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Abstract

DLSim 3, is a GUI-based digital logic simulation pro-
gram developed by Richard Salter at Oberlin College, ex-
tends the capabilities of such programs through the use of
Java plug-ins. DLSim 3 makes it it possible to use the soft-
ware for digital design at higher levels of abstraction. With
DLSim 3, we are able to present the many levels of circuit
design in a single environment, from low level combina-
tional and sequential circuits through models of complete
CPUs. This paper shows how DLSim 3 has been used in
the classroom to model several CPUs well known to educa-
tors, and to support creative efforts on the part of students
of Computer Organization.

1 INTRODUCTION

Many excellent GUI-based logic simulation systems
have been developed and are available for download [1, 2, 3,
5, 8]. These systems are very useful for studying basic com-
binatorial and sequential circuits. While they generally all
provide some abstraction mechanism (“black boxes™) that
permits circuit reuse, they are limited by their GUI based
environments to relatively small models.

DLSim 3 [9, 10, 4] joins this group but goes beyond these
efforts through its innovative use of Java plug-ins. A plug-
in is a software module, written in Java, which is added
to DLSim’s design platform and can be used as a compo-
nent in more complex circuit designs. The user can write
Java modules that simulate higher-level logic components
(i.e., memories, registers, ALUs) which supplement DL-
Sim’s collection of built-in components. The plug-in facil-
ity is built around an interface that describes what functions
a plug-in must perform in order to be installed in the sys-
tem, and an API of functions which support the writing of
plug-ins.

Plug-ins allow the simulator to scale up to whatever level

of abstraction is appropriate in a course. For example, at one
stage in a course, students might be asked to design an ALU
using only logic gates. Later, when studying CPU design,
the instructor might provide an ALU plug-in to be used as a
component.

In addition, plug-ins can perform I/O, either GUI-
oriented user interaction or file operations. For example, we
have written plug-ins which can load a microprogram from
a file, store results of a simulation to a file, and provide an
interactive keypad for a simulated calculator.

The design philosophy behind DLSim was described by
Salter and Donaldson in [10]. In this paper we describe
how we have used DLSim to visually simulate the CPU de-
signs of Patt and Patel [6] and Warford [12]. With these
designs, we have been able to illustrate important CPU de-
sign concepts such as datapath construction and and control
unit design. In addition, we describe how we have used DL-
Sim in the classroom in the Computer Organization course
at Oberlin.

2  Plug-ins

The power of DLSim 3 to model large-scale circuit com-
ponents, such as RAM chips and CPUs, is achieved through
plug-ins. Plug-ins are described in detail in [10]. Here we
give a brief summary.

A plug-in is a Java class which represents a circuit com-
ponent. Every plug-in is a subclass of DLPlugln, which
gives it the basic structure it needs to fit into the DLSim 3
simulation engine.

By default, DLSim 3 displays a plug-in as a rectangle
with inputs on the left and outputs on the right. The pro-
grammer may, however, provide a customized view for the
plug-in by writing a separate view class.



3 CPU design

DLSim simulations for the well-known CPU models Mi-
croMIPS [7] and Mic-1 [11] are given in [4]. To these we
now add LC-3 [6] and Pep/8 [12].

3.1 LC-3

The LC-3 CPU is a 16-bit RISC architecture that forms
the basis for the study of assembly language and computer
organization in Patt and Patel [6]. There are 8 16-bit gen-
eral purpose registers and a 64K word-addressable memory.
The instruction set, described by Patt and Patel as “rich, but
lean,” consists of 15 instructions. All instructions are 16
bits long, with a 4-bit opcode.

Implementation of the LC-3 in DLSim 3 was facilitated
by the level of detail that is provided in Patt and Patel, and
by the simplicity of the design itself. Our datapath follows
closely the logic diagrams presented in the text.

The LC-3 control unit uses a microprogram consisting
of 49-bit microinstructions, 39 bits for control signals and
10 bits used for microinstruction sequencing. It is imple-
mented with a 26 x 49 bit control store and a hardwired
microsequencer. In our DLSim 3 version of the control
unit, we used the microprogram from the text, but we used
a different approach for its implementation. Instead of the
control store and microsequencer, we used a finite state ma-
chine plug-in that has the functionality of the two combined,
and which we could use for both the LC-3 and the PEP/8.

3.2 PEP/8

The PEP/8 CPU [12] is an educational CPU designed by
J. Stanley Warford at Pepperdine University. It is a CISC
architecture with a set of 39 machine instructions, each of
which is either one or three bytes long. Eight addressing
modes are supported. Memory consists of 2'6 bytes. In
contrast to the MicroMIPS and LC-3 CPUs, this machine’s
ISA-level architecture is significantly different from its mi-
croarchitecture. At the ISA level, it is a 16-bit CPU, with
two 16-bit registers (an accumulator and an index register)
and a 16-bit external databus. ISA instructions operate on
16-bit quantities. Internally, however, it is an 8-bit machine,
with an 8-bit ALU, a set of 32 8-bit registers, and 8-bit
internal buses. The two programmer-visible registers are
mapped onto pairs of the internal registers. To perform an
ISA instruction (e.g., add, and) on two 16-bit values, it is
necessary to use two cycles of the datapath through the 8-
bit ALU.

