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ABSTRACT

This paper begins attacking the problem of multi-level compiled simulation by
presenting a solution to the problem of independent compilation of subcircuits. The
solution to this problem is an interface data-structure that contains a public section for I/O
ports and a private section that contains internal signals and maintains internal states. One
data structure is created for each instance of a subcircuit. The data structures are retained
by the circuit-simulator that contains the instance, but are created by the ssmulator for the
instance. This technique prevents changes in the subcircuit from forcing the recompilation
of al circuits containing instances of the subcircuit. Since subcircuits can be compiled
independently of one another, they can be compiled using different compilers.
Furthermore any subroutine that complies with the interface specifications can be
incorporated into the simulation. Tranglation tables are used to move one logic-system to
another. Finally, the paper discusses compilation techniques for cyclic circuits.
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EXTENDED SUMMARY

1. Introduction

Recent papers have described complied simulation of circuits at various different levels
[1][2][3]. Compiled smulation is appealing because it has the potential for providing much
faster simulations than can be obtained using conventional interpretive methods. On the
other hand, because circuit compilers are much slower than the simple parsing algorithms
used by conventiona simulators, changes in the circuit take more time. The problem is
compounded by the fact that most existing circuit compilers must recompile the entire
circuit even if only a small portion of it changes. Although independent compilation of
subcircuits would reduce the time needed to make changes, it increases the complexity of
the circuit compiler. Because of the complexity of circuit compilation, it has made sense to
avoid the additional complexity of independent compilation. Although there are still many
problems to be solved, circuit compilation is now well enough understood that it istimeto
begin focusing both on independent compilation and the problem of integrating different
levels of compiled smulations.

Multi-level smulation is appealing because it allows a circuit to be designed piece by
piece, and allows new portions of the circuit to be verified as they are completed[4][5].
Conceptually one could begin with a behavioral simulator to "prove the concept,” and
gradually replace parts of the s mulation with logic-level or switch-level models. Currently
our compiler supports the behavioral level, the algorithmic state-machine level, the RTL
level, and the logic-gate level. At this time we support the behavioral level by allowing
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subroutines written in conventional programming languages to be integrated with the output
of our compiler, but we are in the process of designing a true behavioral-level language. At
the RTL level we support microprogramming of both ROMs and PLAs. We aso support
simulations at the switch level by integrating the output of the COSMOS compiler[2] with
our output. Other extensions are planned.

Two less crucial issues that affect the design of a compiled simulator are the choice of
source and target languages. Although the choice of source language is somewhat a matter
of taste, two natural choices are VHDL[6] and EDIF[7], because they are published
standards. In spite of this, we chose instead to design simpler more compact language to
speed up laboratory work and reduce the time needed to teach the language. We have
designed translators to transform our language into EDIF, and we have designed our
software so that we could easily adapt it to some other source language should it be
necessary to do so.

The target language should be a machine language or some high-level language such as
C or PASCAL. Compilation will probably be faster if a machine language is chosen, but
the compiler will not be portable. If ahigh level language is chosen, code generation will
probably be easier and the circuit compiler will be portable, but the high-level language
must provide the bit-level operations needed for simulation. Using a high-level language
has the additional benefit of reducing the number of optimizations done by the circuit
compiler. Such things as eliminating consecutive NOT operations and performing constant
arithmetic can be |eft for the the high-level language optimizer. We have chosen to use C as
our target language because of its bit-level operations and because of the nearly universal
availability of UNIXT and C.

In the remainder of this paper we discuss the problem of interfacing the output of
separate compilations, and the integration of the output of different compilers. We aso
discuss the problem of generating code for various different levels of circuit descriptions.

2. Independent Compilation of Subcircuits

As stated above, the compilation processis simpler if one does not permit independent
compilation of subcircuits. Inthiscaseit isthe usual practice to flatten all hierarchically
specified circuits thereby allowing the code generator to deal with asingle circuit. Even if
circuit-flattening is not performed, the fact that the compiler can see the entire circuit at once
simplifies the passing of data between various parts of the circuit. For example, one can
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use global variables instead of parameters to pass data to subcircuits. On the other hand,
every change to the circuit, no matter how small, forces recompilation of the entire circuit.

