@e, when processed gimwould result in the
on-screen display shown in Figure 1.3.

T Sim 033 5-09-95

Hor Suml0]

Carryl0]

Figure 1.3. Sim Display of Half-Adder Network

The labels in the upper left of the Switch boxes indicate ¢igledard ley tat toggles the Switchalues; x and y
keyboard leys for the X and Y variables, respeety.

1.1. BasicHow To (Do a Simulation)
The simplest steps required to do a simulation are as follows:

1. Extendthe netvork of interest with the addition of the necessary excitation elements: Switches, Pulsers,
Clocks, etc.



6.
7.

Addthe desired instrumentation to display the results: Probes.

Omganize the network elements along with the addeditation and display elements in the desired
schematic relationships.

Createa netlistas an ordinary C++ function module using a text editor.
Usesimwith the command:
sim netlist.c

The naming of the filmetlist.cis arbitrary but it must contain the functiosimnet(). Simnetan call ag
other functions desired.

BExecute the resulting program usisimex
Interactwith the network simulation as desired using tegobard and mouse.

When deeloping more complicated systems for simulation, a common additional step iggéh&ation of an
hierarcty of modules. Modulegan be defined in terms of primvéi dmponents, or other defined modules, and
used in the sameay primitve mmponents ha been used abe. Hierarchical modules are wered in a later
section of these notes.



2. Sim

Chapter 2: INTRODUCTION T O SIM

Simis a collection of classes and global functions that supports the construction and simulation of digital sys-

tems.

The overall organization of simis directed nearly>&lusively to obtaining a run-time model thakeeutes as
rapidly as possibleA secondary goal is to allothe concise and cuenient expression of lge, hierarchically-
organized digital systemsTo echieve these goals, theim system of classes and functions is divided inte fiv
phases. Thegghases are:

1.

Signaldeclarations and component interconnection recording. This phase formsdiligtlof com-
ponents and their characteristics from thedations of the component type functions.

Build the runtime-model, component-related, data-structures from the assignments and recordings of
Phase 1.

Corvert the linked list formats to contiguous arrays. This w@gion is used to provide random
access (and its speed) during simulation time.

Build the event-driven, simulation-model data-structures.
Initializeand run the model.

Build the Interface between the running model and the interacting Aistvate the X Wndow Sys-
tem communications for the displ&gyboard and mouse.

The use of #include <Sim.h> in a netlist makes the following interface modualkbke.

2.1. Sim.h

/* Sim.h 7-31-95 */

#ifndef _SIM_H
#define _SIM_H

#include "Signal.h"
#include "Schmtc.h"
#include "Ph1.h"
#include "ssiPhl1.h"
#include "msiPh1.h"
#include "IsiPh1.h"
#include "viIsiPh1.h"
#include "sbPh1.h"
#include "IbPh1.h"
#include "Composed.h"
#include "AuxFctns.h"
#include "addStCmp.h"

extern Signal Zero, One;

extern int userRunTimeFlag([];

extern int numberOfUserRunTimeFlags;
#endif /* ifndef _SIM_H */



Chapter 3: SIM SCHEMATIC DESCRIPTORS

3. Schematics
In the general format of component specification:

<Component Type> ( <Schematic Descriptor> , <Input(s)> , <Output(s)>) ;

the Schematic Descriptor (SD) entry positions the component on a two-dimensional grid in the simulation-time
display-windav. In their simplest form, descriptors arev@i as wo-characterquoted ASCII strings. This tav
character sequence specifies the and column coordinates of a virtual gridedaying the display winde. For
example, "1a", "1b", "2c", specify vo 1 column a, rav 1 column b, and rev 2 column c. The grid is virtual in

the sense that the maximumtent of placements occurring throughout all the sS®/countered in a system
description are mapped to the full extent of the wimdbthe display Row and column extents in a windowill

include all the ASCII characters between tkreames of those usedRow and column labeling are independent

of each other and the same labels could be used for each.

Screen cell positions are composed using the syntax:
cell = {CHC}
| {CHC}-{CKC}

| cell.cell
where {C} is defined to be grsingle ASCII charactetbut, for simplicity usually restricted to be one of:
{C} =[a-zA-Z0-9]

The cell-designator must be quoted as a C++ string. In addition to a cell-designator beingsg two-
character sequence, denoting a wimdow and column for placement of the component, an extent sequence,
such as "la-3b", can bevgnh for a component occupying an extended screen region.

Screen locations may use "dot" notation to achi herarcty of relatve positioning. r example, the cell des-
ignator

"3B.2x"

refers to rav 2 column x within the cell at o 3 column B. The extent of the coordinate system within 3B
depends on the usage within that cell. This can continue regyras

"3B.2x.1a-3c.b6.98-r9. ..."
More than a single component can be pacito a single winde cell by giving the identical cell designator for
each component-or example:

Switch ( "1a", x, X’ ); Switch ("1a", y'y’);

In these cases, the components are stacked vertically within the cell, their order of occuwesnaebgito-
bottom screen-presentation order.

To gack components horizontallgot notation must be used as, for example:

Switch ( "la.ab", x, 'x’); Switch ( "la.ac", 3’ );

If cell designators are not identical ASCII stringsythan overlay one anotheiand will, if they actually refer to
the same spacd-or example:



Register ( "Mp-Mp", regln, regOut );

Probe ( "Mp", regOut[3] ); Probe ( "Mp", regOut[1] );

Probe ( "Mp", regOut[2] ); Probe ( "Mp", regOut[0] );
places four vertically-stacked probesadaying the register.

Be cautious in desloping comple& graphical placements, such as: stetland werlaid sub-spaces within hierar
chically-placed componentst’s dten advisable to proceed incrementally inaleping complicated placements.
In actuality it's rare that one needs or wants placement control beyond the simplest two-character designation.

3.1. Hierarchy

For simulation models including more than avfgates, it is desirable to be able to form hierarchical modules that
may be used directly as model components.

