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Preface

The Air Force has seen a growing number of weapon
systems that employ some type of digital signal processing
(DSP). Many analog circuits are being replaced with
digital equivalent circuits. AFIT supports this trend
with courses, laboratory projects, and theses designed to
give students sufficient background in this area to satisfy
Air Force needs. The computer facilities in the AFIT
engineering laboratory are an important part of this
support.

One of the computer systems has recently had more
hardware added to it, making it potentially a very valuable
resourcé in support of DSP. This report describes what
was accomplished with the system.

Thanks to Professor Gary Lamont, advisor, who proposed
the topic and helped limit its scope. His interest, en-
couragement, and suggestions were invaluable. Thanks to
John Bankovskis, currently assigned to the Optical Sensors
Lab, who volunteered his time and expertise to assist in
the generation of the operating system. Thanks also to

Maj Lillie and Capt Kizer, my thesis-committee members.

Wayne Todd
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# \ Abstract
\
] NS
This project involved the integration of hardware

and software to develop a general purpose digital signal

processing (DSP)} laboratory based on a Hewlett Packard (HP)
21MX-type computer. The hardware included an HP 2108A
computer, HP 7906 disk drive, HP 26%8A graphics terminal,
Texas Instruments Silent 700 printing terminal, Remex

optical paper tape reader, two Analog Devices ADC-12Q7Z

analog-to-digital converters, and an HP 12555B digital-to- ¢
analog converter.

The operating system generated for the laboratory
was RTE-III. It is the latest version of RTE that can
be used with the currently available hardware. Scftware
support for I/0 devices not supported by RTE-IIT was
developed and implemented.

Four DSP applications programs were implemented and
tested.F;The first program performs both a fast Fourier
transform (FFT) and an inverse fast Fourier transform
(IFFT) of a complex function. The FFT and IFFT are
computationally efficient methods for time-to-frequency
and frequency-to-time transformations, respectively. The
second program designs a linear phase finite impulse
response digital filter. The third program uses auto-
correlation and covariance methods of linear prediction
analysis. The fourth program designs a finite word-length

infinite impluse response digital filter.

vii




Chapter 1 Introduction

This chapter begins with background information on
the motivation supporting this study. This is followed
by a brief look at the requirements for a general purpose
digital signal processing (DSP) laboratory, the extent to
which these requirements have been met, and the approach
taken. The chapter concludes with an introductory

description of the thesis project.

1.1 Background

The AFIT engineering laboratory has had an HP 21MX
computer system for several years. It has not been used
extensively by either students or faculty because its
limited peripheral devices and limited software support
made 1its use difficult. Recently, additional hardware
{e.g., disk drive, graphics terminal, memory) has been
added to the system which would potentially make 1t a
very valuable asset to AFIT engineering students and
faculty. These additional capabilities have not previous-
ly been exploited. Also, professor Gary Lamont, who is
responsible for the system's use, has designated it to
function as a DSP laboratory. DSP is an important part
of the engineering curriculum, and additional support
facilities are needed to meet the demands of a growing

number of students.

1.2 Reguirements
The basic requirement of the laboratory is that it

be user-oriented and provide hardware and software to




support most common DSP applications. It should also

be expandable to allow the integration of additional hard-
ware and software. The basic requirement has been divided
into six requirements for the purpose of discussion and
implementation. These are: 1) the operating system,

2) data acguisition, 3) data storage, 4) computatiocnal

tasks, 5) output display, and 6) user interaction.

1.3 Scope

This project investigated and demonstrated most of
the system's capabilities as they existed at the beginning,
and as they were added during the project. All the hard-
ware had been specified and ordered previously. Software
has been provided (including an operating system) where
necessary in support of the hardware. Also, several
DSP applications programs were taken from the literature
and modified to run on the HP system. Investigation of
the present capabilities led to conclusions about what
additions should be made to meet the ultimate design
goal. The recommended additions are presented as either

essential or desireable.

1.4 Approach

The first task was to investigate the requirements
for a general purpose DSP laboratory. This involved
both a literature search and personal conversations with
several people currently using DSP. The next task was

to generate an operating system (0OS). The 0OS provides

-




software support for most of the 1/0 devices used. It
also has program development and testing facilities that
were necessary later in the project. The OS was generated
on another HP computer system because a disk loader ROM,
which is necessary to load the OS into main memory, was
rot available early in the project.

Next, the hardware was configured. Most of it was
available from the start, but some (e.g., the disk
loader ROM) arrived later. RTE-III supports most of
the hardware, but software support had to be prcvided for
the A/D converters and the D/A converter. Four methods
of software support for the converters were investigated:
polling, interrupts, direct memory access, and system {
I/0 drivers. This developmen® followed the hardware
integration.

Finally, several DSP applications programs were

implemented and tested.

1.5 Overview of Thesis

Chapter 2 covers the requirements that have been
identified for the laboratory. The requirements are
a combination of observing similar systems and the
author's own judgement. Chapter 3 discusses the system's
hardware and support software, which together comprise
the laboratory's environment. The main subject areas
covered are the operating system, data acquisition,
data storage, and the output display. Chapter 4 is a

discussion of the DSP applications programs that have




been implemented and tested. The four programs presented

were taken from a textbook (Ref 7) and modified to run

on the HP system. Also presented, is a possible way to

use the system for real-time processing. Chapter 5 is a
discussion of the issues which have been addressed per-
taining to user interaction. Chapter 6 lists and justifies
numerous recommendations which would allow the DSP

laboratory to meet all requirements.




Chapter 2 Requirements

A literature search did not lead to any book, per-
iodical, or other document which specified and justified
either the hardware or software requirements for a general
purpose DSP laboratory. However, existing hardware and
software implementations were studied (Ref 4:433-441, 7,
10, 12, 18, 23, 25:655-657, 31, 32, 33, Appendix C) in
an attempt to determine the most common requirements,
and survey possible capabilities. Six basic requirement
areas have been identified: the operating system, data
acquisition, data storage, computaticnal tasks, output
display, and user interaction. Even though each of these
areas is discussed in a separate section of this chapter,
they are closely interrelated and must be considered
together when implementing a DSP laboratory. Note that
for brevity, in this context, the term operating system
includes the assembler, interactive editor, compilers,
and system utilities.