Our initial experimentation with just such a compiler has pointed out other benefits of
independent compilation. We have found that flattening large circuits sometimes creates
programs that are too large for our C compiler. Furthermore, when we began adding more
and more different levels, we found that the compiler was becoming unmanageably
complex. In fact, we first began looking at independent compilation as a method for
integrating the output of several different compilers. (Although we use several compilers,
we are still able provide the illusion of a single compiler by splitting a multi-level circuit
specification into blocks and passing each block to the appropriate compiler.)

To see why independent compilation is difficult, consider the circuit whose block
diagram appearsin Figure 1.

G G

Circuit B Circuit B

Circuit A

Figure 1. A Hierarchica Circuit Description.

Circuit A contains two instances of circuit B, and each instance of B contains aflip-flop
named G. Let us assume that the state of G is maintained in a variable named G_value.
The simulator for circuit A must maintain two copies of G_value, one for each instance.
Now suppose we compile circuit B independently of circuit A, and suppose we add a
second flip-flop to circuit B. The simulator for circuit A must now keep track of two
variables per instance instead of one. Nevertheless, it is desirable to avoid recompilation of
circuit A unlessthe interface of circuit B changes.

Now, suppose it is necessary to monitor the output of gate G in one instance of B, and
suppose that the output is not a primary output of circuit B. In once sense this output is a
local variable of circuit B, but our need to monitor it forces it to be globally accessible.
Compilers that do not allow independent compilation typically solve this problem by
flattening the circuit and assigning all monitorable signals to global variables. For
independent compilation, a different solution is needed.



Our solution to these problems is the data structure pictured in Figure 2. We use one
such structure to represent each instance of an independently compiled subcircuit.

Primary Inputs

Public Primary Outputs

Primary In/Outs

Internal Nodes

Private Pointers to Data Structures
for Each Instance

Other Private Data

Figure 2. The Data Structure Representing an Instance.

The compilation of a subcircuit produces a single subroutine which must be called to
simulate each instance of the subcircuit. The address of a data-structure of the type pictured
in Figure 2 is passed as an argument to the subroutine. Before calling the subroutine, the
caller copiesthe values of the inputs into the data structure, and after the subroutine returns
the caller retrieves the values of the outputs from the data structure. The caller does not
touch the private section of the data structure. The private portion of the data structure may
contain many different kinds of data depending on the needs of the subroutine.

To avoid forcing a recompilation of the caller when the private section of the data
structure changes, the called subroutine is given the responsibility for creating and
initializing the data structure. When the subroutine is called with a NULL argument it
allocates and initializes a new data structure instead of performing a simulation. The
address of the new data structure is returned to the caller.

Toillustrate, suppose the circuit pictured in Figure 1 is being ssimulated. A simulation
kernel will be used to read user commands and test vectors, and to call the simulation
subroutine of circuit A. During initialization, the simulation kernel calls the subroutine for
circuit A with a NULL argument to create a new data structure for circuit A. The
subroutine for circuit A allocates a new data structure, and calls the subroutine for circuit B
with a NULL argument twice to allocate the data structures for the instances of circuit B.
Pointers to these data structures will be stored in A's data structure. Finally, the address of
A's data structure is returned to the simulation kernel. Because the states of all internal
nodes of al instances are accessible through the data structure, the simulation kernel can
monitor the state of any internal node.



To provide a "map" between the name of a particular node and the location of the
node's value in the data structure, the compilation of acircuit produces a dictionary file that
contains the name of all inputs, outputs, and internal signals. It also contains instance
names and subcircuit names for each independently compiled subcircuit used by the circuit.
The dictionary files are linked into amaster dictionary which becomes part of the simulation
kernel. The smulation kernel uses the dictionary to locate the current value of anode in the
data structure.

In any multi-level simulation, it is possible for different levels of the simulation to use
different sets of logic values. At the behavioral level, two-valued logic will usually suffice,
while at lower levels three, four, or more values may be used[8]. It is necessary for
different levels to communicate even though they use different sets of logic values. To
solve this problem we allow the user to include an empty definition of the subcircuit that
declares the logic-system to be used by all instances of the subcircuit. If such adefinition
is omitted the compiler will assume that the logic-system of the subcircuit isidentical to the
logic-system of the containing circuit. When the logic-systems differ, the compiler
provides a translation arrays to map logic values between the two systems. These arrays
are used when copying input values into an instance's data structure, and when output
values are retrieved from the data-structure. Some loss of accuracy must be expected when
trand ating between different logic-systems.

