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within a VLSI Design Sys’tem
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Abstract. Palladio is an experimental system for designing very large scale integrated (VLSI) circuits.
A design is entered by using components viewed from one or more pérspectives. E :ch perspective
provides a way of looking at the structural composition of a compoment

Simulation is currently the fastest and most widely used method of estz:” ag the validity
of circuit designs. In order to simulate a circuit we must be able to model . : behavior of
components used in the circuit. A user specification of behavior can be ccmpared ‘via simulation
with the bchavior of the component as a composite of more primitive comiponents.. By assigning
behavior to higher level components we usually obtain large spced increases in the simulation.

A mecthod is given for stating the behavior of components used witxin Palladio and circuit

venification through simuiation.




Introduction

The Palladio system is designed to provide intelligent assistance toy all stages of design.
Interactive graphics and menus are the main forms of interface with zhe user.

In keeping with this philosophy of interactive assistance at all stxges of design, it was
necessary to develop a method for verifying a design that a) was not fully spexcified, and b) possibly
used components viewed from different perspectives or abstraction levels. Designers need to be able
to check parts of designs and designs that are still very abstract In order to clo this they must have
a means of saying what the design or partial design is supposed to do with miven inputs, and then
run a program which can verify this behavioral specification. The behaveoral specification and
verification nceds to be fully integrated with the rest of Palladio to allow easy

1ransition between the

structural construction/modification mode to the testing/verification mod=. In order to avoid

translation from the structures constructed by the Palladio editor to structur=s used by verification

through simulation it is necessary for the simulator to directly reference the Palladio composed

structures.

This document is divided into three parts. The first details the requircments for a system to

provide an interactive environment for behavioral specification and verificatton, with an outline of
the solutions for those requirements. The next section is a user manual for Behavioral specification

and simulation. The last section deals with the issues involved in implementEng these facilities and

integrating thern with the rest of Palladio.




; 5 Requirements

1.1 Conceptual Framework
There are twc main ideas used in bchavioral specification:

1) A behavior can be assigned w0 a structural component which is independent of its -
environment. In this way library. components have pratotypical behavior which is inherited by all
instances of the library component used in the circuit The major difficulty with behavioral
specification is that the environmental independence requirement often does not seem natral. The

main aim of the system to be described is to provide a method which allows behavioral specification

for components in isolation, yet still produces expected behavior when these components are

structurally connected.

2) The behavior of an antifact is, in general, its response over ume to changes in its
auribuces. For a circuit component these attributes are the values of signats on the ports of the
component and the internal state of the component. The behavior of an electronic device is then
given by describing the signals appearing on the output ports over time, given .aanrges on the input
ports. For different perspectives there may be different attributes which affect the behavior of a
device. Eg the contents of a register for structures viewed from a register transfer perspective, or
the resistance to ground v'en viewed from layout

Simulation means modeling the attributes of structures in the computer, specifying a set of
initial conditions for auributes in terms of this model, then applying the behavioral specifications of

all affected componeuts in order to produce a further set of attribute values for times in the future.

1.2 Representation Scheme

The representation scheme used within Palladio is LOOPS[4]. This is an object and data-
oricnted programming system for use in Interlisp. LOOPS objects are record structures with slots for
storing attributes of the object. Objects can respond to messages. This is implemented by associating
an Interlisp function with cach message. Slots can have ActiveValues which causc functions to be
calleld when the slot is read or written.

Circuit components are LOOPS objects and attributes of components are stored in slots
given by the name of the attribute. Messages sent to objects are used for component display and
cditing of structure and behavior. The use of LOOPS code objects to represent circuit objects

produces a very close analogy between the code structure and the circuit structure.




1.3 Behavior Specification

There a four reasons for specifying behavior for Palladio components:

1) The behavioral specification allows a simulation to closcly model the behavior of the
components in a real circuit

2) To compare the expected behavior of a composite object with the behavior derived from
its sub-components.

3) The functionality of a componcnl at one level of abstraction may influence how it is
transformed to another level of abstraction.

4) A component can be used as a "black box" to generate signals to be used in simulation.

This component might not have an analog in any real device.

