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ABSTRACT

This paper describss the design and implementation
of a microprocessor-based high-speed digital data
acquisition and reduction system suitable for use in
time varying signal analysis as ancountered in
unsteady aerodynamic investigation. A microprocessor,
flexible disk drive and an analog-to-digital
conversion module wers the main components which were
integrated to form a 32 channel 12 bit resolution Jdata
acquisition system capable of 1000 Hz sampling rate
and permanently storing over 250,000 bytes of data on
magnetic diskette. Subsequent to the data logging
process, the same system was capable of serving as a
general purpose computer utilizing the popular BASIC

scientific programming lanquage.

Tha systen was qualified 'for accuracy and
functicnal performarnce through a series of controlled
exercises, and was then applied +o an actual
investigative task to fur+ther determine its wutility

and value.
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Data acquisition systems have historically been both
costly and cumbersome for the investigator +o | us=.
Acqguisition cf unsteady experimsntal data, as in the case of
oscillatory £flow investigation, was only possibla with the
aid of <xpensive digital computer systems used in

conjunction with elaborate analog recording devices.

Within the past four years, a new form of computing
power has Dbecome available to the engineer accompanied by
such a reduction in cost that its wuse has spresad rapidly
throughout the realm of engineering design. The
ravolutionary device alluded to is the microprocessor, which
in 1its basic form contains all *he arithmetic and logical
functions normally fournd in the c2ntral processing unit
(CPUY of a large scale computer., Concurrent advances in
solid s*tate wgemory and other large scale integrate (LST)
circuitry has enabled entir=s computing systems to be encasad
in table-top enclosures at a fraction of +the cost o0f +he

previously available minicomputers.

This document describnes the use of one such
microprocessor-basad microcompu*er system, the INTEL MDS-3)0
Microcomputer Development System, as a central component of
a data acquisition system . The MDS was integrally
connected with various peripheral devices including an
analog to digital converter, input-output devices, and a
dual flexible disk drive un

it to form a data acquisition
svstaa. The system was then

gualified using known input
signals of ccntrolled harmonic contant. Subsegquasntly <*he

system was applied to an actual experimental situation,




where unsteady analog signals were digitized, recorded, ~and

later analyzed on the same2 self-contained computing system.

A glossary of terms commonly used in the instrumentation
2ngineering, data processing and computing disciplines is
presented in Appendix A.
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ITI. System Design

An engineering design is, in general, the result of a
directed effcrt in me=2ting a recognized human nesd or
desire. The value of the design is usually determined by
how w2ll the design product satisfies a set o0of percformance
criteria. In most cases, several methods of achieving the
goal will be available, thus requiring the designer to
choose among the altesrnative approaches. This choice will
be governed or influenced by constraints imposzd bhv the

environment, funding and production schedule.

This section deals with +he <defini
specification of +he desired performance attributes,
determination of viable alternatives, and +he decision
process by which the final product was developed. Al%though
most of the desired performance regquirements wer2 achievagd,
the project served as an educational sxperisnce revealing

many areas which could be improved. Section VII discusses

the jesign in retrospect and proposes additional
alternatives which <c¢ould further enhance +he system's
parformance.

A. Definition of the "nzed"

The "need" was a precipitant of the Circulation
Controlled Rotor (CCR) aerodynamic investigation being
conducted by Naval Postgraduate School personnel. Existing
wind-+unnel data acquisition systams were design=d *“o

operate in the steajy-staite flow-field environment. The

{
{
|




desire to study +the dynamic nature of the flow about an
airfoil of radical design, whilzs experiencing the effects of
an oscillatory flow-field, required a departure from the
traditional hand 1logging or slow-speed automatic iata
acqguisition methods. More important, however, the
experimental process aot only required investigation of <the
CCR at various angles of attack and air spesds, as in the
case of steady-state wind tunnel experimentation, but
additionally introduced frequeacy, cavity pressure
modulation amplitude and phase r=2lative to flow £field
oscillaticn as variables. Thus, the CCR experiment regquired
experimental investigation throughout an operating envelope
bounded by 5 independent variables rathsr than the usual 2
associatsd with steady-state flow probleams. This obviously
increased the magnitude of the data acquisition problem far
bevond the point of practicability for the conventional data
logging wmethods a* hand. A high-speed autcmatic data
logging *echnique was cl=arly in ord=sr. Additionally, in
order for large amounts of da*a to be efficiently analyzed,
it was imperative that all informa*ion be recorded in a form
which could be dirsctly utilized by a digital computer.

