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" ABSTRACT

A fully automated and effective aid for computer system - ‘
design is of great interest in increasing designers effi- '
ciency and reduce costs. Such a system, which requires . ‘
unified and compatible tools for designing and analyzing
computer architectures is still missing. Inserted in a
research program by Professor Rigas to develop a complete
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automated design system, this werk focuses on designing a

formal language capable of describing the data flow of a
computer. The language is capable of describing the inter- .
connections between the major data flow components and the
control of the flow of information. Using this 1language,
several decompositions of the intended system can be speci- a

fied and studied to find the optimal one. /;-/;,‘ o i
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I. INTRQDRUCTION

A. THE DIGITAL SYSTEM DESIGN PROCESS

The major factor influencing digital system design has
been the rapid evolution of semiconductor technology.
Whereas in the recent past, digital systems employed wvacuum
tube circuitry, today digital systems are built from IC
chips containing ten thousand or more gates, and the number
of gates per chip will grow in the near future. Digital
systems are complex structures of many gates. To deal with
such complexity, digital architects decompose these struc-
tures into functional blocks aggregating a number of gates
performing a well defined task. Two or more of these blocks
may form, in turn, a single but higher abstract block. For
the architect, each of these blocks is characterized by the
function it performs, the interface with other blocks, and
the time taken to perform its function. This means that a
digital system can be described at several 1levels of
abstraction.

The use of these abstract layers, allows a hierarchical
approach to the design process. Starting from a set of
specifications and applying a series of successive expan-
sions, the architect steps through the different levels of
abstraction in 4 top down fashion until the physical design
can be implemented using available technology.

In summary, design of large digital systems 1is a
complex, costly, and time consuming process. Therefore, the
development of automatic design aids to overcome these draw-

backs is of great interest.

B. THE ROLE OF DESIGN AUTOMATION
Design automation can be defined as the application of

today's computers to the design of tomorrow's computers. The

11
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major functions of design automation can be summarized as
follows:

¢ Replace the designer in tasks that are well understood
and where no decisions are to be made.

e

. * Assist the designer in making decisions by evaluating
the merits of various design alternatives.

LA

* Assist the designer in verifying the correctness of his
design.

4

Ly
v

It is not apparent that in the near future humans will ‘]
be fully replaced by machines in the design process. 3
Therefore, future systems will be the result of joint work =
of humans and computers. A CAD system should then make use :

of the best attributes of the computers (record keeping,

Ta e g e AT

searching and massive computational capabilities) and the -
best attributes of the user (pattern recognition and
rational thought).

[ 24
.
Py

Recently, a great deal of effort has been directed to

v ¥
v s

“y

! the development of techniques and tools for allowing
computers to perform the tasks described above. : i

r.

\ Unfortunatly, the design aids were developed independently

3 as the need for them arose, causing the following problems:

Wl

* lack of compatibility among the various design automa-
tion tools.

K]

. e u .
P BRI
.

¢ lack of extensibility to firmware and software.
- * usage complexity. -]

* poor interaction with the designer/user.

. KB
[

. * lack ~of unified database to provide consistency
3 checking through-out the design process.

-
.

O
....‘..‘ .

Consequently, an efficient automated design system is *
still missing.

PO
-




C. A PROPOSED COMPLETE AUTOMATED DESIGN SYSTEM
Figure 1.1 shows a model for a complete automated design
process proposed by Professor Rigas. [Ref. 1]

user input
at conceptual level

algorithmic specification
of system

gate level specification
of system

Figure 1.1 A Complete Automated Design System.

The upper portion of Figure 1.1 concentrates on gener-
ating a high-level hardware/software description of the
system from a description of the problem to be solved.

The middle portion focuses on generating a design
language suitable for describing the flow diagram of a
system. Using this language, several decompositions of the
intended system can be specified and studied to find the
optimal decomposition.

The lower part concentrates on the gate implementation
of the system. A hardware description language and an event
driven-driven simulator capable of analyzing hardware
performance at the gate-leval have been developed and
tested. [Ref. 2]
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This work focuses on the middle portion of Figure 1.1
Its goal is to design a formal language capable of
describing the data flow of a computer system.