The overall objective is to design a user-oriented
system so that the DSP system user does not require a
computer background. This objective is to be fullfilled

in both an educational and research environment.

2.1 Operating System
Since the user of this DSP laboratory is assumed
to have minimum knowledge of the specifics of computer

operations, automated resource management is essential.

The operating system (0S) provides this. 1In effect,

| .



the details of resource management should be "user-
transparent" (Ref 20). These resources include the CPU,
memory, peripheral devices, and files. Because the 0S
manages these resources, it is an important part of user
interaction, discussed separately in section 2.6.

An 0S can be classified as a real-time 0S, batch 0S,
time-sharing 0S, or multipurpose 0S (Ref 19:61-99). A
real-time OS is characterized as being able to perform
a sequence of processing tasks (e.g., real-time data
acquisition, computations, and display) within rigid time
constraints.A batch 0S is capable of executing more than
one job without the need for operator intervention. The
concept of time-sharing refers to distributed computer
power among a set of users at interactive terminals.

A multipurpose 0S will support the capabilities of a com-
bination of at least two of the other three types of 0Ss.

The DSP laboratory requires a multipurpose 0S. It
is intended to have the capability for real-time pro-

cessing as described in section 4.5. Also, many DSP

programs have lengthy (one or more hours) execution times.

Therefore, a multiprogramming batch capability is also
required, so that the user can initiate actions while
one or more programs are executing. The only aspect of
time-sharing required is the use of an interactive
terminal. This is because the system is being designed
such that there can only be one user at a time. An

interactive terminal is more user-responsive than a




batch system because it allows on-line inputs to be
entered by the user. Finally, as an additional aid in
user-responsiveness, the user should be able to initiate

batch programs interactively.

2.2 Data Acquisition

Data can be acquired through a program that generates

data, from a data file, or from an external source. In
the case of an external source, the phenomena is measured
by some device and is represented as an analog signal.
An analog-to-digital (A/D) converter will convert the
analog signal (samples taken in real-time and equally
spaced in time) into a form (binary numbers) suitable
for digital computer processing.

Several problem areas exist with regard to repre-
senting analog data in digital form. The first is the
accuracy and precision of the A/D converter The pre-
cision is determined by the number of bits which repre-
sent each data point. The accuracy concerns the ability
of the A/D converter to provide correct data within the
precision limit. Two other common problem areas are
aliasing and leakage (Ref 2).

Aliasing refers to the fact that high-frequency
components of a time function can impersonate low fre-
quencies if the sampling rate is too low. To effectively
deal with aliasing, the sampling frequency must be at

least twice that of the highest frequency, W present in

the signal being analyzed. However, increasing the




sampling frequency results in more data points and con-
sequently, more computations. For band limited signals,
Chen (Ref 4:82-83) recommends a sampling frequency between
2.0W and 2.5W.

The problem of leakage arises from sampling a sig-
nal for a finite period and neglecting what happened
before or after this period. This is equivalent to multi-
plying the signal by a rectangular data window, which
results in the leakage of energy from one discrete fre-
quency into adjacent frequencies. Various types of data
windows can be used to reduce leakage (Ref 24).

The user should be able to interactively specify
the sampling rate, the number of samples per data frame,
the type of data window (if any), and the data source
{({e.g., an I/0 channel number). By changing the first
three of these four variables and analyzing the same
data several times, error analysis can be performed
with respect to aliasing and leakage. However, except
for periodic calibration, the user has to assume that

the data supplied by the A/D converter is correct.

2.3 Data Storage

Data acquired from an external source or generated
by a program is initially stored in main memory. In
the case of the external source, it is because main
memory is faster than secondary memory. The data can
then be sent to a display device, be used in computations,

or stored on a mass storage device, such as a disk.
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The capability for storing data is especially important
because some data is relatively expensive or difficult
to obtain. For example, it may be expzsnsive to turn on
a rocket engine for the purpose of obtaianiig sensor
data. This kind of test may also be difficult to set up.
Another reason for storing data is that it may be
desired to use the same data more than once. For
example, it can be recalled and processed by one algor-

ithm or several algorithms, and results compared.

2.4 Computational Tasks

The computational tasks, or algorithms presented
here are for a general purpose DSP laboratory. However,
specific applications may require additional types of
computation, or analysis of several methods of accomp-
lishing the same task. Therefore, the overall software
structure should be modular, so that additional modules
can be added without the need to alter the existing
software. A module is a separate entity of instructions,
which by itself performs a predefined task, computational
or otherwise. Computational tasks required for a
general purpose DSP laboratory include the fast Fourier
transform (FFT), inverse FFT (IFFT), transfer function,
coherence function, auto correlation, cross correlation,
convolution, waveform averaging, various statistical
computations, digital filter design, different types of

data windows, and power spectral density (Ref 32).

The system should have the capability of performing
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these tasks in real-time, if appropriate (e.g., FFT,
IFFT, correlation, etc.). To insure this, the CPU,
memory, and executing programs must be fast enough to
allow real-time computations without the loss of data
(i.=., losing data by replacing old data with new data
before the old data has been used). 1In this case,
computations must be performed in parallel with real-time

data acquisition and real-time display.

2.5 Output Display

A general purpose DSP laboratory requires the cap-
ability for displaying data and results from the afore-
mentioned computational tasks. Also, a display device
(e.g., a graphics terminal) is an essential communica-
tion medium between the user and the computer in an
interactive environment. However, a discussion of this
second aspect of the output display is reserved for
section 2.6.

Requirements for the output display must be specified
both in terms of the types of devices and the format
of the display. Several criteria exist for selecting
the display devices. First, the system should provide
the user with a hard copy of any useful display, for
documentation purposes. This might include a line
printer for listing tables of values, or a camera for
taking a picture of an oscilloscope display. A soft
copy device (CRT) is necessary for some types of real-

time display where the display is continuously replaced

10
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with a new display. It is also important to consider whet-

her the soft copy device is a storage or non-storage type.