The above rationale then became the basis €for the
e

n
following statement of the '"need":

* A high-speed Jigital data acquisition systam
exhibiting performance attributes necessary *o allow
numerical analysis of the flow pa*ttern about the surface of

a CCR airfoil section, operating in the Naval Postaraduate

School 2-foot by 2-foot oscillatory flow wind tunnel

* Function as a controlling device <capable of
automatically seguencing the Scanivalve mechanical

multiplexcrs without opsrator intervantion

* Perform the algebraic calculations necessary in

reducing the data *o analytic form

12




B. Determination of Performance Specifications

Anticipating a significant investment in egquipment, and
r2alizing that the CCR research project would some day he
complate, it was determined that the system design should
take future applications into consideration. Por this

reason, flexibility was incorporated as a major design goal,

which necessarily resulted in a modifica*tion of the
specifications from those actually =rcequired for <+he CCR
task.

1. Analog to Digital Convarsion (A/D)

In a typical dita-sampling system, signal voltages
rapresenting varying physical paramsters; e.g., pressurs,
temperature, position, velocity and acceleration, are
sampled and converted via A/D conver*ters into digital <fora.
A/D conversicn has become an engineering discipline in
itself and an entire vocabulary associated with the £i=14
hkas resulted. To assist the resader in understanding the
£cllowing treatment of A/D performance reguirements, a briaf
glcssary of A/D teraminology is included within Appendix A.
In the interest of brevity, the discussion herein is limit=2d4
+o +the most important facets of A/D conversion. Tor a more
complete treatment of the subject, the reader is direc*=d <o

ref. 12, an outstanding collection of A/D rela+tei articles.

s a prelude to the below 1listed performance
parameters, Fig 1 depicts all of the elements found in a
typical A/D conversion system and illustrates the <“ype of
errors associated with each stage of the process.

13
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2. Number cf Analog Channels

The CCR 2xperimental set up had one analog chann=1
dedicated to each of *the below listed signal sources:

* Scanivalve ONE
* Scanivalve TWO
* Cavity Pressure Transducer

* Hot Wire Annemom=ter

A schematic of the signal flow is depicted in Fig 2.

The four channels wer= *o be sampled in fast succession at a

specified periodic rats. The A/D module had provisions for
32 single-ended channels or 16 differential channels. The

single-ended mode was employed in this application.

D
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3. Sample Resolution (guantization error)

When the analog signal is digitized, the resualting
digital guantity can take on only cer*ain discrsts wvaluss.
The number of bits in the digitized datum word determin=as
the number of possible states that the word may have. An 8
bit A/D, for example, <can exhibit 2 +to the 8th or 256
states. If the range of operation of the A/D is minus 5 *o
plus S volts, (10 volts full scale), then each bHit
represents an incremernt o0f .0391 volts. This amounts to a
resoluticn or guantization erctor of 9.3391 percent. The more
bits in +he digit¢ized word, the better the resolution;
however, the price paid for increased accuracy is a decrease
in conversion speed. Of course, speed and accuracy may be

obtained concurrently with a corresponding increase in cost.

The A/D module exnibited 12 bit accuracy, yielding a
quantization error of 0.024 percent over full range
operation. This corresponded to a sensitivity of
approximat=ly 0.00244 volts during 10 wvolt full scale
operation. The 12 bit conver*er offers moderats accuracy
and relatively high speed, e.aq. 75,000 convarsions per

second, fcor a reasonable cost.

The amount of time required for the A/D module to
sample and digitize the analeg input 1is defined as the
conversion time. The A/D module was capable of 75,000
12-bit conversions vper sacond, or one conversion evary 13
microseccnds. This conversion rat= was only ob%tainable i€
the Direct Memory Access (DMA) mode were utilizeld. Since

the SINETRAC-800 module was opsrated in the prograa coatrol

17




mode, the ccnversion rate was limited by the microprocessor

instruction sequence execution time to 74.5 microseconds per
conversion. The resulting throughput was 13,400 conversions
p=2r second. The 1inducedi 1lag between channels caused
significant probleas in signal reconstruction and is

discussed in detail in sa2ction IV.
C. The Processor

The digital processor was the heart of +the systam
design, and added the flevxibility needed +to make +thz A/D
conversicn, data acquisition and storage process applicable
to the prcblem at hand. The desired func*ional perforamance
requirements of the processing unit are discussed in *his

section.