14

S AT S S . e waTe et e e, e BT T e R e T e e N At e
SR AT ANy . O R PSR S ST ST I O e e et A ta e et st adn et s Catlal 7 Ny




“ufrug S i

II. BACKGROUND

A digital system is any interconnection of digital hard-
ware modules assembled to process digital information.
Digital information simply means that information is repre-
sented by signals that take on a discrete number of values
and is processed internally by components that normally
function only in a limited number of discrete states. State
refers to 'the property of a machine which relates the
inputs to the outputs in such a way that knowledge of the
input time function f(t) for t2 t; and the state at t=tj
completely determines the output for all t2tg " [Ref. 3:p.
292]. For reliability purposes, digital systems use compo-
nents that take two discrete states, meaning that the infor-
mation processed by them is binary information.

The major components of a computer system are the
Central Processing Unit (CPU), the Memory Unit and the
Input/output devices, as shown in Figure 2.1.

Memory
I @ ﬁ 9
n | t
=> 8 Central p —>
v > PrI(}cgstsing > u
ni t

Figure 2.1 Block Diagram for a Digital System.

15




To accomplish its task, a computer must be supplied with
information to be processed (the DATA), and with information h

to guide it in performing its work (the CONTROL). The E
Central Processing Unit of Figure 2.1 can be conceptually =

broken into two parts as shown in Figure 2.2. R

:

X

control vector —

2

CONTROL DATA o

FLOW instruction vector FLOW :
and status vector "z

J Figure 2.2 The DATA FLOW and CONTROL FLOW Components. N
The DATA FLOW (or DATA PATH) component is the one that E;

manipulates the data. The DATA FLOW is capable of accepting, s
processing and delivering data. The building ©blocks o
comprising the DATA FLOW are called DATA FLOW components. .

g They are the Memory Block and the Functional Unit intercon- :$
s nected by buses. $5
: The CONTROL FLOW (CONTROL PATH, CONTROL UNIT or simply t
CONTROLLER) provides the control signals which guide the .

data in the DATA FLOW. =

’ The DATA FLOW and CONTROL UNIT components are physically -

built from digital logic blocks, elements or gates. Digital

logic gate-level blocks are the primitive or basic decision -

elements such as AND and OR gates, and primitive 1l-bit :

memory elements called flip-flops. E

A. BINARY VECTORS =

| Binary information in digital systems is stored in
! memory devices. A memory device consists of a number of

storage cells, each of which can store a binary digit, or

16
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bit. Since one bit represents only a very small amount of
information (it can only have the value 0 or 1), bits are
seldom handled individually; instead they are handled in
vectors. A vector of n-bits, which together convey an item
of information, is called a word, and n is called the word
length.

The information in a word is obtained by assigning
specific weights to the bit positions. The bit with the
least weight is the Least Significant Bit (LSB) and the bit
with the most weight is the Most Significant Bit (MSB). The
bits within the word are depicted from the left to right,
bit 0 through bit n-1 if the MSB 0 numbering convention is
adopted or from right to left if the LSB 0O scheme is in
used. The latter is the one adopted throughout this work.
Thus, the binary vector V<3:7> has length five, its least
significant bit is bit 3 and its most significant bit is bit
7, as shown below:

vV = (V7 ’V6 ,V5 ,V4 ,V3)

Words may be used to stand for data or control. Control
information is a string of bits used to specify the sequence
of command signals needed for manipulation of the data in
the Data Flow. Data are binary numbers and other binary-
coded information that are operated on by the Data Flow
components.

B. BUSES

To reduce the number of wires necessary to comprehen-
sively interconnect system devices, buses are used. A BUS is
a parallel group of wires, grouped together because of simi-
larity of function, which connect two or more devices. The
devices that have their outputs connected to the bus are the
SOURCES of the bus, and devices that have their inputs
attached to the bus are the SINKS. In Figure 2.3 a), S is a
source for the TBUS and A,B,C and D are the sinks. The

17
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number of wires grouped together determines the WIDTH of the
bus, e.g., the maximum length of the binary vector that can
flow through it. These signal wires are used to transfer
data from a source to one or more destinations.