As an example consider the following HalfAdder module that is defined in terms of yeidti and And gtes.

void HalfAdder ( const SD & sd, const Signals & in, const Signals & out )

{
Module ( sd, in, out); // Module display at current schematid le

Xor ( SD ('sd, "1a" ), in, out[1] ); // Nested <Schematic Descriptor>
And ( SD ( sd, "2a"), in, out[0] ); // Nested <Schematic Descriptor>

}

The abee d:finition allovs the subsequent use of the module in a manner similar to the use of/@rimiipo-
nents, such as:

HalfAdder ( "1b", ( %,y ), ( cargysum ) ); // Module usage

3.2. Schmtc.h



/* Schematic.h 7-31-95 */

#ifndef SCHEMATIC_H
#define _SCHEMATIC_H

class SchematicDescriptor { public:

int graphicLeel;
char * graphicPosition, * decal;

“SchematicDescriptor();

SchematicDescriptor();

SchematicDescriptor ( const SchematicDescriptor & );

SchematicDescriptor( char * graphicPos, char * decal = 0);

SchematicDescriptor( const SchematicDescriptor &, char * graphicPos, char * decal = 0);

SchematicDescriptor operator , ( char * decal ) const;

¥
typedef SchematicDescriptor SD;

#endif /* ifndef _SCHEMATIC_H */



Chapter 4: SIGNALS IN SIM

4. Signals

Signals are defined types used to enaknnections, and to provide simulation-time communicat@ioes
between components. Signals are defined during the network construction phase using C++ type declarations.

All Signal declarations yieldectors. Thelefault vector length is onéA simple declaration such as:
Signal x;

defines the Signal x, andvgs it (via the action of the constructor for Signal), as a side effect of the declaration, a
global, simulation-runtime, variable inde It is this ind& value, that each run-timeyauation-component
receves indirectly through its gument. Theevduation-component uses this indealue to access the corre-
sponding run-time variable that will be set (for output connections) ovedg@or input connections).

Other forms of declarations are also defined, including:

Signal w(4); /I A vector of signals with 4 components.

Signal x(3, "x"); /I A 3 element vectowith the name "x" assigned.

This second form, with the signal name assigned so that it will carry through to simulation time, is quite desir
able, because it alles schematic-display labeling of a signal line with a signaime. Amacro Sig is defined to
malke it more cowenient to supply variable names that will be carried forwarck¢owgion time.

#define Sig(x,n) Signal x(n,#x)

As an alternatie b the aboe declaration of x, use:

Sig(x,3)  //A 3 element vectarx, with the name "x" assigned.

The second argument for a Signal constructor can altegiyalie an intger. In this pattern the Signal is a con-
stant, and the second argument is used for initializat@nexample:

Signal m(6, 0x26);  //m[5] = One, m[4] = Zero, m[3]=Zero, m[2] = One, m[1] = One, m[0] = Zero.
The elements of theeetor m read left-to-right for most to least-significant element, the same as the bits in the
initialization constant.
Declared Signals can be composed @ssbks for connections to component inputs and/or outputs. Assume we

have the declaration of the Signal vector "s" as:
Sig(s,5);

To support the different situations that arise atleering Signals together fromveeal sources, the following can
be used:

s[2] // Makes a signal composed only of element #2 of s s[2]

s[2],s[4] /IMakes a 2 component signal from s (s[2],s[4])
s[2],s[4],s[1] //Makes a 3 component signal from s (s[2],s[41,s[1])
s[2]-s[4] /[Makes a 3 component signal from s (s[2],s[31.s[41)
s[4]-s[2] /[Makes a 3 component signal from s (s[41,s[31.s[2])
3*s[0],s[1]-s[2] //Makes a 5 component signal (s[0],s[01,s[01,s[1],s[2])

making use of theverloaded comma (,), minus (-), and star (*) operators of the class Signese gthering
mechanisms can be used iry @aboration for initializing a Signal variable that is to be composed from multiple
sources, as, for example:



Sig(f,3); Sig(g,4); /I A 3 and a 4 component signal are created
Signal h = (f, g[0], g[3]-9[2] ); // Establishes h, which has
/I 6 components total, (f[2],f[1],f[0],0[0],9[3]1,9[2]),
// but no nev, mulation-time
/l variables are created,; this is avmllection of
/[ variables already in existence.

There isno assignmerfrom one Signal to another; initialization is what should be used, usislyareful not

to confuse initialization with assignment. Initialization is part of an olgjeotistruction, where thewebits allo-
cated are being filled in as part of the obgfitst breaths. Assignment is from one existing object to another
existing object, and does the usual member-wisey cppm the right-hand object to the left-hand
object--probably werwriting and destroying information already in the left-hand obj@tte default assignment
operator "=", which usually exists, has beemrodden to yield a diagnostic, since it maywéavo legtimate
usage.

4.1. ConnectionOrdering

Marny primitive amponents such as And, Or and other gates ha functionally-significant ordering to their
connections. Hwever, when the components are rendered schematid¢hyr interconnections ke gecific
positional attachmentd=or example, assuming all the signals are scalars, the component specification

And ("1a", (a,b,c), f);

would be functionally equielent for aty permutation of its three inputs. As long as the same inputs were used
somavhere, the output, f, would be the same. The graphical rendition ofatgisagd its interconnectionsuld
be different for each input permutationwever. The input connections to componentsédne following asso-
ciation:
As the component connection listing goes from left-to-right, the schematic connections are made from the
top to the bottom. The alble And component specification corresponds to the drawing in Figure 4.1.

T Sim 0.6.0 11-20-95

' I:l bLo1 £I01

Figure 4.1. Input Connection Ordering



Similarly, for multiple-output components, outputs areadran the right of the component going from the top to
the bottom as the output connection list is read from left-to-right.

Some components, a CounteEr example, has a notion of a most-significant bit and least-significantsien-

eve such an ordering is inherent for a component tygie will always hare the most-to-least significant bit
ordering correspond to left-to-right ordering in the netlist connections, and to top-to-bottom ordering in the
schematic rendition.

For some components there can be nested orderings. Consider a maftiple has four ports, with each port
five-bits wide. A specification for such a multipter could be:

Signal PO(5), P1(5), P2(5), P3(5), muxAddr(2), Out(5);

Mux ("1a", muxAddr (P3, P2, P1, P0), Out );

Here, there is a further ordering, not just the ordering within the ports from most- to least-significant bit positions,
but an adering among the ports themsedvfrom most to least-significant, and a particular port is selected by the
Mux address lines’ values in this order.