As with the other CPUs, the PEP/8 datapath, shown in
Figure 3, was laid out using a combination of plug-ins and
gate-level components, following the design presented by
Warford. Plug-ins were used for most of the components,

including muliplexers, adders, sign-extenders, the register
file, and the finite state machine-based control unit. Two
versions of the ALU were implemented: a plug-in version
and a deep circuit version.

The size and complexity of the PEP/S instruction set (39
instructions, 8 addressing modes, 2 instruction lengths) led
to an increase in the complexity of the microprogram used
to implement it. In addition, it was necessary to design our
own microinstruction format. We were able to implement it
using the same FSM plug-in component that was used for
the LC-3. The microprogram is loaded from a file, making
it easy to modify.

4 Design Issues

Component Reuse. In general, we have tried to reuse
components wherever possible. DLSim facilitates compo-
nent reuse through parameterization of plug-ins. For exam-
ple, the MUX plug-in that we use in all of the CPU designs
has parameters for the number of inputs to select from and
the bit width of the inputs. The same Register File plug-in
is used in the MicroMIPS (32 32-bit registers), the LC-3 (8
16-bit registers), and the PEP/8 (32 8-bit registers). On the
Mic-1, the CPU registers have a more irregular structure,
so a custom plug-in was used. Other examples of reusable
components are plug-ins for a single n-bit register, an n-bit
adder, a mxn random-access memory. and the FSM plug-in
described in the next subsection. On the other hand, some-
times the irregularity of the components dictates the cre-
ation of custom plug-ins. The ALUs of the four machines
are significantly different with respect to their implemented
functions and function encoding, so each of these was de-
signed as a separate DLSim component.

Control Unit Design. The four CPUs we modeled dif-
fer most significantly in their approach to control unit de-
sign. The Mic-1 is fully microprogrammed, allowing for
implementation of long code sequences in a single ISA-
level instruction (e.g., JVM’s InvokeVirtual). All of the ver-
sions of the MicroMIPS use hardwired control (Patterson
and Hennessy present a microprogrammed version in their
text which we did not implement.) Every instruction re-
quires the same number of clock cycles; the “control unit”
is really just a decoder for the opcode bits of the instruction.

Both the LC-3 and PEP/8 are microprogrammed. Patt
and Patel provide a complete microprogram in the form of
a flowchart; translating the flowchart into binary microoper-
ations is left as an exercise. Microinstruction sequencing is
performed by a hardwired component, using a clever map-
ping of opcode bits. Warford, on the other hand, does not
describe the control unit of the PEP/8 in detail. The require-
ments for these two control units are essentially the same:
they both require a microinstruction sequencer that can step
through a microprogram. The sequencer can be modeled as
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Figure 3. Pep/8 Data-path (subsection)

a finite state machine (FSM), which we implemented as a
plug-in which is used for the control units of both the LC-3
and the PEP/8. The inputs of the FSM are the clock and
several feedback lines; its outputs are the control signals.
Internally, it keeps a state register (actually just a Java vari-
able) to maintain the current state of the FSM, a transition
table for the FSM, and an output table. The microprogram
is loaded into the tables from a file prior to starting the ma-
chine simulation.

Plug-ins vs. Deep Circuits. DLSim 3 provides two
ways to scale a design up to large-scale circuits. In addition
to the plug-in facility, it is possible to build larger circuits
using only basic gates by building several layers of progres-
sively more complex components, using the card and chip
abstractions described in [10]. We call this the deep circuit
approach. A good example of this is found in the design
of an ALU. It is complex enough to warrant a layered ap-
proach, but not so large that it would overwhelm the simu-
lator if implemented at the gate level.

The ALUs of both the Mic-1 and the PEP/8 have been
implemented both as plug-ins and as deep circuits. Figure 2
illustrates the deep circuit version of the PEP/§ ALU. Each
box in the figure is a functional component performing a
different operation: And, Or, Add/Subtract, etc. Clicking
on any of these components will show a deeper circuit dia-

gram, illustrating how it is designed using lower-level com-
ponents, and so on, until all of the components are com-
prised only of gates.

Both approaches have pedagogical value. With a deep
circuit, the hierarchical view of digital design is made clear.
With a plug-in, the focus can be placed on the functionality
of a component as a black box, while hiding the details of
its implementation.

5 DLSim in the Classroom

At Oberlin College, the computer organization course
is offered once per year and covers binary and hexadeci-
mal arithmetic, digital logic, assembly language program-
ming, and microarchitecture/microprogramming. The dig-
ital logic unit lasts about 3 weeks, with one homework as-
signment using DLSim to construct a circuit. Because of
DLSim 3’s capacity to model a complete CPU, it is also
being used in the microarchitecture unit of the course to
demonstrate the Mic-1.