Behavioral specifications in Palladio take the form of rules which tie a statement about an

auribute that has changed to another attribute of the component. The rule is an implication:

if changed atiribute then new attribute

In our system there is no attempt to capture the designer's intent for the complete behavior of
the component. The component will only be able to react to events which are specified on the left
hand side of a behavioral rule. This contrasts with work where the designer gives a specification of

what the outputs should be [7].

1. Simulation

The simulator is based upsu MARS[S], a Multiple Abstraction Rule-based Simulator. By
Jorward chaining, using the logical inference rule modus ponens, on the behavioral rules from a set
of. initial conditions, new states can be found. The new state can then be used recursively for
forward chaining. MARS uscs the Metalevel Representation System (MRS) (3] for its inferencing
and state representation. The simulator mechanism of MARS is domain independent and could be
used to produce an event-driven simulation of any system. However, within Palladio the domain is
clectronic circuits and states arc determined by values on ports of components and stored state
within components eg. registers.

The user needs to be able to specify the values to be recorded and how. Menus and
graphical interaction allow sclection of which ports of a component are to be sct to initial conditions

and those whose simulated values are to be recorded. Comrol over all swages of the simulation




output s allowed through user access to cvery statement about a changed atzribute. This allows the
user to define routines to change the graphics in response to changed attributes, creating animation

effects during simulation.

Behavioral connection between components is provided by ports. All ports have a record of
the component of which they are a part and the wires, if any, which connect thewa to other
components. If the component has sub-structure then a port may also be connected to a wire which
is part of the sub-structure. When the state of a pont changes then the simulator forward chains on
the rules associated with the externally connected wire along with:

a) rules on the port's comp/onent if the top level behavior of the component is being used.

b) rules on the internally connected wire if the simulation is being run on sub-structure.

¢) both (a) and (b) if the top level behavior is being verified by simulation using sub-

structure. In this way the user can compare a gross behavioral specification of a component with the

behavior found by simulation of the sub-structure of the component.

1.5 Reasoning in an Object-Oriented System
Becausc the simulator uses the MRS inferencing system, and the data is represented in an

object-oriented system, there is a need to combine these systems and allow them to work together.

This is done by defining a strict interface between the MRS inferencing mechanism and LOOPS.
The interface protocol is:

(1) MRS uses slots on objects to store propositions about those objects.
Eg. The proposition:
(John hcight 72)

uses the “height” slot of object "John" to store the value 72.

(i) In order to combine the default representation scheme used by MRS with the
capability of objects, a tag is needed for those cases when the LOOPS objects arc to be used for
storage or retricval. In our system a "LOOPS" tag is added to propositions which refer to LOOPS
objects. This ".LOOPS™ tag is invisible to the user. The meta-level capability of MRS is used in

invoke the LOOPS frame representation for storage and retrieval of LOOPS propositions,

(iii) Implications which affect a particular object are stored with that object. This

decreases the work needed to access the object's rules for infcrencing or editing.

LLOOPS provides slots with an Activelalue capability which allows user-defined routines to




be called whenever object slots are referenced or changed. This provides a powerful “demon”
mechanism for performing side-effects to the reasoning. A side-effect might be the display of
attributes  which have éhangcd.

MRS is used mainly for its meta-level capability, although there is very litde need for
reasoning at the meta-level since the LOOPS tag makes the storage and rcu'ieval"method explicit.
The other part of MRS used by the system is the unifier which is used to match the left hand sides
of rules for forward chaining.. :

By combining LOOPS and MRS in this way we can utilise the rapid lookup of facts and
storage cconomy of a frame based representation system along with the flexible application of added

knowledge of a logic programming system. The inferencing rules are able to refer directly to the
state of the system modeled by the objects.

1.6 Signal Types
It is anticipated that most behavioral specifications will be in terms of a Signal attribute
associated with the ports of a component. There exist several defined signal types for different

forms of functional specification and the user is free to create another form of signal if desired.

The existing signal types are:
LOGIC - Three values: HIGH, LOW and UNDEE.

ARITH - Signals are integers with arithmetic operations generally used to determine outputs
from inputs.

SIGSTR - Each signal has an integer strength and level. The strength corresponds to the driving
force of the signal. This depends on the capacitance for stored signals and the resistance to ground
of driven signals. The level is the voltage of the signal. Signals also have an origin so that functional
rules can determine whether to over-write an existing signal, based on who is driving the signal.
This signal type is nceded for specifying behavior for bi-directional components and circuits where
resistive and capacitive effects are necessary. It is the major mechanism allowing specification of the
behavior of components independent of their environment.