A storage device does not require continuous input from the

computer for a display, whereas a non-storage device does.
Rather than stating that one or more particular

devices be required, the combined capability of a par-

ticular group of devices should be considered in light of

the relevant issues presented. In addition, some applica-
tions may require an output which is not a visual display.
For example, an audio amplifier and speaker are needed

for speech synthesis. A general purpose DSP laboratory
will not be able to support all applications, but it
should be flexible enough to allow additional output
devices to be added.

The information displayed should be in a format
which is convenient and comprehensible to the user.
Excluding the type of display device, the type of output
format should be governed primarily by the information
the user hopes to extract from the output. For example,

a graph generally provides a good panoramic view of a
set of data, whereas a list of values can provide more
information (e.g., number of significant digits) about
specific data points. The user should be able to
interactively select from various formats to suit his

particular needs.

2.6 User Interaction

Generally speaking, the computer cannot serve as a

11
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useful tool unless a good system of communication has

been established between the user and the computer. The
purpose of this section is to present the major issues
involved in designing a good communication link. Both
psychological and technical aspects should be considered,
as with any other human engineering problem (Ref 9:2).
Basically, the computer must be adapted to the user.
The 0S, as previously discussed, 1is an important first
step in providing a degree of transparency for the user.
However, this only applied to system resources. A
higher level of transparency is reguired for application
programs {(e.g., DSP) so that they will also be user-
oriented. Higher level just means that applications pro-
grams are scheduled by the OS.

The issues concerning user interaction presented
are: the user, response time, language, input, and
user assistance. Even a system which addresses all of
these issues with some degree of success should make
provision for user feednack and subsequent changes
(Ref 22:61). The system designer should either take the
responsibility for this or provide sufficient documen-
tation for the system manager to take appropriate action.
With adherence to these criteria, the ultimate goal of

user satisfaction can be attained.

2.6.1 The User
In order to design a DSP laboratory for user sat-

isfaction, the user must be defined. As stated previously,

12
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the users will be students and faculty members at AFIT.
This presents the problem of designing a system for a group
of users with diverse backgrounds (Ref 29:17). One
requirement is that the user should not need a computer
background. Users will also have varying objectives

when using the laboratory. The spectrum of objectives

can be defined as ranging from simply entering commands

and accompanying parameters for performing DSP experi-
ments, to modification and upgrade of the system's capa-
bilities. The issues of user interaction which are

addressed here pertain to users with the former objective.

2.6.2 Response Time

User satisfaction regarding response time after a
command has been entered depends both on the user's
expectations and the system's capabilities (Ref 22:73).
Expectations can be modified initially by providing
approximate execution time values in the documentation.
Of course, expectations will also change through ex-
perience in using the laboratory. This section will
focus only on design issues pertinent to minimizing
response time. Response time in this context is defined
as that time between the user initiating an action
(e.g., retrieval of a data file, computations) to the
system's completion of that action (if possible), and
notifying the user that it is completed or that it
cannot be completed.

As stated previously, the system is intended to

I3,




support only one interactive user at a time. Therefore,
the problems associated with minimizing response time
for multiple users in a time-sharing environment are
not discussed.

With this constraint, the focus of attention is on
speed of execution. The speed depends on the hardware,
software (including the 0S), and the algorithms employed.
Issues pertinent to execution speed are far too exten-
sive to adequately cover in this report. The interested

reader is referred to the literature.

2.6.3 Language

The language that the user uses to communicate with
the system for the purpose of initiating DSP operations
is called the command language (CL). The CL should
resemble, as much as possible, human communication
(Ref 9:27). This is because the design process has
the goal of adapting the system to humans, rather than
the reverse. Therefore, commands should be English
words instead of codes. For example, the command
"REPLACE" is much clearer than "RP". However, once
the user gains familiarity with the system it is con-
venient to have the option of entering a shortened ver-
sion of each command to reduce the number of input
characters required.

The other half of designing for human communication
involves the computer's responses to user requests. Both

requests for input by the computer and notification of

14
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the system's status should be in a readable English

format.

2.6.4 Input

The discussion of user input in this section
assumes an interactive environment, although most of
the requirements also apply to batch. These require-
ments are: user interruption of a requested action,
interception of user input errors by the system, correc-
tion of input errors by the user, provision of default
values, logical sequencing of inputs, construction of
a sequence of user requests, and useful error messages
(Ref 17).

Once the user has caused the system to begin some
action, he should have the means of interrupting the
process. This feature is useful for recovering from
user mistakes which are not unacceptable errors to the
system. Those errors which are invalid (e.g., exceed
parameters, illegal commands) should be in intercepted
by the system before execution is attempted. The user
should be notified at that point of the specific
error and be given options for further action. One of
the options should allow the user to correct the
erroneous input. To aid in avoiding errors in the first
place, default values should be provided, as appropriate.
Another way to avoid input errors is for the system
to request the input in a logical order. Finally,

the user should be able to construct a sequence of
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commands (commonly called a MACRO) so that he doesn't
have to wait for each action to complete prior to

entering the next command.

2.6.5 User Assistance

Both on-line and off-line assistance are necessary

for a user-responsive system. On-line assistance includes

system prompts for user input, lists of options, and
summary information for each valid command. Prompts are
required so that the user will always be aware of the
nature of the input requested. A list of options should
always follow an error message (Ref 22:112), and may
also be used with prompts. Summary information, often
called HELP files, should give the user a brief descrip-
tion of each vailid command and the limits for each of
its parameters (Ref 17).

Off-line assistance refers to the documentation
provided for the DSP laboratory. A system reference
manual should be included which contains comprehensive
information regarding all of the system's capabilities
not covered in the other system documents. A training
manual should also be included. It should teach the
user how to properly use every available command through

the use of examples and exercises (Ref 22:56).
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Chapter 3 Environment

The laboratory environment can be divided into
four separate categories: the operating system (0S),
data acquisition, data storage, and output display. These
four together provide the capabilities and impose the
ultimate limitations under which the user must work.

At the beginning of this project, the specific
hardware environment included an HP 2108A computer, HP
7906 disk drive, HP 2648A graphics terminal, Remex
high speed paper tape reader, teletype terminal with
paper tape punch/reader, two A/D and one D/A converter,
memory boards, and various I/0 interfaces.