[ s ]

l;\]—lrnl-—]rjc}jliﬁ

load A load B load C load D

a) Unidirectional Bus

load A A load B

read A read B

read C read D

load C load D

b) Bidirectional Bus

Figure 2.3 A Bus System. -

Buses may be of two kinds:

¢ Unidirectional buses.

¢ Bidirectional buses.

18
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An unidirectional bus is a bus that have only one
source. A bidirectional bus is a bus that can have more than
one source, but not more than one source can be active at
the same time. This being the case, coordination logic at
each possible source is necessary, in order to avoid more
than one device driving the bus at the same time.

The techniques used to accomplish this are:

Using multiplexers. [Ref. 4]
Open-collector. [Refs. 5,6]
Tri-state drivers. [Refs. 5,6]

The transmission gate. [Refs. 7,8]

The transfer of information from a bus into one of many
possible destinations is accomplished by connecting the bus
lines to the inputs of all destination devices and enabling
the particular device selected by activating its 1load
control signal. Figure 2.3 shows an unidirectional bus with
four destinations and a bidirectional bus connecting four
devices.

To reduce the number of control lines, the LOAD and READ
are generally encoded, as illustrated in Figure 2.4.

The inputs to the decoder represent the address of the
device for which the READ or LOAD signal is to operate on.

C. FUNCTIONAL UNIT

A FUNCTIONAL UNIT is a combinational logic device which
accepts one or two n-bit input vectors and generates an
output function § = Sn-15+--15¢ which is related to the
inputs by boolean logic.

Because an arithmetic binary operation assigns a binary
vector for all possible combinations of the input vectors,
it can be described by a truth table. A truth table is way
for describing the behavior of a combinational circuit. As a

result, arithmetic binary operations can be physically
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load -

address

|

Tmo0onNm

o
- d
a

D
el o
—

read (C) E@

address D ;,$
E K,
R

read j

Figure 2.4 The Use of a Decoder to Save Control Lines.

realized by combinational circuits. This means that the
Functional Unit output vector may represent the result of
either a logic or an arithmetic operation on its inputs.

An operation-selection vector determines what specific
function is to be generated. Additionally, the functional
unit may provide a status vector containing information
about the output (overflow, zero, carry out, parity, etc.).
Figure 2.5 shows the block diagram for a functional unit.

Each of the operations performed by the functional unit
corresponds to a functional path between the inputs and the
output. By activating the proper bits in the operation-
selection vector, it 1is possible to select a particular
path, thus choosing a particular operation to be performed.

The Functional Unit is combinational logic because its
output does not depend on the past history of the device,
but rather is strictly a function of its inputs. The

Functional Unit has no memory. Its operation is not invoked

20
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A input vector B input vector

\/

function-
selection FUNCTIONAL status vector
vector UNIT

¢

S output vector

Figure 2.5 The Functional Unit Block Diagram.

by a clock. The only timing consideration is that the output
validity is subject to propagation delays.

When the inputs of a logic gate change, the output of
the logic gate output does not respond instantaneously to
the change. A propagation delay must be paid before the
output stabilizes to the new value as 1is illustrated in
Figure 2.6 for an inverter element.

The fall and rise delays are not equal nor fixed. The
fall and rise delays depend on such factors as temperature
and fan-out. Because of these variations, logic designers
use Worst-case Propagation Delays (the maximum possible
propagation delays), Best-case Propagation delays (the
minimum possible propagation delay) and Average Delays. The
period of time between the worst-case delay and the best-

case delay is called the Ambiguity Region, sometimes refered

to as Propagation Skew.
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'
,
a) Block Diagram r
. "
— t.rr :‘—- 2
IN : i
ouT : XXX ;:
— tre ;__ -
"" - best-case propagation delay (rise) '_~.
¢¢, - worst-case propagation delay (rise) -'
Ly

b) Rise Delay

— Ty 3
. IN | : :::
: — ty — -
b (;‘ - best-case propagation delay (fall) M
: i" . worst-case propagation delay (fall) ;
. c) Fall Delay 3
Figure 2.6 Timing Diagrams for a Simple Inverter. ?
- It is not uncommon to estimate the propagation delay of f
a cascade of logic gates as the sum of the individual gate n
. delays as shown in Figure 2.7. :
: Each Functional Path is a cascade of 1logic gates. o
' Therefore, each one has a propagation delay. For the system )
: point of view, the Functional Unit propagation delay is the a
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a) Block Diagram
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e

LW P L@ 4!