During the acguisition phase of operation, the
processor's main task was that of controlling the A/D
module. By controlling the acgquisition procaess under
programmed logic, adjustments to the saapling rate, channal
sampling sequence, and real-time filtering of “he data could

b2 easily effected.

The reconstruction of time-varying analog sigrals
frecm a set of discrete datum points represents a problem of
significant magnitude. Probably the single most important

a

consideration during the acquisition phase is the period at

which samples are to be taken. When investigating perindice
signals, frequency contant 1is generally a matter of pr
interest. Nyquist's sampling theoren states that

equi-spaced data, with two or more points per cycle of tae

18




highest frequency, will allow reconstruction of band-limit=d
functions. If this principle were not observed, a
phenomenon termed "aliasing" could occur. The conceprt of
aliasing is shown in Fig 3 which depicts a signal sampled at
two different rates. The curves drawn through the two sets
of points represent possible raconstructions of the original
signal. The frequency change implied by the dotted curve is
an "alias" of the fregquency described by the solid curve.




FICURE 3 - "ALIASING" ZEFFECT

20



Other considerations related to sampling rate are
the number of data points required for adequate analysis,
the amount of memory, permanent sSs storage, and

computa*ion time regquired in processing the Jata.

In the CCR application, it was predicted that
fundamental driving fregquencies in the range of 1 to 20 Hz
should b= investigated; and that fregquency content up +to tha
fifth harmonic would be of possible interesst. This meant
that +the system must be capable of sampling ths analog
channels at a minimum rate of 200 Hz. The resulting design

achieved a 500 Hz sampling rate over 8 channels.

21




A. ¥4DS-800 MICROCOMPUTER DEVELCPMENT SYSTEM

In 1its basic configuration, the  INTEL  MDS-8900
Microcomputer Development System consists of a CPU, 16X RAYN,
peripheral interface controller, front panel contrcller,
power supply and enclosure. d#ith the exception of the
enclosure and the power supply, each of +the aforemaention=4
items is in the form of one or more printed circuit modul=s
which may be inserted into the mainframe of the MDS. The
MDS may be directly connectad to the following peripheral
devices with minimal interfacing: CRT and keyboari consols,
high speed 1line printer, standard Teletype with paper tape
reader and punch, high speed paper tape reader, and a high
speed paper tape punch. This section describes <the
essential hardware elements of ths systsm, an overall viaw

of which is shown in Fig 4.

22
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1. Random access memQory (RAM)

- . = —— ——— ——— v —

The basic block of RAM is a 16K byte module of high
access rate volatile dynamic memory, where 1K denotes 2 to
the 10th cr 1024 bytes. The MDS is capable of addressing U4
such modules or 64K bytes of memory. Of the 64K of RAM orly
62K are actually usable due to the coexistence of a 2K blo<k
of read only @memory (ROM) containing the MDS Monitor
prcgranm.

Due to the requirement for rapid recording of large
blocks of data, the w@maximum number of RAM modules was
installed. A RAM module is illustrated in Fig 5 and serves
as an example of the +*ypical 4insertable printed circuit

modules referred to throughout this paper.

24




FIGURE 5 = 16K BYTE RANDOM ACCESS MEMORY MODULE
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2. DISK OPERATING SYSTEM

R mmR e an s o

The INTEL Disk Operating System (DOS) consisted of
three major components, a dual floppy disk drive unit, a
disk controller, and the DOS support software. The addition
of the DOS provided dramatic incr=zases in the flexibility,

speed, and mass memory storage available.

oV}

Pach 7.5-inch diameter floppy disk (diske+t*te) had

N

o |

capacity cf 256K bytes of semi-random access storage. Wit
the dual drive, over 0.5 million bvtes of data, program, or
other infermation could be accessed with relative =2as= and
moderate speed.