The graphics terminal was not initially configured
because the interface board for it had not yet arrived.
The disk drive couldn't be used at first because a
loader ROM had not arrived. Without the disk drive,
the operating system couldn't be generated for the de-
sired configuration. However, all the hardware listed
above (except the teletype) is now configured, with
the arrival of the required components (Fig. 1). The
teletype has been replaced with a Texas Instruments (TI)
Silent 700 printing terminal. The 0OS has been generated
to support all but the A/D and D/A converters. RTE-III

does not include system drivers for these devices.

3.1 Operating System
RTE-III was chosen as the 0S because it is the

latest version of RTE that can operate with the currently
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available support hardware (RTE stands for Real Time
Executive) (Ref 26:1-1). The unique hardware required
for RTE-I1I1 is the Dual Channel Port Controller (DCPC-
used for direct memory access), dynamic memory mapping,
memory protect, and a minimum of 32K words of memory.
First, the generation of RTE-III is discussed.
This should assist future users who need to generate
a new 0S. Next, the capabilities and limitations of
RTE-II1 are discussed with respect to the DSP applica-

tion.

3.1.1 Generation of RTE-III

The procedures for generating a new OS begin by
running a program called "RT3GN". The program, as it
is running, will ask for various parameters to be
entered from the system console. Since over a hundred
responses are required, the preferred method of entering
the parameters is to create an answer file. See Appendix
A for a listing of the answer file used in the most
recent generation.

Generating an OS takes about two hours if every
entry iﬁ the answer file is valid. Unfortunately,
the computer usually halts before the generation is
complete. The point at which it halts appears to be
random. Why this anomaly occurs is presently unknown.
The current version of the 0S required 50 to 60 attempts
before it finally completed (using the came answer

file every time).

L,




P TTTUTS

"SWTCH"
new OS.

somewhat from those in the Operator's Manual

For example,

Once the OS has been generated, a program called
is run to switch from the current 0S to the

These procedures are summarized below and differ

(Ref 26).

the Operator's Manual refers to the program

RTGEN instead of RT3GN (RTGEN may have been an earlier

version of RT3GN).

Also,

the Operator's Manual does

not discuss the use of an answer file.

*RUN, FMGR
:RP,RT3G1
:RP,RT3G2
:RP,RT3G3
:RP,RT3G4
:RP,RT3G5
:RP,RT3G6
:RP,RT3G7
:RP,RT3GN
cEX

*RUN, RT3GN

LIST FILE?
.81914

ECHO?
TR,A81914

. (The 0s and listing file are generated)

RT3GN FINISHED

*RUN, SWITCH

The procedure for using SWTCH is summarized in Appendix

BY

Once the 0S was executing,

the first task was to

create a backup disk so that the 0S could be recovered

in the event of a disk failure.

An off-line utility

called DSKUP was used to copy the lower platter (where

e e
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the OS resides) to the upper platter (which is removable).
DSKUP was loaded from the right cassette drive of the
graphics terminal (See Appendix F). The procedure for
using DSKUP is shown in Appendix B.

One error has been discovered in the most recent
answer file. Three memory partitions were specified
as 18K, instead of the maximum of 17K, as reported by
RT3GN in the list file. This didn't cause any genera-
tion errors. These partitions are assumed to be 17K
each, so that 3K words of physical memory are unavailable

for use.

3.1.2 Capabilities and Limitations

RTE-III provides useful software support for pro-
gram development and testing. 1Included are an inter-
active editor, an assembler, and compilers for BASIC,
ALGOL, FORTRAN, and FORTRAN IV. The only compiler that
has been used is FORTRAN 1V because DSP programs taken
from the literature were written in this language. How-
ever, two limitations should be noted in light of the
DSP application. The primary limitation is the size
of logical memory (See Ref 26 for a discussion of physical
memory vs. logical memory). DSP programs are typically
quite large (the FIR filter design program in Appendix
D required 15K words of user partitioned memory), so
that many programs cannot be used on this system, unless
they are segmented. This is because the maximum parti-

tion size for user programs is 17K words. The maximum
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partition size is set at generation time, where RT3GN
provides the maximum value.

Another notable limitation is that writing an ex-
ecutive program which can reference any of the DSP pro-
grams is not as simple as it might be. The simplest
way to write an executive program 1is to write it in
FORTRAN IV (or another high order language) and load it
into memory with all of its subprograms. This method
is not practical for the HP system because logical
memory size is relatively limited. Alternate solutions

are discussed in chapter five.

3.2 Data Acquisition

As stated previously, data can be acquired in real-
time from an A/D converter, or with software that gen-
erates data. This section focuses on data obtained
which represents real-time phenomena. Examples of soft-
ware generated data can be found in chapter four. Two
related subjects are presented here: The A/D hardware

and its software support.

3.2.1 A/D Converter

Two A/D converters were provided for this project.
They are the ADC-12QZ model, made by Analog Devices
(Ref 6:175~178). Each is mounted on an AC-1548 mounting
card. An input range of -10v to +10v, represented by
12 bits in twos-complement format is configured. The

bipolar range was chosen to allow more flexibility in
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the type of signals that can be analyzed. Twos-comple-
ment format was chosen because this is how the HP
computer represents numbers in memory. Each A/D conver-
ter 1s connected to an HP 12566B micro-circuit inter-

face card (Ref 16) as shown in Fig. 2.

3.2.2 Software Support for A/D Converter

Four different kinds of software support have been
investigated for the A/D converter (Ref 34). The first
is polling (i.e., check the I/0 channel flag bit) soft-
ware, whereby the computer initiates an A/D conversion,
waits in a loop for the conversion to complete, loads
the data into a register, and then stores it in a
memory buffer. The second type is direct memory access
(DMA). In this case, the computer initializes one
channel of the DCPC, which will perform the required oper-
ations for data acquisition and storage. The third
method is to use a system driver. This method as only
partially been implemented. The fourth method involves
the use of interrupts. The interrupt method was found
to be inappropriate for this application. Each of
these methods is discussed with regard to its respective
advantages, disadvantages, and implementation. All re-

levant program listings are in Appendix E.