— tpcas) ——
{?“” propagation delay for A
i,(a)- propagation delay for B
éf‘c)- propagation delay for C

{f“AS) - propagation delay for the cascade

b) Timing Diagram

Figure 2.7 A Cascade of Inverters.

maximum of the propagation delays of its paths, e.g., it is
the time necessary for a change in its inputs to propagate

to the output through the slowest path.

D. MEMORY DEVICES

Memory devices are devices capable of storing informa-
tion. With a wvariety of such devices, such as magnetic
disks, tapes, bubble memories, RAM's, ROM's and registers,
this work only contemplates those made from semiconductor
devices, which are the memory devices found in the Data Flow

of a system. Two major categories, based on construction,
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of devices exist. The following subsection will discuss
memory devices built from combinational logic. The memory
devices that are sequential circuits will be analyzed in
subsection 2. The information in the system is as binary
vectors or words each of which is stored in some location
that can be referenced through an identification number
called the ADDRESS.
1. ROM's and PLA's

A read-only memory (ROM) is a memory device from
which it 1is possible to read but into which it is not
possible to write. The contents of the memory are fixed and
unalterable. Because a ROM is a combinational circuit, the
only time constfaint is the propagation delay, in this case
called the Access Time. When a K-bit address is presented to
a ROM, a stable m-bit output vector is delivered following
the access time. The memory contains Zk words, called
p-terms, one used for each possible combination of the
address lines., The word length is m bits and a distinct
physical word is permanently stored for each of the ok
distinct p-terms of the ROM. A ROM of size m x n is a ROM
storing n binary vectors of length m.

Like a ROM, a PLA has k address lines and m output
lines. However, a PLA does not use all possible combinations
of its address lines, in other words, it has fewer p-terms
than a ROM with the same number of address and output lines.
As a result, an important specification for a PLA is the
number of p-terms it has; this number represents the number
of AND gates available. The outputs of each of these gates
can drive or not drive each of m OR gates. The AND gate
section of the PLA is called the AND-array and the OR gate
section the OR-array. The PLA, then, is a direct way to
realize a two level combinational circuit of the AND-OR
type. PLA's can be used on Control Units as memory or in

the Data Flow as realizations of systematic operations on
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data words such as addition, multiplication or sign
extension.
2. Repgisters and RAM'S

Registers and RAM's are sequential circuits devices.
Sequential circuits are circuits, which involve feedback,
and exhibit the feature that the outputs depend not only on
present inputs but also, to some extend, on the past history
of the inputs. This means that a sequential circuit has
memory. What is remembered is stored in a flip-flop, the

]

simplest sequential circuit.

a. Flip-flops

Flip-flops can be classified according to the

way they are clocked and to the way they are controlled.

Table I shows the categories of flip-flops.

TABLE I
FLIP-FLOP CLASSIFICATION

a) According to the way they are clocked:

1) level-sensitive (data latch)

2) edge-triggered

b) According to the way they are controlled

1) set and clear
2) D type
3) J-K flip-flop (only edge-triggered)

Presently the most widely used flip-flops are of

the level-sensitive and edge-triggered types. Figure 2.8

shows the block and timing diagrams for a Data latch.
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tps - propagation delay for G input
t‘,p - propagation delay for D input (fall)
tpg - propagation delay for D input (rise)

b) Timing Diagram

Figure 2.8 The Data Latch.

Note the two different sources of propagation
delay: the propagation delay associated with the D input and
the propagation delay associated with the G input. Also
important is the concept of setup time and hold time. Setup
time is the minimum time that input D must be stable prior
to the deactivation of G, to guarantee that a known value is
latched. The hold time is the time during which data will
be steady and valid after control point G has been
deactivated.