Eg. If two wires were providing inputs to a contact, with one wire going out, then if the two
input signals had different levels we need to decide on the signal level of the output. When we
simulate this system we make the contact point a Palladio component and give it a Signal attribute

which is the signal 10 be propogated to the output. If one input has alrcady changed the Signal of




the contzct then when the second input tries to change the contact’s Signal iz notices that the signal

level is different from what is already there. If the source of the existing signal was the same as the

new signal then the new signal can overwrite the Signal of the contact. Also. if the strength of the
new signal was greater, then the new signal will over-write the previous signal.
A predicate called OverWrites, which takes two SIGSTR signals, exists for use in functional

specificatons. This predxcatc is true if the first signal overwrites the second signal. This signal type
iIs based on the work of R. Bryam[2] with extensions by N. Singh.
-

A circuit can be simulated using a2 number of signal types at once. For example, the designer
might wish to propogate the signals to an adder as intergers but in order to check the design of the
adder it must be simulated using boolean logic signals. Control over simulation stepping, tracing
and break conditions similar to a software debugging environment is also available. If the simulation
uncovers an error in the design then the user can change the structural or behavioral specification of
the design. By simulating a circuit using both its specified behavior and the behavior implied by its
sub-component structure the user can obtain some automatic verification of the correctness of the

circuit. The completeness of this verification depends upon the completeness of the input vectors for
the simulation.

1.7 Need for Knowledge

The system must possess knowledge in order to provide the followin; features:

1) Simulation of connccted components should agree with the designer’s intu: .ion for the

behavior of connected components.

2)"I'hc simulator should use the correct signal type for components being simulated.
3) Components should be simulated using the correct perspective,

4) Conurol of the simulator should be flexible and easily modified.

Some of this knowledge is provided by rules such as those controlling simulation output.
These rules can be changed by a user of the simulator. The behavior rules allow difTerent signal
types to be intermixed by including predicates on the signal type in the ieft hand side of the rule.
Other knowledge is provided by the system builder in the form of modular functions. These
functions know about connections of wires to ports to propogate signals during simulation. ( The
functions could be rules which are interpreted for cach new statc, at a2 high cost in speed of

simulation.)




1.8 Further Work

1) Rule compilation: Many of the behavioral rules and simulation commands must
determine the truth of predicates which remain fixed throughout the simulation. Currently ths truth

dctermination is done at execution time by interpreting the rule or precondition in order to

determine its truth. It would greatly speed up the simulation to have an initial intelligent system to

compile the rules. The compiler would look at all rules, determine those whose status was fixed and
replace them by the inlexprezcd?' value once oﬁly, before the simulation.

2) Using behavior rules for more than simulation: Such things as transforming from one
structural perspective to another, diagnosing faults in components and generation of suitable test
vectors for simulation would all be aided by knowing the component’s behavior. The rule format

for behavior specification makes it particularly suitable for further applications.

Example of bchavioral specification and verification.

When the Palladio user enters the simulator he is shown a picture of the circuit as in Figure

1 and presented with a2 menu of commands,

FLIR-FLOP -1

FLIP-FLOR-2

Figure 1. Diagram of circuit to be simulated




Simulation Menu Commands:

SctPortSignal, Run, SingleStep, Trace, SctBreaks, SetTime, Reset SctComponentValues,
ShowComponent, EditSimulatorRules, VerifyComponent,

EditCircuitBehavior, EditGlobalBehavior, EditStructure

EditComponcntBchavior,

The first 8 commands are concerned with running the simulator. SetComponentValues is
used to change such things as capacitance of a wire or delay of an inverter, VerifyComponent allows
a component to be selected so that it is simulated using both its high level description and sub-
component structure and the results are automatically compared. The Edit~Behavior commands
allow the behavioral description of the circuit or sub-components to be changed before or during a
simulation. EditStructure allows the Palladio’s structural editor to be used on the circuit

If EditComponcntBehavior is selected, followed by selecting FLIP-FLOP-1 from the

displayed diagram, a screen text editor is entered with the behavioral rules associated with that
component.