3.2.2.1 Polling

The main advantage of polling software is that a

software delay loop can be included to allow the user
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to interactively specify the sampling rate. In the sub-
routine WAIT1, the delay is increased by increasing the

variable DELAY. Of course, DELAY is just an integer

i aies M A S

which will cause a different amount of delay for differ-

ent computers (even of the same type) and different

operating conditions (e.g., temperature). 1In order to
relate the delay value to time, a test subroutine (AD1l4
or AD15) was implemented. This subroutine is nearly
identical to the original (AD14B or AD15B), so that the
speed of both is approximately the same in the data ac-
quisition loop. The speed of the instructions in this
loop will determine the amount of time from the completion
of one conversion to the beginning of the next conversion.
This time - the instruction execution time (IET) - and
the conversion time (CT) can be measured with an oscillo-
scope by checking the status bit of the A/D converter
(Fig. 2, 3). The sum of these two times is the sample
time (S7T). Several measurements were taken for different
values of DELAY, and are summarized in 7Table I. The
measurements are also plotted in Fig. 4. In each case,
the CT was about 33 us.

The theoretical sample time (TST) for a periodic
signal of a single frequency can be expressed as

TST = NC/(fxNP)

where
NC = number of cycles
f = frequency in hertz
NP = number of sampled data points
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Table 1

Sample Time Measurcments

DELAY ST, us
0 76

10 130

30 240

50 350

80 510
100 620
150 890
200 1150
500 2775

Once the TST is calculated, the number for DELAY can be
selected from Fig. 4. Data can then be acquired and
plotted using this value for DELAY and the value of NP
selected above. The actual NC plotted is used to cal-
culated ST. By comparing ST with TST, error in relating
DELAY to time can be determined.

The disadvantages of polling software are twofold.
First, it is slower than DMA because data must first be
transferred té a register. The effect of this is to
lower the maximum frequency that can be accurately
represented. Secondly, this method precludes real-time
processing, whereby one data buffer is being filled
while another is being processed {(Ref 32). Instead,

the processor fills one buffer until it is full.

3.2.2.2 Interrupts

Performing 1/0 by the use of interrupts is inappro-
priate for this application for several reasons. First,
if a system driver is not used, I/0 for the A/D conver-

ter can only be accomplished with the interrupt system
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turned off. Otherwise, an illegal (not allowed by the 0S)

interrupt error will occur. Secondly, because of the
high speed synchronous nature of the A/D converter, an
interrupt must be handled within a certain amount of time.
RTE-III has many potential interrupts from other 1/0
channels that it must handle by priority, so there is no
guarantee that data will not be lost from the A/D con-
verter. Thirdly, data which is acquired must first be
transferred to a register as with the polling method,

so that about the same software overhead is incurred.
Therefore, the interrupt method offers no specd advantage
over the polling method. If the interrupt method could
be used, it would have the advantage that some useful

computations could be performed between interrupts.

3.2.2.3 Direct Memory Access

The fastest kind of data acquisition available for
this system is direct memory access. The acquisition
rate is almost that of the A/D conversion rate. The
entire transfer process is handled by hardware (the DCPC)
once it has been initialized by the appropriate instruc-
tions. Therefore, no software overhead is incurred in
acquiring and storing data. Additionally, the processor
is free to perform useful computations in parallel with
data acquisition. However, the processor speed is reduced
slightly because the processor cannot reference memory
at the same instant of time that the DCPC is transferring

data to or from memory. Thus, the number of computations
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during data acquisition can be increased by reducing
the number of memory reference instructions. The capa-
bility of simultaneous data acquisition and processing
permits real-time processing, which is discussed in
chapter four.

The only disadvantage of DMA is that the sampling
rate cannot be specified interactively by the user, with-
out additional hardware. This hardware might include a
programable timer, which is initialized prior to the
transfer of each data sample. A count-finished signal
would then be substituted for the status signal in Fig. 2.

The subroutine DMAl4 (or DMAl5) in Appendix E
demonstrates the software needed to use DMA. It 1is

called from the main program ANDG2.

3.2.2.4 I/0 Driver

A driver is a program designed to support I/O for
a particular device. It is placed in the system area
at generation time, and gives the 0S total control
over I/0. Although RTE-III does not provide drivers for
the D/A converter card and the wmicrocircuit interface
card, user written drivers can be included in the 0OS
generation (Ref 27). Unfortunately, in debugging a
driver, each new version requires another generation
of the 0S. This is a lengthy process even if the genera-
tion completes every time with the first attempt.

In order to permit user-written drivers to be im-

plemented and debugged without generating a new 0S,
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three dummy drivers have been included as part of the

latest OS generation. By themselves, these drivers do

nothing but return to their calling program. However,

by changing the return address in the system area to

the beginning address of a user-supplied driver before

calling a dumry driver, the actual driver can be tested.

A large buffer area is included in the dummy driver so

that the actual driver can eventually be copied into this

area. This method has not been explored beyond the v
conceptual stage.

Note that the 0S will assign a DCPC channel for the
driver. If a DCPC channel is not available, the device
goes into a "waiting for DCPC" state (Ref 27:3-16). Be-
cause of the possibility of waiting, drivers are probably

not suitable for real-time processing.

3.3 Data Storage

The laboratory has two types of devices to meet the
requirements of data storage from main memory: the
cassette drives in the graphics terminal and the disk
drive. The merits and some possible applications of

each are presented.

Bodoll | Di&lZ

The disk drive can be used in two different ways to
store data. One method is useful for temporary storage
while a program is executing. The other method can be

used for permanent storage and later retrieval. Both
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methods can be useful in DSP applications. Each is
demonstrated by programs listed in Appendix G.

Storing data temporarily on a disk involves the Disk
Track Allocation EXEC Call (Ref 26:3-18) and the system
wERN ey BTNRY (Ref 1h:3+2). With this utility, the exact
area on the disk where the data transfer is to occur must
be specified. RTE-III will assign the tracks to the program,
and release the tracks when the program terminates. FMGR

and other programs cannot access data stored in this

manner once the tracks have been released.

One specific application of BINRY is to pass data
between two concurrently running programs which are in
separate partitions. 1In addition to the data, some kind
of message must also be transferred to signal that the
data transfer is complete or in progress. This applica-
tion has not been implemented.