4.2. Signal.h



/* Signal.h 9-7-95 */

#ifndef SIGNAL_H
#define _SIGNAL_H

enum SignalValue { ZERO, UNINITIALIZED, XXX, HIZ, ONE },
#define Sig(x,n) Signal x(n,#x)

void saySignalValue ( const SignalValue sv);

class Signal { public:

int length;

int * serialNumber;

int constSignal;

char * nameTag;

“Signal();

Signal( Signal & );

Signal(unsigned int nr = 1, char * name = "UnNamed");

Signal(unsigned int honsigned int setMask, char * name = "UnNamed");

Signal(unsigned int nSignalValue initValue,
int constValue, char * name = "Anon");

Signal operator = (const Signhal & sig) const;
Signal operator[](int n) const;

Signal operator - (const Signal & sig) const;
Signal sub (int start, int end ) const;

Signal operator , (const Signal & sig) const;

void print() const;

h



typedef Signal Signals;
Signal operator * ( const int reps, const Signal & sig);

class SignalNode { public:

void print();

SignalNode * ptr; int signalSerialNumber; char * name; int constSignal,
SignalValue value;

I3

class SignalList { public:

int numberOfSignals;

SignalNode * start;

SignalNode * end;

SignalList();

“SignalList();

void add ( int serialNumbeBgnalValue value, const char * name, int constSignal );
void print();

h

#endif /* _SIGNAL_H */



Chapter 5: HIERARCHICAL MODULES

In building simulation models for digital systems that include more than just gates, it is desirable to be able
to form hierarchical modules that may be used directly as model components. As a samp&geFigure 5.1

shows a hierarghwith four levels.

Two-Bit Adder

Full Adder

HA

Xor

Full Adder

HA

Xor

Figure 5.1. Hierarchical Componentdanization

Here, we’'ll just look at tw of the levels to illustrate hav modules can be formed. Figure 5.2 shows te-devel

implementation of a half-adder,

J"'LI

Sim++, ¥ 0.0.2, 6-3-94

Switch

Switch

Hor

fAnd

Probe

Probe:

Figure 5.2. Half Adder Internal Gates

and Figure 5.3



e Sim++, v 0.0.2, 6-3-94

Switch Probe

. OdUIe

Switch Probe:

Figure 5.3. Half Adder Module

shavs the modularized form of the half adddhis module can be used as a primaittomponent as illustrated
by the following program.

#include <Sim.h>

void

HalfAdder(const SD & sd, const Signals & in,
const Signals & out)

{

Module ( sd, in, out); // Module display at current schematid,led
Xor ( SD ('sd, "1a"), in, out[1] ); // Nested <Schematic Descriptor>

And ( SD ( sd, "2a"), in, out[0] ); // Nested <Schematic Descriptor>
}

int simnet ()

{
Signal x, y carry, sum;
Switch ("1a", x, 'X’);
Switch ("1a",y'y’');

/l Module usage
HalfAdder ("1b", (x,y), (carpysum) );

Probe ('1c", carry ); Probe("1c", sum);



Chapter 6: SIM COMMAND LINE

An executable for sim can be made using the command:
> dm simnet.c

The ecutable that is producesimex,can be imoked with the following options:

If the current directory has a file namgthre,the command line arguments will be taken from that file.



Chapter 7: SIM INTERACTIVE CONTROL

Mouse Button Assignments

(for zooming in on schematics)

Adjust | Zoom Reset
Zoom In to Full
Box Zoom-Out

New Windowing Mode (default)

Mark Full Lower
Upper | Zoom| Right &
Left Out Zoom-In

Old Windowing Mode

The critical regions for mouse capture of the zoom-box adjustments in wh&indowing mode are shan
below.

| 2l 3 | 41
| -- -
| |
| 5 1 6 |
| |
| -- - |
|7l 8 | 9

Region(s) | Action
1 Drag

2,4,7,9 Expand/Shrink at Cornger
3,5,6,8 Expand/Shrink at Edge




Keypad Assignments

(simulation time control & modularization display control)

7 (H) 8 (1) 9 ()
Home 1 PgUp
Greatest Full Greater
Modularization Speed | Modularization
4 (0) 5 () 6 (2
Slower Redrav Faster
1 B 2 (3 3 (D)
End ! PgDn
Least Stop/ Less

Modularization | Continue | Modularization

The parenthesized entriewvgithe characters needed for aation of these operations from command-lingLar

ments.

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

Function Key Assignments
ReseBimulation to Time Zero (restart)
Toggle Interconnecting Lines Drawing
Toggle Component Labels Drawing
Toggle Connection Tabs Drawing
Toggle Interconnecting Lines Labeling
Toggle Time, QueuelLength, Slowness Display
Toggle Interconnecting Lines for Mux’es Only
Toggle SuperProbe Display
Toggle Windowing Mode

Exit



Chapter 8: SIM IMPLEMENT ATION

8.

The simulator is implemented as a set of class definitions and global functions that are written in C++. There are
about 8,500 lines of C++ code that malp he simulator.

The simulator uses the Xiow System, XLib library to support the run-time graphics. No higked win-
dowing support is used; no X&wv nor OpenLook nor Motif. This restriction to la-level graphics usage is
intended to increase the portability of the simulator.

There are no arrays of fixed size used for the otwdescription, hence there is no precise limit that canvea gi

for the size of networks that may be simulatédl. space is allocated from the heap including space for such
things as components and signals. Tinequeue also obtains space from the heap during simulation, and the
length to which the queue must grés dso a determiningaictor of network size. As heap items are no longer
needed, the space is returned for reallocation.

8.1. Extensions

In principle it is possible to extend your use of the simulator to include wfathe types of components you

might desire. If you need a wedigital behavior beyond that provided by the pri@tiiomponents and their
hierarchical use, th&ignalBlockand LogicBlockcomponents let you model the behavior using the C++ lan-
guage.

Introducing nev components that e your own graphical presentation is savhat more imolved. Connect

Pipe-in and Pipe-out components within your simulator usage and connect these Pipes through the operating sys-
tem to other windows where youvgaaeated the desired graphical presentatiovedrby the pipes.Then,sim

runs as one tpof the forked processes, and the Pipesialtee necessary communicationéur graphics runs in

the other leg(s).

8.2. Souce Availability

The source code faimis available. Theporting to other UNIX systems should only require the rationalization
of the library files appearing in timeakefile.

Porting to non-UNIX systems will require changing from the k#@éw System interface to whater the graphi-
cal user interface is for the target system.

8.3. Bugs
This is a list of known bugs and limitationssim.

1. SuperProbesan only display in connectors that are drawn during the first displsg a command-line
option to get to the lower graphicalé beforethe first display.

2. Probesstart/stop displaying immediately after the graphicedlles changed. Thais, before ay redraw
(5) actually shows/renves the Probes themselves.