An cxample Behavioral Rule:

(if (TRUE (Value (Pin CLK) Signal HIGH) $T)

then
(and (TRUE (Value (Pin Q) Signal (Value (Pin D) Signal)) (ADD1 $T))
(TRUE (Value (Pin QBA) Signal (INVERT (Value (Pin D) Signal)) (ADDI1 $T))))

This gives the behavior of the flip-flop with a delay of 1 between the CLK going high and
the D input appearing on the Q output, and the inverse of D appearing on Q-bar. N

ames starting

with "$" denote variables which can be bound to any value, The syntax of behavioral descriptions is

given in the section on behavioral specification.

Initial conditions are specified by sclecting SetPortSignal. The port, signal type, signal value
and time for the signal to be set can then be entered.

By sclecting SingleStep or Run from the menu we start the simulation. SingleStep moves to
the next time for which events are happening and runs only those cvents at that time. Run causes
the simulation to run until termination or a break condition occurs, The output of the simulation is
determined by simulation rules such as:

Ee. (if (TRUE (Value SOB Signal $S) $T)
then (SEND $OB Redisplay (Value Simulator SimViewpor)))
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This would give an animated graphic effect if the Redisplay message o a pin caused different

Signal values to be shown differenty.
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User Manual

When the Palladio user cnters the Simulate Circuit section from the top level he is
presented with a graphical view of the circuit and a menu of commands. Figure 2 shows a picture
of the screen within the circuit simalator. As well as the menu of commands shown, there is a pop-

up menu of commands for altering the graphical view of the circuit. The following sections detail
how the commands are used.

2.1. Behavioral Specification.

The default behavior of library components provided by Palladio is specified as the library
is being built or modified. A user is able to override this default behavioral specification by first
selecting LditComponentBehavior from the command menu, then sclecting the component to be
modified and editing the bchavioral rules using a screen text editor. If the behavior of the whole
circuit is to be modificd then the user first selects EditCircuitBehavior from the menu then uses the

text editor as before. A component can have many behavioral rules. Each rule has the following

syntax.

»

Bchavioral Rule Syntax.

Inthis section we describe the syntax for behavioral rules followed by examples for most of

T the tases

Behavioral rule ::=
(if <LHS> then <RHS>)

LHS o=
<time statementd
or (AND <iime statement> <condition> <condition) . . .
or (OR <LHS> <LHS <LHS .. .)

{time¢ statement)
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(TRUE <condition> <variabled)
or (TRUE <condition> <number))

{condition> =
<value statement>

or <predicate>

(value satementd = -
(i) (Value <attribute chaind {valued)
(i) or (Value <attribute chain> <variabled)
(i) or (Value <atribute chaind)
(iv) or (Value <variabled <attribute chain) {valued)
(v) or (Value <variabled <attribute chain) {variable>)

(vi) or (Value <variabled <attibute chaind)

Qattribute chain> =
<attribute>

or <autribute> <attribute> <attributed . . .

Cattribute> =
slot of previous element in chain or current component
if first slot

or (slot of previous element object name)

<valued o=
{constantd>

or <bchavioral function>

{variable> =

a character string beginning with §

{behavioral function> :=
LISP function taking constant parameters or value statements

of type (ili) or (wi)
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To test for different forms of signal specification:
(if (and (TRUE (Value (Pin IN) Signal $S) $T)
(SigType? $S ARITH))
then '

(TRUE (Value (Subcomp FOO) (Pin IN) Signal (BIT-1 $S)) ST)

Using a variable in the first posiion for a value statement to define a GlobalRule for when an
object is active:

(if (TRUE (Value SOB Signal $S) T

then

(TRUE (Value SOB Active? YES) $T))

2.2. Simulation

In order to simulate the circuit the user must provide a set of initzl conditions and run

contrel. Simulation control is provided by means of user-defined break conditions and stepping
controls. Qutput is determined by selecting components to be traced and defining different output
modes. Eg. A graphical trace of the Signal on a pin provides a "cartooning™ effect on the circuit.
Other output such as timing diagrams and writing values to a file can also be specified. The user is
given an interface which allows a new output function to be easily iniegrated with the simulator.

The simulator is event driven as opposed to the propogation of state values, This means
that bchavioral rules are onl)"uscd to determine new values for attributes when an event has
occurred which might have an effect. That is, there is no concept of signal dec

ay or change in any
way outside that expressed explicilty by the behavior rules.