For permanent storage, FMP calls are used. They
allow a user program to create a disk file, and read
from or write into a disk file. The data will remain
accessible to other programs (such as FMGR) after the
user program has terminated. To transfer data among a
large system of DSP programs, a standard format for a
data file should be established. This would make it
easier for a program to find the desired data within any

given data file.

3.3.2 Cassette

One way to store program generated data into a disk
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file is to first store it on a cassette tape. Although
the transfer rate is not as high as that of the disk,
data stored on a cassette tape can be accessed by FMGR
without the need for a user program to create a disk
file. Before the data is sent to the tape (LU 4 or LU 5),
tape positioning characters should be sent. After com-
pleting the data transfer, an end-of-file (EOF) mark
should be written on the tape. These special characters
can be sent by using the method described in chapter five.

The data can be transferred to a disk file with a
FMGR command as follows:

ST,4,DATAl::20

In this case, the file is transferred from the left
cassette to a file called DATAl, which is created by FMGR

on cartridge 20 (upper platter disk) (Ref 1:2-23).

3.4 Output Display

Six types of output display can be supported with
the system in its current configuration using the fol-
lowing devices: ccnventional CRT terminal, line printer,
graphics terminal, graphics printer, oscilloscope, and
X~Y plotter (the printers must be connected directly to
the graphics terminal). A line printer or graphics
printer can be connected to the computer if the RTE-III

printer driver is included in a new OS generation.

3.4.1 Conventional CRT Terminal and Line Printer

These types of displays are best suited for listing
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tables of values because no special manipulation of the
data is required. Graphs and charts can also be imple-
mented, but require additional instructions to draw axes,
label axes, scale the data, etc. The CRT has the advan-
tage of speed for checking results quickly. The printer
has the advantage of providing a permanent copy of useful

results.

3.4.2 Graphics Terminal/Printer

The graphics terminal and graphics printer displays
are the best method of implementing graphs and charts
because the resolution is only limited by the size of
a single point. However, the display size is limited to
one screen for the HP 2648A terminal. A graphics
printer would simply provide an exact copy of the screen
display. The graphics terminal and graphics printer can
also serve the purpose of a conventional terminal and
printer, respectively. A graphics printer is not cur-
rently configured because none is available.

The HP 2648A terminal has a very useful feature for
exploiting the graphics capability, called Auto Plot
(Ref 15). The only requirements for using it are to
fill out the Auto Plot menu, which specifies the data
parameters, and then provide the data (usually sent from
the computer). These procedures are implemented entirely

by the computer in an example in chapter five.

3.4.3 D/A Converter

The D/A converter used for this project is an HP
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12555A. It has two analog outputs corresponding to X

and Y axes. Each lé6-bit word in memory that is transferred
1s separated into two bytes. Each byte is then converted
to an analog signal, ranging from 0 to 10 volts. The

D/A converter also has a 20 msec refresh timer for con-
ventional oscilloscopes, and an unblanking signal for
storage-type oscilloscopes (Ref 13). The converter

is also suitable for driving an X-Y plotter.

3.4.4 Software Support for D/A Converter

The program that has been implemented to support
the D/A converter will work for either a conventional
oscilloscope or an X-Y plotter (See Appendix I). The
inputs to the subroutine DA16B are two real arrays,
one containing the X values, and the other containing
the Y values. DAl16B scales the data into bytes, for-
mats the data into one array, and then outputs it to
the D/A converter.

The main differences between the oscilloscope
approach and the plotter approach are the refresh timer,
which is required for the conventional oscilloscope,
and the delay loop, which matches the speed of the com-
puter to that of the plotter. Both devices are cur-
rently connected in parallel to the X and Y outputs of

the D/A converter.
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Chapter 4 Computational Tasks

Four DSP applications programs have been implemented
and tested. These programs were selected from the liter-
ature (Ref 7) after examining many such programs (Ref 3,
Sk 21, 3. The modifications made to allow them to run

on the AFIT HP computer were minor and will not be

discussed. See Ref 7 for a detailed discussion of the
algorithms involved. The four programs that were imple-
mented were chosen for two reasons. First, they are

written in ANSI standard FORTRAN 1V, so that few changes
were expected. The final versions are listed in

Appendix D. Secondly, in each case, the author(s) of the
program included a test problem. By running the test
problem on the HP system and comparing that output to

the output provided in the test problem, it was possible
to determine if the program was not functioning properly.
The outputs generated for all four programs by the HP
system were very close (only a few differences in the two
least significant digits) to that of the test problem.
The differences are assumed to be due to the different
accuracies of the computers on which the programs were
run. Based on this assumption, the four programs are
functioning properly. This chapter concludes with a dis-
cussion of a method for implementing real-time processing
(RTP). RTP involves simultaneous data acquisition, data

processing, and display of results.
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4.1 FFT/IFFT

Many variations of the original radix-2 Cooley-
Tukey algorithm (Ref 19) have been implemented. This
algorithm is commonly called the fast Fourier transform
(FFT). The algorithm also computes the inverse of the

transform and is called the inverse fast Fourier trans-

form (IFFT). The motivation for using the FFT is that it
substantially reduces thc requirednumber of machine com-
putations for calculating the DFT. An algorithm used
prior to the FFT involved N2 complex multiplications and
approximately N2 additions (N is the number of sample
points). On the other hand, the basic FFT requires at
most (1/2)x NlogzN complex multiplications, where N 1is

an integral multiple of two (Ref 5:275).

As an example of the usefulness of the FFT, consider
the case where N=8192. Approximately 2.5 minutes of
computation time is required to compute the DFT on
an IBM 370 using an algorithm which preceeded the FFT.
For the same data, the FFT requires approximately 1/4
second (Ref 5:264).

The FFT is an essential capability for a general
purpose DSP laboratory. It offers a computationally
efficient time-to-frequency transformation. It is also
useful for other DSP computations such as convolution,
correlation, power spectral density, and digital filter
design (Ref 6). The program FAFT4 (See Appendix D)

calls a short demonstration version of the FFT (i.e.,
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FOURE). FAFT4 generates data f[or a complex function,
computes the theoretical DFT (TDFT), computes the FFT
{(using FOURE), computes the IFFT (based on values obtained
from the TDFT, using FOURE), and outputs these four sets
of data. The program has been modified to also list
these sets of data in a format suitable for plotting

with Auto Plot.