The software support package offered by INTEL,
called 1ISIS, was evaluated along with the Digital Research
CP/M disk operating system. The Digital Research software
package was chosen over the INTEL package due *o the higher
speed it demonstrated and its compatibili“y with ths BASIC-%

package used in the data reduction phase.

CE/M consists of savearal utility rou*ines in
addition to the Basic Disk Opzrating System (8DO0S). These
routines allow the wuser to form and edit disk files,
programs or data files, to assembls and load ass2mbly
language programs, and a powerful debug routine. A more
complete description of the CP/M BDOS is con*ained in ref.
9.

3. GZENEZRAL PURPOSE INPUT OUTPUT MODULE fI/0)

Tke basic MDS-800 was further expanded with the

installation of a general ourpose I/0 module. This module

26




provided four input ports and four output ©ports of eight
bits each. The need for the I/0 module was anticipatedi for
control applications, digital input or outputs, controlling
an X-Y plctter, or other general purpose applications. This
module was actually intended for controlling the Scanivalve
positioning wunder automatic channel sequencing. However, it
was later decided that system flexibili*y woculd have bheen

sacrificed had this £feature been implemented.

4.  SINETRAC-800 ANALOG TO DIGITAL CONVERTER MODJLE

The PDatel Sinetrac-800 A/D converter module is a 32
channel, 12 bit resolution analog +to digital module
specifically designed for use with the INTEL 4DS-800. Being
buss compatible with the MDS system, the mmoduls was
installed within the MDS chassis and the wiring harness was

brought *o the backplane of the MDS =2nclosure.

The main elements of the A/D moduls were:
s 32 channel analog multiplexor
. sample and hold
s A/D converter sub-module
s« addressing and hand-shaking logic circuitry

e« Direct Memory Access control circuitry

The A/D module had three fundamental modss of
operation:
s program control
s program control with automatic sequencing
s Direct Memory Access mode

Reference 1 contains a comple*2 dascription of the

A/0 module including operating instructions and programming
techniguszs.

2




Although the D¥A mode was not utilized because of

its requirement of an INTEL DMA module for support, future
development of the system will make the addition of the DMA
module indispensable. The use of DMA would allow the A/D
module +o operate at its full capability of 75 KHz sampling
rate. This increase in-acquisition rate would significantly
extend the range of the system in terms of signal frequency

component reconstruction.

The Sinetrac-800 also provided wuser options 1in.

cartain cperational parameter selection. Selectable by
jumper wire were input signal voltage range (5, 10, or 20
volts), single =nded or differential operation, and
interrupt or non-interrupt operation. The options in use
were: plus and minus S5 volt single end=2é, non-intesrrupt
opsration. Details concerning the use of jumper options are

specified in ref. 1. The SINETRAC-800 is depicted in Pig 6.
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FIGURE 6 - SINETRAC-800 ANALOG TO DIGITAL CONVERTER
MODULE
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IV. SOQFTWARE

The software development was accomplished in four
distinct phases and involved the wuse of three different
programming languages. This section briefly describses =ach
lanquage and the individual program modul=s creat=4.

A. LANG'JAGES

Every computer language has a level of application for
which it was designed. The three languages discusssd in
s section were used to accomplish varying degre=ss of
ogram control. A high level programming langquage allows
programmer to use nearly 1literal or sentence fornm
expressions or equations. TFORTRAN is an example of a2 high
lzvel languacgce. A low level language on the other hand, 1is
clcsely related to th2 machine code actually used by tne
compu*er. Machine code is, o0f course, the 1lowast level
programming languag= but is rarely used. Low level
languages provide thas pregrammer with complet2 con+rol over

m2mory usage and CPU instruction seguences.
1.  803C Assembly Languaae

This 1low-level language was specifically developed
for use with the 8080 amicroprocessor. It 1is, however,
similar in fora %o assa2mbly languages in use with other
coaputers, The forn of the language is described fully in

ref. 10, +therefore only the merits of the language are
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discussed herein.

The use of assembly language offers the programmer
direct ccntrol over +the CPU instruction sequence. Vary
efficient utilization of availabl2 program a2mory and
optimization of program execution time may be accomplished
when employed. These features form the basis for the use of
assembly 1language 1in the construction of the data
acquisi+ion and ASCII conversion programs, whers axecution
time and memory allocation are importrant considerations.