Run Control

The simulator can be run from the current time 1o termination or a break condition by
sciccung the Run command. The SingleStep command executes those events at the next ume step.
Th2 next time might not be the current time incremented by one but depenés on when the next ser
of events are to happen.

Tracing and break control are provided by the Trace and SetBreaks commands. Trace
Hows sclection of ports or arcas of the circuit 10 be traced and break conc:tions allow. the user to

stcp the simulation when the condition occurs.




Sclection of level of simulation

Since components within Palladio circuits can have substructure and the behavior of
components can be specified at any level, then the simulation could be performed at any of the
structure levels. The default is to use the highest level of structural description for which the
behavior has been specified. If the behavior has not been specified for any level of structure then

that component cannot be simulated and signals will not be propogated once they arrive on the

input pins.

The user can choose between using a higher level description, usually resulting in a faster

simulation, or the sub-structure where the internals of a component are to be simulated.

Note that the leve! of simulation may not correspond to the level of structure at which the
circuit is viewed. Successive levels of component sub-structure are viewed by using the

ShowComponent simulation command and then selecting the component whese internal structure is

to be shown. This causes a window to be created showing the details of that component only.

Changing output functions

By sclecting EditSimulatorRules from the menu the user can edit the commands to the
simulator. These commands are also rules but not implications since the rh.s. is a LISP function to
be exccuted if the Lh.s. is true. The user can reference attributes associated with the simulator by

using the Value term as a function with the first argument being Simulator.
The syntax of SimulatorRules is:

<SimulatorRuled ::=

(if <L.H.S.> then <bechavioral function))

Eg. (if (TRUE (Value $OB Signal $S) $T)
then (SEND $OB Redisplay (Value Simulator SimViewport)))

The SEND function is used within the object-oriented programmiing system upon which

Palladio is built.

1




Multiple dimensions for simulation.
There are three dimensions across which the Palladio simulator works:

1) Component hierarchy - cach component can be expressed in terms of its sub-components at
onc structural abstraction of Palladio. .

2) Structural perspectives - these are fundamentally different ways of looking at circuits and
components. Different abstractions deal with different aspects of the design. Different perﬁpectivs
are defined by assigning different attributes to components. Within Palladio the perspective hicarchy ;
usually follows the component hierarchy. That is, a component specified at a high level may have
different autributes to its sub-components. Eg. A flip-flop has a "state™ attribute which is not

possessed by the component gates.

3) Signal types - different signal types used implicidy in functional specifications must be
handled by the simulator.

Earlicr scctions have have shown how to handle the first hierarchy within simulation. In

order for a circuit specified at different perspectives, and with different signal types to be simulated,

the user must have specific procedures for transferring between levels within the behavior rules.

This means that the user must directly reference those attributes relevant to a perspective when the
behavior of a component at that level of the component hierarchy is being specified. He must also
incorporate the functions for changing between signal types within the behavior rules, for

components using more than one signal type. The SigType? predicate can be use¢ = precondition

to allow signal types to be determincd when the rule is being interpreted wuiing simulation

2.3. Verification

In this system Verification means comparing the simulation outputs of a component for
which both the top-level and sub-structural descriptions of behavior are to be used. Select
VerifyComponent from the menu then sclect the component which is to be verified. When an
inconsistency occurs the simulator asserts a proposition of the form:

(TRUE (VerifyError object atribute high-level-value low-level-valuc) time)

This proposition can be trapped by the simulator rules to produce user defined results. The

default is:
(if (TRUE (VerifyError SOB Signal $Vall $Val2) §T)
then (SEND SOB DisplayError SVall $Val2 (Value Simulator SimViewport)))




2.4. Simulator Command Menu Summary

SetPortSignal Allows signals on ports to be set for any desired ume.

Run Run the simulation, stopping at termination or break condition.
SingleStep Execute the events for the next time in the event qucue.
Trace Allows selection of ports to be traced.

SetBreaks Allows specification of t;reak conditions to halt the simulation.
SetTime Set the current simulaior event time.

Reset Set the simulation time to zero and all ports to undefined.

SetComponentValues  Allows attributes of components to be set
ShowComponent A selected component will have its internal compesition desplayed in a

new viewport.