FAFT4 is not intended to ke part of the applications
software for the laboratory. A more general use of FOURE
should be provided which allows the user to interactively
specify the data, the number of data points, and whether

an FFT or an IFFT is to be computed.

4.2 FIR Filter Design

Digital filtering is an important part of DSP and
is in common use. A very important type of filter is
the linear phase finite impulse response digital filter
(Ref 5:185). One implementation of this is the program
FIRF2 (See Appendix D). It uses the Remex exchange
algorithm with minimum weighted Chebyshev error in
approximating a desired ideal frequency response. The
inputs are: 1) filter length {(in samples), 2) type of
filter (multiple passband/stopband, differentiator, or
Hilbert transformer), 3) number of frequency bands,
specified by upper and lower cutoff frequencies,
4) desired frequency response in each band, 5) positive
weight function in each band, and 6) grid density. The

data (provided by the authors) to test the program was




in the following format:

.18,0.25,0.3,0.36,0.41,0.5

Data is read by the program from the left cassette (LU4)
of the graphics terminal. For the DSP laboratory the
user should be able to interactively specify the data
source and enter the data from the keyboard, if that is

the source.

4.3 Autocorrelation and Covariance

The program COVAU implements the autocorrelation
and covariance methods of linear prediction (LPC) anal-
ysis. It consists of three parts: subroutine AUTO
(autocorrelation}, subroutine COVAR (covariance), and
a test program which calls the two subroutines and
generates the test input data. AUTO implements a form
of Robinson's recursion. COVAR implements a form of
Cholesky decomposition. For the DSP laboratory, the
user should be able to interactively specify the data

source and method of LPC analysis.

4.4 1IIR Filter Design

The purpose of program FWIIR is to design finite
word-length IIR digital filters. It consists of
eight parts: a main program, which acts as an executive,
and seven subroutines. Subroutine INDAT reads in all
the problem data. FUNCT computes the value of the maxi-

mum weighted error function on the coarse grid, and at
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the end, on a finer grid. HANDJ is a randomized version
of the Hooke and Jeeves Pattern Search. EXPLR is a local
exploration program called by HANDJ. SET sets one

vector equal to another. SHUFF randomly orders the list
of coordinates for EXPLR. UNI generates a random number.
For the DSP laboratory, the user should be able to
interactively enter the required data, or specify another

data source.

4.5 Real-Time Processing

In this context, real-time processing refers to
simultaneous data acquisition, data processing, and
display of results, without any time limit or interruptions
of these three functions. One basic assumption of RTP
is that the data can be processed and results displayed
at least as fast as it is acquired. Otherwise, some data
would be overwritten in memory by new data before the
old data was processed. In DSP applications, data is
typically processed in time frames (Ref 32). Each time
frame is represented by a buffer in main memory. If a
time frame is processed as a group of data, then a buffer

cannot be processed while it is being filled. With this

constraint, at least two buffers are required.

RTP was beyond the scope of this project, but a
possible way to implement it on the HP system is shown
4 in a flowchart (See Fig. 5). The program represented by

the flowchart is terminated by pressing the "CLEAR DISPLAY"

button on the front panel of the computer. This method
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of program termination has been successfully used with
another program (Appendix 1). Each numker in the flow-
chart corresponds to one of the steps listed below. SR
is the switch register displayed on the front panel.

SEE SR 5O

Is DCPC channel 1 ready (flag bit set)?

Is DCPC channel 2 ready (flag bit set)?

Begin DMA data acquisition in memory buffer #1
Begin DMA data acquisition in memory buffer #2
Process the data in buffer #1

Format the data in buffer #1 for display

Begin DMA output from buffer #1

Process the data in buffer #2

10. Format the data in buffer #2 for display

11. Begin DMA output from buiffer #2

12. 1Is SR=0?

WOO~JAAU & Wb

Some computations may be too lengthy to permit real-
time processing. One possible solution to this problem
is to replace portions of an assembly language or high-
order language program with a microprogram. This involves
identifying the "bottle-neck" portions of the program
and replacing them with microprogram subroutines which
are more time efficient. The system, in its current con-
figuration, supports this capability. See Ref 30 for a
complete discussion of the potential for improving

program execution speed through microprogramming.
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Chapter 5 User Interaction

Several types of software support were implemented
to make the DSP laboratory more user-responsive, or to
demonstrate its potential in this regard. Chapter three
discussed the generation of the 0S and the software
support provided for the A/D and D/A ccnverters. This
chapter first presents a program which demonstrates

computer control of the graphics terminal's functions.

This is followed by a discussion of a method for executing

a program which exceeds the logical memory size of the
largest available user partition (17K words). In this
way, the user 1s not constrained to command the execution
of several smaller programs to accomplish the same task.
Next, two methods are presented whereby one program can
schedule another program. A scheduling facility is
useful for implementing a DSP executive program which
can schedule the DSP applications programs. Finally, a
software structure is recommended for a large system of

DSP programs.

5.1 Grarhics Terminal Control

Since most user interaction will occur with the
graphics terminal, an effort was made to relieve the
user of many of the manual operations needed to operate
the terminal. The program APLOT listed in Appendix H
demonstrates a method by which any graphics terminal
operation that can be performed manually by the user

can also be initiated by the ccmputer. This involves
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the use of escape codes (Ref 15). The decimal equivalent

of the ASCII character codes are sent from the computer
using the Read/Write EXEC call (Ref 26:3-4). APLOT is
written in FORTRAN IV, but the characters can also be

sent from an assembly language program. The program fills
in the Auto Plot menu, draws the axes and grid and plots

the program generated data sent from the computer.