3. You cant havereliable edge triggering of devices at time =fipve those edges later in time, after the
original devices’ transients.



Chapter 9: SIMULATION RUN-TIME MODEL

During network formulation, linked-lists of Signals and Components record the results of Signal declarations and
Component functionv@uations. Afterall the network has been established by the sub-tree of functions called
starting with simnet(), all Signals and all Components being used are known.

At this point, random-access data structures, arrays, are dynamically allocated and replacedtist [fiokms.
This revised aganization of network information is used to all@apid processing of randomly ordered visits to
different Signals and Componemnakiation-functions.

To consere the limited computational poweralable, ezaluations must be done only as necessawy event-
driven amulation accomplishes this conservation.

The random-access data structures suppecugon of the simulation model shown belo

Components

Signals * Activation Event
(Current .
e 1 1 Lists 1 1 ueue —
Values) Q

—Ud Ut

Change
Indicators
Screen Keyboard
Display &
Mouse

Figure 9.1 Simulation System Model

The design features of this model are:

1.  Thevariable values must maintain their proper time relations, there can be absolutely noetivmd-gie
signal changes with respect to their timing in the system model. This is an absolute requirement.

2. Consultomponents as infrequently as possible f@uation of their outputs based on their current inputs.

3. Limit or prevent iterative sarches for ansignal value or component.

4. Time order future wents, \ariable-walue changes, in the Event Queue in an efficient manner ‘enpre
extensive earches forent placement or retnigl.

5. Prevent unnecessary Ent Queue entries that merely repeat the currently scheduled or present values of
variables.

As part of the netlist analysis, a set of eation lists is prepared. Each list of the set lists the components that are
activated by a particular signal. When awnealue for a node is taken from theeet-queue, all the components



in that nodes activation list are marked forv@luation. Whenall the nodes changing at a particular timgeha
been updated, the marked components\aleaed.

The model flows as folles. Thevariables are updated to theialues for the current time by extracting all the

"due" esents from the Event Queue. Thosariables that change are marked, and after all changes appropriate to

the now-current time are effectediey component that has just had an input variable updatedlisated. As
components produce outputs changed from their previous determination, these changed values are entered into
the Event Queue, time-stamped with the future time, based on device delays, wizes thdecome effects.

There is some adjudication necessary in bringingvaziable values from the Event Queue to the Currahiés

list in the case of tri-state signalff.the last efective change of a variable value to a definite value (non high-
impedance) was by component i, then i is the current prescriber faaltleefor that ariable. Othecomponents

may not assert gndefinite values for that variable until component i relinquishes control by asserting high-
impedance for its outputFalure to follow this protocol in using tri-state components yields non-fatahimgs,

but the offending assertion is ignored, hopefully forcing the designer to fix the timing that caused this to happen.
Accommodation of high-impedance Signals is not provided in the current verson. of

The e/ent queue allows periodiozents to be treated simplyn addition to queue entries for changing signaltv
ues, an additional type of entry is picied. Thisadded type of entry specifies procedures to be called at the
appropriate future time, and these procedures generate the queue entries for peeiotk as well as the xie
"wake-up" call for the procedure itself. This is the mechanism for providing periodic elements such as clocks.

Event driven dmulation entails a large amount of queue\afsti For this reason, the implementation of the
gueue is extremely importanSimcurrently uses the $kwHeap algorithm for the implementation of theerst
gueue. Theaext event is at the top of the heap, andwentries are made by descending from the top of the heap,
down through the binary tree, to the position where the time-label prescribes. &ké¢i8&p algorithm also has
some features directed to keeping the b&anced. This implementation ges Order (log n), where there anme
items in the queue, performance.

The time-model for devices generally ha® titmes associated with it. The fastest timg davice of the type
might respond, and the slest. Thevalue of variables during the time between these limits is taken to be inde-
terminate wheneer a logical change of theaviables value is taking place. The simulation is done coreerv
tively in that ary indeterminates which arise are propagated througltete using their more-rapid response
time, while determinate values are progiagl using their slower response time. This conservatism prohibits dis-
regad for the outcome of races generallihis feature makes simulation somfet different than construction
with physical componentd-or example, a physical networkauld go to some definite state as the outcome of a
race, and the designer might not care which oéraépossible states thatw; simulatiortakes the point of vie

that the state is indeterminate.

During simulation the netark may be logically stimulated or the display may be controlled. This is generally
accomplished using singlesk a mouse actions. Logic stimulations include changing Switch values andtacti

ing Pulsers. Display control includes: zooming-in/out, changing tret & module-hierarch display provid-
ing/inhibiting component and signal labeling, and changing winglee, shape and placement. Other interac-
tions include: resetting, slowing, speeding-up, halting or exiting the simulation, and omitting/including the lines
of component interconnection.



Chapter 10: COMBINATIONAL-NETWORK DESIGN TOOLS

10. Introduction

Combinational networks are collections of gates that form functions of sets of anltles. Br combinational
networks the output is wlays known when the input values are known, and the output is independeptpalsan
states of the inputs. That is, the outputs are a decoding of the presdnnationof input values.

This chapter describes programs that aslable to assist in the design of combinational reks. Thesero-
grams are:

rtk -- (Real-time Karnaugh) This program is run in the Opgmdvs environment and provides the real-time
algebraic output for a mouse-click-entered Karnaugh map.

mdpic-- (Minterm/dont-care/prime-implicant/oger) accepts lists of ON and Don't-Care terms and produces a
minimal cover for the function.

cnd-- (Combinational Network Design) Accepts combinations of ON, OFF and Don't-Care terms and ¥inds co
ers adhering to gen constraints.

rd -- (Reduce) Prnades a more general processor for reducing symbolic Boolgaessions. Allconcevable
logical operators are supported.

bft -- (Boolean Form Translator) Cearts input forms to output forms where the forms includdgebraic,
minterm, and cubical-complex.

net-- (Network) Accepts a terlevel, sum-of-products Booleanxpression and produces a netlist suitable for
input tosim.

10.1. Real-Tme Karnaugh Map

The progranmrtk (Real-Time Karnaugh Map) translates binary Boolean algebraic functions entered graphically to
their minimal, sum-of-products algebraic form. The cells of the Karnaugh Map aresttlicktheir values of 0,
1 or "don't care” (-), and the minimal functional form follows the entries.

The implementation aftk is the same as that wfdpicdescribed later in this chapter.