A block and timing diagrams for a D edge-
triggered flip-flop is shown in Figure 2.9. The sampling
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interval is the time during which the D input must remain
stable to guarantee a correct value at the output and is
equal to the sum of the setup time and the hold time. The
output hold time is egual to the best-case propagation

delay.

DRTR CUT
DRATA IN

CLK

a) Block Diagram

A R

D X XIDara_streLe PO
a8

g Ao vRLE - DO NEw vALue

tsu - setup time
Ly - hold time

14, - output hold time (= best case-
propagation delay)

ff - propagation delay {= worst case-
propagation delay)

Q - ambiguity region

b) Timing Diagram

Figure 2.9 The Edge-Triggered Flip-Flop.
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3. Resisters ”

: Registers are composed of individual flip-flops, C;
' usually edge-triggered or data latch, with common control :
and clocking signals as illustrated in Figure 2.10. =
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1 Figure 2.10 A Register as an Array of Flip-Flops. f
The number of flip-flops in a register dictates the 2

maximum binary vector that can be stored in it, e.g., the -

: length of the register. For locality purposes each register f
\ Ce
' is identified through a unique name (address). <
A RAM can be thought as an array of registers built '

from data latches. Each of these registers is refered to by ﬁ?

an address which differentiates them within the array. The “E

Ram is two-dimensional, because the length of the individual
registers defines the word 1length while their number
dictates the number of words that can be stored in the RAM.
The notation "2048 x 4" means that RAM contains 2K 4-bit
words and is refered as the size of the RAM.

In general a RAM cannot perform a READ and a WRITE
operation simultaneously and therefore only one control
signal is necessary. While the WE (write enable) control

signal is not active the contents of the register whose
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address is in the 'address input, is present at the RAM
output. By activating WE the value of the data input is
loaded into the register. In fact memory chips have an addi-
tional control signal, the Chip Select which when activated,
enables the RAM to behave as described. Figure 2.1l1 shows
the block and timing diagrams for a RAM.

Note that WE can be thought as the G input for the
latch of Figure 2.8.

An important measure of the speed of a RAM, besides
the memory access time, is the memory cycle time, e.g., the
minimum time delay required between the initiation of two

independent memory operations.

E. THE CONTROL UNIT

The behavior of a digital system is characterized by
transfers of binary vectors between memory devices through
data paths in the DATA FLOW.

The CONTROL UNIT is a finite-state machine whose func-
tion is to control these transfers. The Control Unit uses
inputs from the system clock to derive timing and control
signals which regulate the data transfers associated with
each instruction (this is only true for synchronous machines
which are the ones considered in this work). The Control
Unit also accepts as an input vector the contents of the
instruction register and the status vector, and generates an
output vector of control signals.

The Control Unit cyclically steps through a finite
number of states, the CONTROL STATES. Based on the present
state and the value of the input vector, the Control Unit
changes to a new state in synchrony with the system clock.

Typically, the Control Unit must stay in a control state
for a period of time long enough to allow the slowest data
transfer in the Data Flow can take place. The cycle of the
Control Unit is called the MACHINE CYCLE and it may comprise
one or more control states depending upon the architecture
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address ::>

RAM : > data out
data in ‘_——'l>

WE - write enable

f f CS - chip select

WE CS

a) Block Diagram
| CS |

. . . . ‘. .

.o f WE

P e tusde stumds
P Lvqg — ——Lwna —o
. .
——— fusey —!

s

Lisses - write setup time for chip select
fu_;q - write setup time for address
tusd - write setup time for data

Eumd - write hold time for data

6.;“ - write hold time for address
Lumes - write hold time for chip select

b) Timing Diagram

Figure 2.11 The Read-and-Write Memory.

of the system (specially the address modes implemented) and
the particular instruction to be executed.
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vector -
Figure 2.12 The Control Unit Block Diagram. :
The Control Unit may be hardwired or it can be imple- .
mented using a technique, first presented in 1951 by M. V. :
Wilkes, called microprogramming. <

CONTROL STEP
clock ==& " OUNTER

Ve ~