One distinct disadvantage to the use of asseambly
language is that the amount cf work regquirad in producing a
relatively <short program may b2 significant. Several pages
of Jdocumentation are necessary to mak2 the program reaidable,
evan to the author of the program. Obviously, tracing
another's assembly language program is very difficult even

with excellent documentation.

2. R/

I=

PL/¥ 1is a medium-lev=l language again design=4i €for
microprocessor use. It offers modearate control over the C2U
instruction sequence while providing the user with many of
the features available only in high-level 1languagsas. Tn
other words, PL/M 1is a language which permi¢s the user *o
determine, within limits, the dagree of control he desires.
The amount of machine code produced by PL/M coapilation is
about half acgain that resulting from a functicnally
ecuivalent assembly lanquage program. PL/M is ideal for use
when flcating point mathematical operations ara2 rnot
raquired, or when time and me2mory <=fficiency ar=z not

important factors.

o
= o
D

PL/M was used in the construction of




communicatiions interface program called IFACE which 1linked
the MDS-800 to the IBM-360 via telephone line. PL/Y may be
assembled on either the IBM-360 or 1locally on an MDS-800
when eguipped with the full complament of 64K of RAM.

3. BASIC

BASIC is a high 1level language which is gaining
wide acceptance throughout the scientific community.
Similar to FORTRAN, BASIC provides th2 user with facili*y in
programming mathematically complex routines in fairly
familiar algebraic <£format. The BASIC-E compiler and run
time monitor were developad for 8080 implemen+tation to be
used in conjunction with CP/M, and are fully dsscribed in
ref. 5.

BASIC-E was used in th2 data analysis routine which
may be easily modified to suit the user's needs. A summary
of the commands available and syntax of BASIC-E can be found

i ref. 6.

B. PROGERAMS AND DISKETTZ FILES

Th2 data acquisition and reduction process was a
multiphase segquence, each phase consisting of ons or mor2
program executions. Zach program residsd on the systan
disk2tte wunder 1its individual file name. The system
diskatte also contained the CP/M 3D0S and each of its
associated utility routires, the BASIC-E compiler and run
time a@cnitor. The system diskette was inserted into disk
drive A, while the da<a 43iskette was inserted into disk
driva B, Fach program module and its associated support

files is described within this sub-section, and Appendix =&
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contains a description of the operating procedures.

1.  CONTROL

A control file called CONTROL was formed prior to
each acauisition run. This file was edited and maintained
on the system diskette and contained both tex* and control
parameters that were used by the acquisition progran,
ACQUIRE. The use of a control file eliminated the ne=d for
the operator to re-enter control parameters £for successive
runs. A sample CONTROL file is contained in Appendix PF.
The order of the passed pacametars was significan*; howevar,
the vertiage or content of the string variables could bhe
entered free-form. The ACQUIRE program would only recognize
and use the integer value of parameters which wer2 przceded
by a colon and followed by a3 <carriage return linafead
combination. The information following the first two colons
was ignored, allowing the date and run number =o b2 enterad
but not passed to the ACQUIRE program. The meanings of the
parameters are self-evident from the sanmp

d

ple shown in
here

Acrendix F, and are therefore not explaine
2. ACQUIRE

ACQUIRE was the main - program which performsd the
data acquisiton function. It would first read +th2 CCNTROL
file from 1Jisk drive A and display it on the CRT for the
operator's review. Should <corrections or alterations be
raquired, they could be effected at this time by ~diting the
CONTROL file. With <+he CONTROL £ile in order, ACQUIRE
precceeded to extract the necessary control parameters and
duplicated the CONTROL file on the diskette in drive B.
Using +*he -ex*racted control parameters, this prograa then
managed the operation of the SINETRAC-800 module, CRT, and
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disk drive unit so as to scan the specified analog channels
at the specified rate and number of repetitions, and reacord
the data on the data disk2tte in disk drive B. The ACQUIRE
program accomplished this task by issuing commands to the
SINETRAC-800, followed by data to be written or read. The
SINETRAC-800 was issued the 1i<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>