10.2. Minimized Networks

The programmdpic (minterm/don’t-care/prime-implicant/ger) has been deloped to accept minterm lists of
ON terms and don't-cares, and produces a minimardor the function using a subset of the prime implicants.
The minterms are gén as écimal \alues. Mdpids used as:

mdpic [-V]

taking its input from standard input, and writing the output to standard output. The optional -v (verbose) flag pro-
vides a commentary on the steps of prime implicant determination and the selection of the mivemalteo
commentary is written on the standard output.

Functions can he a naximum of eight ariables. Thdunction result is expressed in sum-of-products form
using the variable identifiers: a, b, c, ...

The cubical compbkemethod of prime implicant determination is used. Cubical coxmpdgation uses a list of
implicants similar to sum-of-products form. Each cube denotes which literals are present in true form by the
appearance of a one, and those present as complements by H aditeral is absent in a term, an "X" repre-
sents its vacant positiorzor example, the function:



ab'+a’c+abc¢
is given as:
(10X) (0X1) (010)

Prime implicant determination begins with the single implicant, (XX...), theexsd, and progresaly removes
(sharp-product) individualertices. Thissingle \ertex (at a time) remeal leaves the remaining cubes (impli-
cants) as large as possible, and when completeesi@game implicants. Some intermediate cubes are generated
that are non-prime, but these areals covered by single implicants when therise, and consequentlsre eas-

ily recognized and renved.

Covering is done using essential-prime-implicant determination, awdanal column dominance criteridf a
cyclic covering table arises, terms with fewer literals are considered kgessve, and their use is gen prefer-
ence. Ifa g/cle should hee dl equally-expensve rms, an arbitrary one is selected for discard. Tiveritw
procedure assumes terms with fewer literals are less expensi

10.3. CombinationalNetwork Design

The prograncnd (Combinational Network Design). has beewaiagped to accept lists of ON, OFéhd Dont-
Care (DC) terms, and produce a minimal sum-of-productsr dor the function using a subset of the prime
implicants.

This program supports single-output functions using-¥alued logic. The design of networks with a large num-
ber of input variables is accommodated by this progréhere is also a wide latitude of input specifications and
finely resolved controlwer the solution process.

The commentary options provided tiydare also a reason for itgistence. Theommentary is intended to sup-
plement and re-enforce studies in combinational network design. The commentary is brief and is intended to be
meaningful and helpful to students in Logical Design, Digital Design, Computer Engineering and Computer
Architecture courses.

10.3.1. Notation

Program input and output uses cubical-compietation. Theindividual product terms in the sum-of-products

form are called cubes. Each cube denotes which literals are present in true form by the appearance of a one (1),
and those present as complements by a zero (0). If a literal is absent in a term, an "X" represent¥ {®si-

tion. For example, gien the function:

abd+bcd + a'd
The corresponding cube notation would be:
10X1 X100 0XX1

10.3.2. InputSpecifications

The input is free form, with cubes separated by white-space. The sets of cubgerairetgiee partitions corre-
sponding to the ON, OFF and DC terms suceelysi Each of the three partitions is terminated by a term with all
variables missing, e.g. XXXX (for 4 variables), if another partition will ocouby the end-of-file.

Any combination of ON, OFF and DC partitions can be usgging X... partition markers allows partitions to be
empty They must be gien in that orderwith X... cubes separating the partitiols warning about anoverlaps
between partitions will be gén on the standard output. Note, that if the ON and OFF partitions are interchanged
one can easilywaluate the complement function and/orddkat solution to be products-of-sums form.



The operator notation used in describing some of the operationsndgmgthe following table:

Function Operators

Operator | Description

Complement
| Union
& I ntersection

Comments in the input file can only be at thgibeing of the input file, and are distinguished by a hash (#) as
the first character on a line.

10.3.3. Pogram Use
The program reads from stdin and writes to stdout anxeeuted using:

cnd [-abcCeElnpv] [-&filename> ] <in-file >out-file

The optional [ ] command line flags can beegiin any arder and provide:

a.

If branching is used for resolving cyclic structureseghLL the solutions. Without this flag, only one of
the solutions with the fewest terms and fewest literals will be reported.

Thisflaginhibits branching if a cyclic structure occurs during theetimg process.

If branching is inhibited, and a cyclicwming structure arises, terms with fewer literals are considered less
expensve, and their use is gen preference. Ifa g/cle should hee dl equally-expensve terms, an arbi-
trary one is selected for discard. The procedure assumes termswétHiferals are lessxpensve. With

no branching, only one solution will be produced, and it generally will not be the minimal solution.

With branching (the default) all possible (but see the -p {pruning} flag discussed bel@s ae consid-
ered from the point where the cyclic structure is encountered.

The default is "branching enabled" so cnémt inadwertently (on the uses’ part) produce a non-
minimized solution.However, the computation time grows substantially when all these possible solutions
are examined.

This commentary flag provides brief comments on the steps of the solution pratessomments are
intended to reinforce the users’ krledge about combinational network design. The commentary is writ-
ten on the standard output.

ThisCommentary flag provides more detailed comment about the steps of the solution procedisag
turns on the c-flag abe.

Echouser comments, that may appear at the beginning of the input file, to the standard output.
Echothe input cubes to the standard output.

This flag inhibits the use of the "less-than" relation for discarding prime-implicants during theeirgp
process. Acube is deemed "less-than" anotlaed is discarded, if it costs no more than the otret cov-
ers no more (of what remains to beveed, at a gien gage of coering) than the otherCost is the count
of literals (trues dus complement’s) present in a cube.

Finda mon-redundant oger, rather than a minimum wer. This option canxecute significantly faster than
pushing to the "minimum" a@. The cwer found will be a subset of the prime-implicants that has no
redundant (extra PI's) gering of the ON array.

Directthe solution(s) to a separate output file.



p:  This flag inhibits the pruning that would normally occur during branching within cyclicexo The
default, pruning enabled, terminates a branching altemnabploration when a partial-eer being deel-
oped becomes larger than a known minimum-cuber@aready found.

v:  Verify that the results obtained are, at least, a valrotg. Computeshe cubes that were in ON and are
not in the Cweer reported, and computes the cubes in theeCeported that are outside ON and DBoth
computations should yield null results, thus establishingramuivalence.