5.1 Computer Organization Assignment

DLSim 3’s plug-in feature has allowed for a more cre-
ative approach to the circuit design assignment. Students
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a) b)

Figure 6. Fireworks Generator:

were provided with plug-ins used to model visual display
elements and drivers, such as color tiles and LED displays.
They were required to implement a periodic display con-
sisting of either a moving or flashing sign or a color dis-
play. The display could include randomness, but could not
be simply random; i.e. it had to have some periodic repeti-
tion that required the implementation of a counter.

The students received a plug-in archive containing the
following display elements:

e LEDDriver: a component that forms letter and nu-
meral patterns on a 7-segment LED;!

e Pixel and SuperPixel: a tile that displays, respec-
tively, 8 and 2% different colors;”

e PRNG: a pseudo-random number generator;
e FSM: a finite-state-machine-based control unit.

As an example of the moving sign, the students were
given the circuit shown in Figure 4. The 16 LEDDrivers
can be seen in the upper left part of the figure. The spin-
ners in the LEDDrivers allow the user to program the sign’s
message. In addition to the sign itself, which uses DLSim
7-segment display components, colored tiles (SuperPixels)

I The 7-segment LED is a standard component in DLSim.
ZInitially only the Pixel was distributed; the SuperPixel was added by
popular demand.
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appear above the message. Each tile’s color is determined
by the bits used to configure the letter appearing in the cor-
responding LED. The colors move with the letters, from
right to left, producing a “marquee” effect. Note that the
control logic for this circuit is contained in the travsign and
ctr4 chips; consequently this circuit could be distributed to
students as a live example without also providing a solution
to the assignment.

A second example is shown in Figure 5. The display is a
square of 9 Pixel plug-ins that rotate through a “dice”-like
presentation of the numbers 1 - 6. Each number is displayed
using a different color from the 3 primary (red, green, blue)
and 3 secondary (cyan, yellow, magenta) colors displayable
by a Pixel plug-in. Once again, the dicedemo chip allows
this circuit to be safely distributed.

5.2 Results

The resulting student projects were ambitious and
showed great design ingenuity. (Running version can be
viewed as applets at http://www.dlsim.com/demos.html .)
They include a sign that flashes in a periodic pattern and a
color “snake” that travels through a square display. Here is
the description of a DLSim Fireworks Generator shown in
Figure 6.

This circuit simulates exploding fireworks. It
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consists of a counter which turns on a single
bit from the LSB to the MSB of 8 bits in se-
quence. The counter is modified so that the final
JK flip flop does not feed back to the first. This
causes the circuit to switch between 01010101
and 10101010 when the first flip flop’s input is
0. The circuit implements a control which allows
the user to “shoot” a firework. This causes the
first flip flop to output a 1, then a 0, then a 1, and
so on until the shoot button is turned off. The al-
ternating 1’s and O’s ripple through the rest of the
flip flop outputs. The flip flop outputs are sent
to circuits which trigger random number gener-
ators, then filter out Os, then gate the output so
that O is output unless the specific flip flop is out-
putting 1. This number is then sent to a pixel.
Each pixel represents a ring of the firework, with
the top pixel representing the center ring.

Motivated by the high impact of the display elements, stu-
dents lent their creative energies to designing unusually so-
phisticated circuits. They organized their designs in a hi-
erarchical fashion, and showed uncharacteristic patience in
fashioning their designs into running models.

5.3 Advanced Course

Beyond the Computer Organization course, DLSim 3 is
appropriate for use in independent student design projects
and more advanced courses. We have supervised several
students in a variety of projects which were described in
detail in [4]:

e writing a cache memory plug-in and interfacing it to
the MicroMIPS processor model;

e designing a hand calculator which used the Mi-
croMIPS for its computations. This project involved
writing a plug-in to represent the calculator keypad and
display, and interfacing it to the processor;

e writing a plug-in to represent a PLA;

Oberlin also offers an upper-division elective in Computer
Architecture which covers topics such as pipelining, cache
memory, and multiprocessor design. Because the course is
not offered on a regular basis, we have not yet had the op-
portunity to use the new features of DLSim 3 in the course.
We do anticipate, however, that DLSim 3 will prove to be
useful in teaching the course in the future. In particular,
our model of a pipelined version of the MIPS processor,
described in [4], will be especially valuable in illustrating
concepts such as data and control hazards, stall cycles, and
forwarding.

6 Conclusion

DLSim 3 is a highly versatile software tool designed for
the design and simulation of digital logic circuits. Through
its use of software plug-ins, it is capable of simulating dig-
ital circuits of varying levels of complexity. The exam-
ples presented in this paper demonstrate some of the ways
that DLSim 3 can be used as a pedagogical aid in Com-
puter Organization courses. We have been successful in us-
ing it to simulate the CPU designs presented in the popu-
lar textbooks of Tanenbaum, Patterson and Hennessy, Patt
and Patel, and Warford, in order to demonstrate a variety of
implementation techniques; for example, hard-wired con-
trol, microprogramming, and pipelining. DLSim 3 has also
strongly motivated students to produce their own creative
circuit designs. We intend to continue to expand our library
of plug-ins and circuits, which are available, along with the
DLSim 3 software, at our website, www.dlsim.com.
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