3. Integrating Our Compiler with Existing Compilers

Although our data-structure method is quite general, it requires us to write a new
compiler for each simulation level, even when there is an existing compiler for that level.
This entails an enormous amount of work, which we naturally wish to avoid. We would
prefer to integrate the output of existing compilers with the output of our own compiler, but
there are several problems that complicate such integration. First, the compiler may
generate code containing global variables, making it impossible to create more than one
instance of the circuit. Second the global variables may have identical names for different
circuits and the compiler may generate two different but identically named subroutines for
two different circuits. This makesit impossible to include instances of both circuitsin one
simulation. Third, the compiler may include code to parse test vectors and print output
which would interfere with our own input/output routines. Nevertheless, we have
developed procedures for integrating the output of "foreign” compilers with our own.

Our first step is to identify that portion of the compiler that generates code for
simulating one test vector. We retain this portion of the compiler and strip out everything
else. Next, we force the output of the compiler to be placed in a single output file and



modify the compiler to add a prefix to the name of each global variable. We then change
their declarations to make them static local variables. We add a library subroutine that
contains uninitialized declarations of the original global variables. This enablesthe code for
several circuitsto "time-share" the global variables. We can't ssimply eliminate the global
variables because they may be accessed by some common library routines. Next, we
modify the declarations of al generated subroutines to make them local subroutines instead
of global. (Sincethey are now all in onefile, their names will be known to one another.)
Finally we add aglobal driver routine that will be called to ssmulate the circuit on one test
vector. The driver routine performs a dynamic trandlation from our data-structures into the
form required by the generated code and takes care of time-sharing global variables.

As with subroutines generated by our own compilers, the driver routine allocates and
initializes a data structure when it is called with aNULL argument. In addition to the usual
contents, the data structure contains copies of all global variables used by the generated
code. When the global subroutine is called with a non-NULL argument, the global-
variable values from the structure are copied into the actual global variables. The data
structure is used to create one test vector, and the circuit is simulated once using this vector.
The output values and the values of all global variables are then copied back into the data
structure.

We have used this procedure to integrate subroutines generated by COSM OS] 2] with
output from our own compilers.

4. Interfacing with Non-Compiled Simulations

It is our intent to provide methods for integrating our compiled simulations with non-
compiled simulations of certain subcircuits. Thiswill enable us to take advantage of the
features of some widely available simulators while retaining the benefits of multi-level
compiled simulation. We have not yet implemented these procedures, so they remain
tentative. Although these procedures are straightforward they require modifications to the
non-compiled simulator, which tends to preclude their use with commercial simulators.

The compiled smulator must create a circuit description acceptable to the non-compiled
simulator, and must generate a driver routine similar to the one we use to integrate
"foreign" compiled code. Wheniit is called with aNULL argument, thisroutine initiates a
new process to run the non-compiled simulation, and creates a new data structure.. When
it is called with anon-NULL argument, the routine will create a new test vector, perform
the necessary interprocess communication to pass the input vector to the non-compiled
simulation and retrieve the output vector from the smulation. The non-compiled simulator
must also perform the necessary interprocess communication to receive its input vectors



and transmit its output vectors. Because the most sophisticated facilities for interprocess
communication vary widely from one version of UNIX to another, use of these facilities
may limit the portability of the smulator and the compiler.

Lee and Feng [14] have used a simular technique technique to integrate SPICE analog
simulations with aswitch-level digital simulator.

5. Generating Source Code

At most levels, generating code for individual objects (gates, equations, etc.) is
straightforward. The primary problem is scheduling the code for the various objects, i.e.
determining the order in which to generate code for the objects. A technique known as
levelized scheduling has been used for logic-gate and timing simulation[1][9]. Another
technigue known as data flow analysis has been used for logic-equation and switch-level
simulation[3][10]. We have chosen to use levelized scheduling, but either technique will
give acceptable results. We have also developed a technique called SCS scheduling that
gives more optimal schedules than either levelized scheduling or data-flow analysis for
certain types of circuits. See[11] for details.

Although these algorithms are well known, they are not complete solutions to the
scheduling problem. In their purest form, they can be applied only to acyclic circuits. For
high-level circuit descriptions it may be acceptable to ssimply prohibit cycleq 3], but in most
cases such arestriction would make the compiler practically useless. The major problemin
generating code is finding suitable techniques for handling cyclic circuits.