10.3.4. Frformance

Single-output functions can ¥& a naximum of 32 ariables on Unix and 16 on DOS (PC) systefRgnctions

of mary variables can taka \ery long time to minimize. The present performance on a Sun SPARC 1 shows that
with sesen variables, using no command-line options, common minimization times arevpisbre second.

From this point upward, expect each additional variable te sakeal times as long as the onewvkr-variable
minimizations.

10.3.5. SolutionMethod -- The solution process is as follows:
1) Readhe input. Compress thevgn arays using consensus.
2)  Processhe input specifications.
ON, OFF and DC--all gen:
All vertices must be therein somewhere.
No overlaps are allowed.
ON and OFF gijen:
DC is determined as: DC =" ( ON | OFF ).
OFF not gven:
DC can be gien as werlapping ON, but will be trimmed to: DC = DC - ON.
ON not gven:
ON is formed as: ON =" ( DC | OFF).
DC can eerlap OFF but will be trimmed to: DC = DC - OFF.

By entering what is really the ON as the OFF aryay get a solution for product-of-sums, or
alternatvely, can use the solution and the output-complement gate toatmon on PLA.

3) Form the union of the ON and DC cubes.

4)  Findthe prime-implicants of the abe union using generalized consensus.
5) Dropthose prime-implicants totally outside the ON space.

6) Addto the Partial-Ceer those prime-implicants which are essential.

a) For the non-redundant eer option, choose a subset of prime-implicants thatec®N with no
redundang. The cwer is completed with this step.

7)  [Flag-controlledbptional step] Discard those prime-implicant cubes that are "less-than" others.

8) Loopback to Step 6) while the function is notveed and the Geer is continuing to expand teards a
solution.

9) If not corered at this point, then there exists a cycligetimg structure.
a) BranchingOption Selected (datilt)--For each PI cube not used, alterndyi: 1) force that cube into

the Rartial-Cover (if it would not be redundant), and, 2) discard that cub®.each alternatie dspo-
sition, loop back to Step 6), possibly returning here readysifor further c@ering gyclic-structures,



to process other cubes in this same two-alteresatranner.

If the all-solutions (-a) flag is not specified, and the partie¢rcgrows beyond the smallest solution
thus far prune the branching at that point.

b)  BranchingOption Not Selected--Find the maximum cost cube of the unused PI cubes, and thro
awgy. Loop back to Step 6), possibly returning here reedysito process other cubes in this draco-
nian manner.

10.3.6. Toubles
If you encounter problems using cnd, you may want to try the following:
. Turn on the verify option to check that you actually got a legitimaterco

. If you obtained a legitimate eer, but dont believe you hare a ninimum cover, review your use of the
command-line options, possibly trying other combinations.

. Turn on the commentary option(s) and see if you can discgrimeorrect steps.

10.4. Expression Reduction

The progranrd (reduce) has the ability to process Boolean expressions symbolicadlipw an expressie st
of operators, and to reduce the expressions aféctind provides a valuable design and validation tool.

Boolean expressions could be formed from justadeerators, as long as the operators chosen represented com-
plete gate setsA better design tool results when all the operators that might be expected to occur naturally
various problem domains, are allowed.

The following table of functions of twvariables gres the common, and some not-so-common, binary operators.

FUNCTIONS OF TWD VARIABLES
(a,b) Binary Operator
F(a,b) Operator] Name Associatie | Commutatve

00 01 10 11

0 0 0 0|0

0 0 0 1| ab * And Y Y
0 0 1 0| ab - I nhibited-by N N
0 0 1 1| a

0 1 0 0| ab - Inhibits N N
0 1 0 1|b

0 1 1 0| ab+akb’ h Exclusive-or Y Y
0 1 1 1| a+hb + Or Y Y
1 0 0 0| (a+by + Nor N Y
1 0 0 1 |ab+ab <> Equialence Y Y
1 0 1 0| b

1 0 1 1| a+hb <- Implied-by N N
1 1 0 0| a

1 1 0 1] a+hb -> Implies N N
1 1 1 0 | (aby * Nand N Y
1 1 1 111

The progranrd reduces Booleamxpressions ta@tandard two-kel, sum-of-products form.
The input Boolean expression foris formed usingthe operatorgiven in the following table.



OPERAORS, ASSOCIAIVITY AND PRECEDENCE
Symbol | Operation Associatvity | Precedence
* And Left 1
+ Or Left 0
’ N ot Left 2
* Nand Left* 1
+' Nor Left* 1
- Inhibited-by Left 0
- Inhibits Left 0
- Exclusive-or Left 0
-> Implies Left 0
<- Implied-by Left 0
<-> Equialence Left 0

* Nand and Nor associativity iwe their "and" and "or" constituegaespectiely.
Juxtaposition of variables with intervening white-space may also be used for implicit "And".

The constants (0,1) may be used freelyxpressions. ¥friables bgin with a letter andcontinue using letters
and digits. Blanks and newlines sefas @limiters when variables are juxtaposed.

Sub-expressions may be grouped using {}, [] and ().

Comments may be included using the delimiters "/*" @M. Commentsmay not be included within aavi-
able name and tlgamay not be nested.

The following meta operators are provided.

META OPERATORS
Symbol Action
% Print the current expression
$ Corwvert the current expression to sum-of-products form
@ Corvert the current expression to and-exchesor form
& Reduce the current expression (limited twesing relations)
# Convert the current sum-of-products expression to prime implicants
; Reduce, generate prime implicants, print and reset to accept another expression
EOF Reducegenerate prime implicants and print

Rd can reduce gninput epression to the sum of prime implicants. There will genelalyedundancies
among these implicanthowever, there will be no static hazards in functions implemented using the complete
set.

Rd reads from the standard input and writes to the standard output.

10.5. BoolearFForm Translation

The programbft (Boolean Form Translator) accepts Boolean functiomengin agebraic sum-of-products, or
lists of minterms, or cubical-complenotation, and produces the function translated intoairthe same three
forms.

This program does not rewm any edundancies that may be in the input. Furthermore, redupdsraften
introduced in the output when the minterm form of output is selected, since the terms of the function are
expanded to minterms independently of each otfi@ese redundancies can be rgatbusing the Unixsort util-

ity with the "unique" specifier on themrt command-line.



10.5.1. Notation

Algebraic Form
A function can be specified in algebraic sum-of-product form as:

abd+bcd + ad

The input variables begin with "a" as the first variable and proceed throughritigles names in the sequence a-
zA-Z. If other single-character names are used irvengource function, the utilityr can be used to shift the
variable names to the required range.