5.2 Segmented Program

A segmented program consists of a memory-resident
main program and one or more disk-resident sukprograms
(i.e., segments). By using a segmented structure, the
total program size is only limited by the available
disk storage space. Data is passed among the segments
and the main program through a common storage area
within the memory partion allocated for the program.
In spite of the size advantage of segmented programs,
several limitations should be noted. First, the program
will execute slower than if the entire program resided
in main memcry, because a segment must be loaded from
the disk before it can be executed. Therefore, care must
be exercised to insure that two or more frequently
referenced sections of a program are not chosen to be
disk-resident segments. Secondly, the only way to return
control to the main program from a segment is for the
segment to call the main program (this applies to FORTRAN
IV programs, not assembly language). However, this will

cause the main program to start executing from the
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beginning. Therefore, ccnditional branching to the seg-
ments should occur at or near the beginning of the

main program. A third limitation of a segmented program
is that if one segment calls another segment, the calling-
segment 1is overlayed by the segment it calls.

Writing a segmented program involves the use of the
program segment load EXEC call (Ref 26:3-23). An example
of this is presented in Appendix J. The following FMGR
commands were entered to load the program for execution:

:MR, $MAIN1

:MR, 3SEGN1

:MR, $SEGM2

:MR, $SEGM3

:RU, LOADR, 99,1, ,00001
To save the loaded program for future execution, the
following commands were entered:

:SP,MAIN]

:SP,SEGM1

:SP, SEGM2

:SP,SEGM3

This saves the program as a type 6 file (ready for execu-

tion) on the disk.

5.3 Executive Programs

The two programs discussed in this section are
called executive programs because they can schedule other
programs, each of which resides in a separate disk file.
Both are listed in Appendix K. One method of implementing
a DSP executive program (program SCHED) involves the
program schedule EXEC call (Ref 26:3-24) and a program

suspend EXEC call (Ref 26:3-22). Data is passed through
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the system area buffer with a Class I/0 - Read/Write

EXEC call (Ref 26:3-6) and a Class I/0 - Get EXEC call
(Ref 26:3-13). Another method of implementing a DSP
executive program (program MESGl) involves the Message
Processor utility, MESSS (Ref 26:4-40). Any of the
system commands can be executed from a FORTRAN IV program
by using MESSS (e.g., RU - run command). Data is

passed in the same manner described for the previous

method.

5.4 Recommended Software Structure

The software structure for the DSP laboratory (dem-
onstrated by program EXECT) should be comprised of a
user-oriented executive program and a system of DSP
applications programs. The type of executive demonstrated
by the program SCHED is considered to be more suitable
for the DSP application than that demonstrated by MESGI].
SCHED gives the user the option of immediate scheduling
so that the output of the scheduled program can be
seen before control is returned to the executive. This
is not the case for MESGl. EXECT uses the SCHED method.
In addition, several of the programs which are scheduled
by EXECT are segmented. Therefore, EXECT demonstrates
the system's potential for a user-oriented executive
program which can schedule any one of a large system of

DSP applications programs.
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Chapter 6 Recommendations

The system, in its present state, does not qualify
as a user-responsive general purpose DSP laboratory,
which is the ultimate goal. This is because not all of
its current capabilities have been exploited, and be-
cause additional capabilities need to be added. Both
of these issues will be addressed in this chapter. Im-
plementation of the recommendations which follow should
result in a system which meets the design goal as

stated above.

6.1 Additional Hardware

The hardware recommended in this section would bring
the laboratory much closer to being general purpose.
It is intended to support educational and research
activities at AFIT. It is also intended to support
research for laboratories at WPAFB which might solicit
AFIT students for thesis projects on other systems.
Therefore, a diversity of equipment is desireable. How-
ever, only the addition of a graphics printer is consider-

ed essential.

6.1.1 Magnetic Tape Drive

The magnetic tape drive can be useful for at least
two reasons. First, information stored on disk can be
lost in the event of a disk failure. The information
could be later retrieved if it is first backed up on

tape. Secondly, a tape can be used to transfer large
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amounts of information from one computer system to
another (not necessarily HP). For certain types of
research, this may be the most efficient means of doing

SO.

6.1.2 Faster A/D Converter

The A/D converters which are currently configured
have a measured conversion time of about 33 us. Accord-
ing to the sampling theorem, a minimum of two samples/
cycle of the input signal are required to reconstruct
the signal. This corresponds to a maximum frequency of
about 15.15 kHz, which does not even cover all of the
audio spectrum (20Hz - 20kHz). This limits the types
of research related to spectrum analysis that can be
conducted on the HP system.

Although HP makes an A/D interface (model 91000A),
the sample rate is only 20,000 samples/second. By the
above criterion, the maximum useful frequency is 10kHz.
Since this is more limited than the existing parts, the
HP part is not recommended. A better alternative is the
ACD1103 A/D ccnverter, made by Analog Devices. It per-
mits three different ccnversion times: 1) 8 bits in
1l us, 2) 10 bits in 1.5 us, or 3) 12 bits in 3.5 us
(Ref 6). These are maximum values. The comparative
maximum useful frequencies are 500 kHz, 333 kHz, and
143 kHz respectively.

Only the conversion time specification has been

considered above in recommending an A/D converter.
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However, since some applications may emphasize other
characteristics such as aecnracy and linearity, they

should also be considered.

6.1.3 HP Fourier Analyzer

A hardware solution to real-time processing is the
HF Fourier Analyzer. It has an oscilloscope display
and performs operations such as the FFT/IFFT, convolution,
and correlation. Several of the HP users at WPAFB have
this device. Conversations with some of the users indi-

cated that it is very useful for real-time DSP.

6.1.4 Graphics Printer

A graphics printer (GP) is an essential addition to
the DSP laboratory. It can provide a hard copy for
several types of output. For example, displays from
the graphics terminal's memory (i.e., graphics memory)
can be sent directly to the GP. This output is limited
to one screen size. The GP can also serve as a line
printer. Any type of output that can be sent to a line
printer can also be sent to the GP. From the author's
experience, the GP should operate at a serial data
transfer rate cf at least 300 band in order to qualify

as user-responsive.

6.2 DMA for D/A Converter
DMA is the preferred method of sending data to the
D/A converter. It can be implemented either as a system

driver or in a user program. For RTP, DMA is essential
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for a real-time display. No software has yet been

written to provide this capability.

6.3 Additional Applications Programs

The four DSP programs which have been implemented
(See chapter four) certainly are not sufficient for the
diverse computational applicafions intended for the
laboratory. These programs were published by IEEE
{Ref 7), and are available on standard 1/2 inch tape
from IEEE, along with the other DSP<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>