EditSimulatorRules  Allows the rules controlling simulation output and side effects to be

changed.

VerifyComponent  Performs a comparison of simulation using both the top level behavioral
specification and the behavior implied by the subcomponents for the selected component

EditComponentBehavior Change the behavior of a selected component

EditCircuit Behavior Change the behavior of the top level circuit.

EditGlobal Behavior Edit rules which apply to all components.

EditStructure Transfer to the structure editor for circuit changes.

QuIT Return to the top level of Palladio.
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3. Implementation

System Configuration

Figure 3 shows the necessary systems for simulation of circuits within Palladio. HILGA[6] is

a High-Level Graphics package based upon LOOPS, where graphics objects are LOOPS objects.

PALLADIO

STRUCTURE BEHAVIOR EDITOR
EDITOR AND SIMULATOR

HILGA MARS
LOOPS MRS
INTERLISP-D

Figure 3. Systems required by Palladio simulator

The following features provided by LOOPS are used by the Palladio simulator.
1) Object-oriented programming.

Objccts are frame structures with slots.

Objects respond to messages by performing an associated method.
2) Classes which are templates from which instances can be made.
3) Classes can inherit methods and slots from multiple super classes.
4) Slots can be Active Values which cause functions to be run whenever the slot is referenced

or changed.

These features are used as follows:

Any class for which the functionality of instances is to be specified must be a sub-class of
the class BehaviorObject All circuit components and sub-components are instances of classes with
this super-class. BehaviorObject has a slot SpecifiedBehavior which is a pointer to an instance of the
BehaviorRules class. Figure 4 shows the relationships for a typical component class used within

Palladio. When the user edits the behavior of a component he is changing 2 slot called UserForm




on BehaviorRules. This slot value is translated upon change into a form to be used when simulating

and stored in the BchaviorRules slot SimulatorForm.

SPECIFIED A*Tb \L SPECIFIED
BEHAVIOR BEHAVIOR

y USER FORM

SIMULATOR FORM

BEHAVIOR OBJECT BEHAVIOR OBJECT

BEHAVIOR RULES

Figure 4. Class relations for Palladio components,

Fielding menu commands.

When a simulation command has been selected from the the menu it is sent to a Simulator

object. The Simulator object has slots which are used by methods for performing “he commands.

The most imporant slots on the Simulator are:

CircuitOb : A pointer to the current circuit object being simulated. Su* components of

the circuit are accessed through this object

SimWorld : The HILGA GRAPHICSWORLD containing the circuit for viewing
purposes.

SimulatorRules : Contains an instance of BehaviorObject which allows the Simulator to
have bchavior. '

CurrentTime : The current simulation time.

Running a simulation.

MARS provides the mechanism for sequencing of cvents. An event is a proposition about
the state of the circuit a given event time. The propositions used when simulating Palladio circuits
are of the form:

(TRUE (LOOPS Value object slot value) time)

e — .




When a proposition of this form is asserted as being true the LOOPS tag is recognized by a
metalevel trap facility provided within MRS and the proposition is passed to the simulator system
interface of Palladio. This interface looks at the SimulatorForm of the SpecifiedBehavior of object
and if the proposition matches the Lhs. of any rules then the rhs. is asseried. ie. a new state is
determined by forward chaining from the current state using those rules associated directly with the
object being referenced. The metalevel facility of MRS recognises assertions of the form (TRUE
(proposition) time) to be passed 1o MARS. If the time is the current time then this new proposition
is asserted directly - to pass back to the Palladio interface. Otherwise rime will be in the future and
MARS stores the propnsition on a heap for later assertion. MARS also provides a mechanism for

checking propositions for a given time to ensure that the same proposition is only asserted once.

MARS

MRS

LOOPS INTERFACE NEW STATES

SIMULATOR RULES

Figure 5. System interface

The above description glosses over a few facts. Ports are objects but do not have behavior,
only serving to connect components with the outside world. So the Port class is not a sub-class of
BehaviorObject. When a proposition is asseried where the object is a port then the simulator
interface applys the rules on the externally connected wire and cither or both of the port's

component and the internally connccted wire, depending on the simulation mode for the

component. When only the top level behavior is 1o be used then only the component's behavior