There can be no whitespace within a product term, and whitespace must delimit the "+" operator.

Minterm Form
A list of minterms specifies the function as:

317925...

Whitespace delimits the integers specifying the minterms.

Cubical-complex Form

Individual product terms in the sum-of-products form are called cubes. Each cube denotes which literals are pre-
sent in true form by the appearance of a one (1), and those present as complements by a zero (0). If a literal is
absent in a term, an "X" or "X" represents its vacant posifianexample, gien the function:

abd+bcd + a'd
The corresponding cube notation would be:

10X1 X100 OXX1

Whitespace delimits the cubes of the function.

10.5.2. Pogram Use
The program reads from stdin and writes to stdout andeeuted using:

bft -n<number-of-variables> [-i[a,m,c]] [-0[a,m,c]]

The defult input and output form is cubical-compleotation. The-i flag argument allows selection from the
three input forms: algebraic, minterm and cube; and the -o flagnant provides selection from the three output
forms.

When this program is used on a machine that uses N-bit words to represent integers, the limit on the number of
variables is N-1.

Special Forms

Inputs of zero length are translated to the constant zero (0) when the algebraic form of output is sghetted.
cubical-complges of the form "XXX..." are translated to the constant one (1) when the algebraic form of output
is selected.



10.6. Equationsto Netlists

The programmet has been deloped to accept a twlevel, sum-of-products Boolean expression and produce a
network description that is suitable as sim (the simulator) input.

Net is used as:
net [-nnetname] [-1]
taking its input from standard input, and writing the output to standard output. The optional -n flag allows nam-

ing the netwrk to something other than the default "F". The optional -t flag generates a Switch/Probe test fixture
for the network, and includes the fixture in the output.

The format of input xpression matches that produced by rd and consists of a number of terms joined with "+",
where each term is one or more juxtaposatiables. Thevariables may hee a siffix of (°) indicating comple-
ment. Netdoes not accept comments in the inpgdression. Arexample input expression is:

ab+ac+abc

Rd and net can be piped together as:

rd <arb_Bool_exp | net -t

accepting an arbitrary expression, reducing to the prime implicants, and producing a Switch-input/Probe-display
testable version of the completed network.



11. Components

Adder
Alu

And
CiNor
CiOr
Clock
Compare
Counter

11.1. HeadingFiles
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Decoder
Dff
Encoder

Gate

land

Inand
Increment
Jkff

LogicBlock

Module

MultiLe velCompare
Mux

Nand

Nor

Not

Or

PowerOn
Probe
ProbeH
Pulser
Ram
Register
RegisterFile
Rom

SignalBlock
Space
Stderr
Stop
Switch
Xnor

Xor
loadRom



void Adder ( const SD &, const Signals & in, const Signal & out);
/[Adder ( "1b", ( aPortin, bPortIn ), sumOut );

void Alu ( const SD & sd, const Signals & dataln, const Signals & out );
/ICombinational device--for MIPS

/[Alu ("1b", (aln, bin, cln, op ), ( ccOut, dOut) );

/IWidths: NN 1 3 4 N

/lop -- operation: and=000; or=001; add=010; sub=110;

I set-on-less-than=114- not available yet
/I thefollowing may be changed later (MIPS):
1 xor=011;nand=101; nor=100;

/I notall of the following outputs are necessary for MIPS:
/lccOut -- condition codes (gdive,zero,werflow,carryOut)

1 B B

1 MSB LSB

void And ( const SD & sd, const Signals & in, const Signals & out );
/[Simple single And for a single out.
/IA vector of Ands if out is a vectarthen in.length = N * out.length
/I and each And has N inputs.
void And (const SD & sd,
const Signals & inl, const Signals & in2,
const Signals & out );
/IA vector of out.length And’s:
/lif in1 & in2 are the same length: each And has imputs, one from
1 inland one from in2.
/linl.length>1 && in2.length==1:the single in2 is an input for
1 eachof the Ands.
/linl.length==1 && in2.length>1:the single inl is an input for
1 eachof the Ands.

void CiNor ( const SD &, const Signals & true,
const Signals & complemented, const Signal & out);
/[Complemented-input Nor

void CiOr ( const SD &, const Signals & true,
const Signals & complemented, const Signal & out);
/IComplemented-input Or



void Clock (const SD &, const Signal &, const int duration,
const int offset, const int period,
const Signal & init = Zero );
/[duration is ON time, offset is displacement of first ON from t=0,
/Iperiod is the time until the next repetition.
/init is the initial output--ON is taken to be the complement of this value.

void Compare ( const SD & sd, const Signals & x, const Signals &,
const Signal & match );

/[Compare tw Sgnal vectors, x and, yor agreement of their

/Ibinary patterns. The output, match, is a ONE for agreement.

/[This is a composite component, SO you can see inside it.

void Counter ( const SD &, const Signals & in, const Signals & out );
/[Counter ( "1b", ( reset, clock ), out);

void Decoder ( const SD &, const Signals & enable, const Signals & data,
const Signals & out );

/IN data-in lines are decoded to 2°N out lines

/Isingle actve-high enable

void Dff ( const SD &, const Signals & in, const Signals & out );
/lin: (set,Din,clock,reset)
/lout: Q

void Encoder ( const SD &, const Signals & in,

const Signals & out, const Signal & valid );
/[2°N data-in lines are examined for a ONE
/lthe most-significant position where there is a ONE is
/lencoded as the N out lines’ values.
/Ivalid is ONE if there is at least one ONE.

void Gate ( const SD &, const Signals & in, const Signals & out );
/IComplete clock pulses are gated to the output.

/[Enable must be ONE before the clock starts.

/[The clock (gated to the output) will continue for its full
/[duration, rgardless of what Enable does later.

/lin: (enable,clock)

/lout: (gatedClock)

void land ( const SD &, const Signals & true,
const Signals & complemented, const Signal & out);
/lInhibit-and

void Inand ( const SD &, const Signals & true,
const Signals & complemented, const Signal & out);
/lInhibit-nand

void Increment ( const SD &, const Signals & in, const Signals & out );
/[Combinational unit. There is no carry out.



void Jkff ( const SD &, const Signals & in, const Signals & out);
/lin: (set,J,clock,K reset)
/lout: (Q,Qprime)

void LogicBlock ( const SD &,

LogicBlockEvaluatePointer,

const Signals &, const Signals & );
/I The second argument is the name of the user-supplied
/I function that is to be called where any o its
/I inputs change. This user-function computes the outputs
/[ and returns them in logicOut(].

void Module ( const SD &, const Signals &, const Signals & );

void MultiLevelCompare ( const SD &, const Signals &, const Signal & );
/[Compares tw inputs for equalityover ALL the

/ISignal values: ZERO, UNINITIALIZED, XXX, HIZ, ONE

/[Output is ONE for equal, ZERatherwise.

void Mux ( const SD &, const Signals & control, const Signals & data,
const Signals & out );

/lout.length defines the width of the input ports and the output port.