6. Generating Code for Cyclic Circuits.

Cyclic circuits can be handled in severa different ways. The simplest isto treat flip-
flops as primitive elements and insist that every cycle contain at least one flip-flop. The
circuit is then broken at each flip-flop and levelized scheduling (or data flow analysis) is
used on the result. The inputs of each flip-flop are treated as primary outputs, and the
outputs are treated as primary inputs. For this procedure to work properly it is necessary to
prevent the states of the broken flip-flops from changing until the entire circuit has been
simulated. To see why thisis so, consider the circuit illustrated in Figure 3.
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Figure 3. A Cyclic Circuit Broken by a Flip-Flop.

If the output of gate B is alowed to change the state of the flip-flop, the gates A and B
will see different valuesfor Q. (Thisis because A is further from the primary inputs than
B.) To keep the state of the flip-flop from changing at unpredictable timesis necessary to
use two variables to represent the state. One variable contains the current state of the flip-
flop and isvisibleto all gatesthat use the flip-flop's outputs. The other contains the future
state and isinvisible to all other gates. When the flip-flop's state changes, the change is
reflected in the future state variable, not in the current state variable. After all gates have
been simulated the future state variable is explicitly copied to the current state variable.

This procedure will produce correct simulations except when the new state of aflip-flop
needs to be immediately visible to another flip-flop (as in an asynchronous counter, for
example). One solution to this problem is to provide two types of flip-flops, one that
breaks and one that doesn't. The non-breaking flip-flop is treated as an ordinary gate, and
is alowed to propagate its output immediately. Since a non-breaking flip-flop cannot be
used to eliminate cycles, any cycle must contain a breaking flip-flop.

Another problem isthat some of the outputs of the circuit may appear to change one test
vector late. The correctness of the simulation is not affected, but it may be difficult to
compare output vectors with those obtained from a more accurate simulation. We are
currently designing modifications to the scheduling algorithm that will correct this problem.

The flip-flop breaking technique produces fast simulations, because no gate is
simulated more than once per test vector. However because feedback is not simulated
directly, there may be some loss of accuracy. In particular, glitches, race conditions, and
oscillations may not be detected. One method for providing a more accurate smulation is
to include an event queue and scheduler and perform an event-driven ssmulation asis done
by the COSMOS compiler[2]. We are investigating a different technique which we



believe will give us similar results, but will eliminate the overhead of handling the event
gueue. This procedureisnot yet fully operational, so these remarks are tentative.

We treat the circuit as adirected graph, find the set of strongly connected components,
and schedule the components using the levelized scheduling algorithm. If a strongly
connected component contains more than one element (an el ement is agate or anet) we flag
all back-arcs in the component, and schedule the gates as usual, ignoring the back-arcs. (A
back-arc is a net or a portion of a net that goes from a gate on level x to a gate on some
lower level y. The lower the level, the closer the gate is to the primary inputs.) The code
for the component is placed inside aloop that tests the values of the back-arcs and simulates
the component until no back-arc changes, or until a predetermined limit is reached. To
eliminate unnecessary evaluations, we place embed portions of the code inside "if"
statements that test for changes in the inputs. Much work remains before this technique
becomes fully operational.

7. Generating Code for Higher Level Circuit Descriptions

At the RTL and behavioral levels the most important issue seems to be the design of the
source language(s) rather than the procedures for generating code[12]. We have designed
several RTL-level languages[13], and have found most of the code generation to be
straightforward. We encountered a few problems in generating code for algorithmic state
machines and in generating efficient code for PLAs. We solved the problem of generating
code for agorithmic state machines by using a recursive procedure to generate the code for
each state. This procedure traces the flow of the state diagram, and callsitself recursively
to generate code for the conditional branches. We are still investigating the problem of
optimizing the code for PLAS.

8. Conclusion.

This paper has described methods for doing multi-level compiled simulations and
independent compilation of subcircuits. We have presented a data-structure method that
allows the output of independent compilations, as well as the output of many different
compilersto be integrated into a single smulator. Extensions of this technique can be used
to integrate existing compiled and non-compiled simulations with the code produced by our
compiler. We have discussed techniques for generating code for cyclic circuits. These
technigues, or some combination of them, can be used at many different levels. We have
used our compiler both in research projects and in the classroom with great success. We
believe that compiled simulation is an attractive alternative that will be widely used in the
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future, and we believe that the techniques described here will be of value to anyone who
wishes to construct a multi-level compiled simulator.
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