/[data.length/out.length -> numberOfPorts

/[control is the port selection

/[control.length must be log2(numberOfPorts)

/[data[port,bitjorder: [P-1,n-1],[P-1,n-2],...[P-1,0],...[0,1],[0,0]

I "top Port,msb ‘bottom Port

void Nand ( const SD &, const Signals & in, const Signal & out );
void Nor ( const SD &, const Sighals & in, const Signal & out );

void Not ( const SD & sd, const Signals & in, const Signals & out );
/ISingle irverter or vector of iaerters if out.length > 1.

void Or ( const SD & sd, const Signals & in, const Signals & out);
/ISimple single Or for a single out.
/IA vector of Ors if out is a vectarthen in.length = N * out.length
/I and each Or has N inputs.
void Or (const SD & sd,
const Signals & inl, const Signals & in2,
const Signals & out );
/IA vector of out.length Or’s:
/lif in1 & in2 are the same length: each Or has imputs, one from
1 inland one from in2.
/linl.length>1 && in2.length==1:the single in2 is an input for
1 eachof the Ors.
/linl.length==1 && in2.length>1:the single inl is an input for
1 eachof the Ors.



void PowerOn ( const SD & sd, const Signal & out, const int time,
const Signal & init = Zero );
/ltime is when transition will occur.
/init is the initial output--ON is taken to be the complement of this value.

void Probe ( const SD &, const Signals &, const int numberOfPartitions = 0,
const int * partitionSize = 0);

/IPlaces a space after each partition to ease the reading of field separations.

/[Last partition size repeated, if necessary.

/[ZERO->backGroundColor

/IONE->foreGroundColor

/[UNINITIALIZED->up-and-to-the-right line

/[HIZ->horizontal line

[IXXX->crossed lines -- signal in transition

void ProbeH ( const SD &, const Signals & );
/IDisplay arranged horizontally--uses Probe, so labeling is compounded.

void Pulser ( const SD &, const Signal &, const ¢lanst int duration,
const Signal & init = Zero );

/[char is lkeyboard association, duration is the pulse length.

/init is the initial output--ON is taken to be the complement of this value.

void Ram ( const SD & sd,
const Signals & controlin,
/I (enablePort_N-1, writePort_N-1, writePort_N-1_Address, ...
...
/I enablePort_0, writePort_0, writePort_0_Address,
/I readPort_N-1_Address, ... , readPort_0_Address)
1
/[ a port is only written if i enabled
const Signals & dataln,//(datalnWritePort_N-1,...,datalnWritePort_0)
const Signals & out, // (dataOutReadPort_N-1,...,dataOutReadPort_0)
const int numberOfWords,
const int WordWidth, //bits
const int portAddressSize, //bits
const int numberOfReadPorts,
const int numberOfWritePorts

);

void Register ( const SD & sd, const Signals & enable,
const Signal & write, const Signals & dataln,
const Signals & out);
/[Example: Rgister ( "2c", enable, write, in, out );
/[Loading occurs on the leading edge of the "write" signal, but
/lonly if the "enable" signal is ONE at this time.

void RegisterFile ( const SD & sd,
const Signals & controlin,
/I (enablePort_N-1, writePort_N-1, writePort_N-1_Address, ...



...
/I enablePort_0, writePort_0, writePort_0_Address,
/I readPort_N-1_Address, ... , readPort_0_Address)
1
/I A port is only written if its enabled (enable == One)
/I Register zero (0) will alays read as zero.
const Signals & dataln,//(datalnWritePort_N-1,...,datalnWritePort_0)
const Signals & out, // (dataOutReadPort_N-1,...,dataOutReadPort_0)
const int numberOfWords,
const int WordWidth, //bits
const int portAddressSize, //bits
const int numberOfReadPorts,
const int numberOfWritePorts

);

void Rom ( const SD & sd, const Signals & in, const Signals & out,

const int words, const int bitsPerWord,

const unsigned char * romContents );

/lunsigned char romContents[] = { 0x01, 0x02, ... };
/[Rom ("1b", RomAddress, RomOut, 16, 12, romContents );
I 16words x 12 bits per word
/[romContents is by bytes. Bytes are grouped from left to right until
/lthere are enough (maybe surplus) to fill@adv Thegrouped bytes
/lare right justified in the word.
/IONE’s in the surplus sections of words (grouped bytes) are immaterial.
/[For 16x12, tw bytes are needed per word (for 12 bits, with surplus),
[[for 32 bytes total.

void SignalBlock ( const SD &,
SignalBlockEvaluatePointer,
const Signals &, const Signals & );
/I The second argument is the name of the user-supplied
/l function that is to be called where any o its
/[ inputs change. This user-function computes the outputs
/[ and returns them in signalOut]].

void Space ( const SD & );

void Stderr ( const SD & sd, const Signals & in );

/[Stderr ( "1a", (enable,clock,data) );

/Iwrites 8-bit data to stderr on the rising edge of the clock,

//but only if enabled.

/[Control characters written as: "A"B... etc. except

[[for Ox0A ("J), which writes the newline character itself on stderr.
/Ibit[7] (MSB) == 1 writes "|" prefix.

void Stop ( const SD & sd, const Signal & input );
/lwhen the input Signal comes on, sim will exit

void Switch ( const SD &, const Signal &, const char,



const Signal & init = Zero );
/[char is leyboard association.
/init is the initial output--ON is taken to be the complement of this value.

void Xnor ( const SD &, const Signals &, const Signal & );
void Xor ( const SD &, const Signals &, const Signal & );

void loadRom ( unsigned char * romContents, int size,
char * filename = "romfile" );
[fill the unsigned char arrayp to 'size" bytes with
/Ihex bytes from "romfile"
/I"'romfile" is a series of hebytes: OXAO0 0x9C ...
/lwhitespace is immaterial, but comma separators are &l@ved.



